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Álvaro Javier Feliz Morel, Anida Hasanovic, Aurélie Morin, Chloé Prunier, Virginie
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Owing to the exceptional complexity of the development and progression of cancer,
diverse cancer types are alarmingly increasing worldwide. Researchers and clinicians
are facing a unique challenge. Radiotherapy and chemotherapy continue to be the main
therapeutic options. However, these conventional therapies are associated with undesirable
toxicity and resistance, and, as such, have proved unsuccessful in eradicating tumors
completely. Consequently, the search for new anticancer drugs and novel drug delivery
strategies are urgently needed to overcome conventional therapeutics’ drawbacks and,
hopefully, to offer more effective therapeutic options. This Special Issue (https://www.
mdpi.com/journal/pharmaceutics/special_issues/novel_anticancer_volume_II, (accessed
on 31 January 2023)) was created after the successful first volume (https://www.mdpi.
com/journal/pharmaceutics/special_issues/novel_anticancer, (accessed on 28 January
2023)), and is dedicated to innovative research on the development and validation of novel
anticancer approaches, hopefully with relevant clinical value [1].

Sixteen original articles and fifteen reviews were published that provide the state-of-
the-art of novel anticancer approaches. This editorial briefly summarizes the findings and
highlights derived from the published articles.

Cancer immunotherapy deploys the immune system as a tool to treat neoplastic
disease, and it is now firmly established as a novel pillar of cancer care. In this regard, Cao
et al. nicely reviewed immunotherapy for triple-negative breast cancer [2]. The paper by
Zha and colleagues used engineered cell membrane-derived programmed death-ligand
1(PD-1) nanovesicles to encapsulate low-dose gemcitabine (PD-1&GEM NVs) to show that
PD-1&GEM NVs could synergistically inhibit the proliferation of triple-negative breast
cancer. The study highlighted the potential of the tested combination in the nanovesicles for
triple-negative breast cancer therapy [3]. In their review paper, Pao et al. discussed recent
progress in neoantigen identification and applications for cancer vaccines and summarized
the results of ongoing trials [4].

Molecular-targeted therapies interfere with specific molecules to block cancer growth
and progression, with the advantages of high efficiency, few side effects, and low drug resis-
tance for patients. Cell signaling and cell cycle components are involved in many aspects of
cancer cell proliferation and survival and, thus, are primary targets for cancer therapy [5].
As such, several inhibitors against mitotic regulation and surveillance components have
been developed, with promising outcomes in preclinical assays. Unfortunately, these new
antimitotics exhibited limited efficacy as monotherapy in clinical trials, as nicely reviewed
in [6]. In a goal to give a second chance to these antimitotics, Pinto et al. combined the
antimitotic BI2536, a potent inhibitor of Polo-like kinase 1 (PLK1), with Navitoclax, a BH3-
mimetic and apoptosis inducer. The combination showed synergy in lung cancer cell-killing
activity in 2D and 3D cell culture systems [7]. As to mitotic surveillance components, Silva
and Bousbaa reviewed the structure and function of the spindle assembly checkpoint gene
BUB3, its expression in cancer, its association with survival prognoses, and its potential as
an anticancer target [8]. Other molecular targets are multifunctional enzymes, which have
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been proposed as promising drug targets for cancer therapy. Teixeira and Sousa reviewed
the structure and functions of four multifunctional enzymes, the inhibition of which has
already demonstrated promising anti-cancer effects [9]. As a solution to undruggable
targets, the review by Bartolucci et al. described the oligonucleotide therapeutics targeting
RNA or DNA sequences as an emerging class of precision anticancer biotherapeutics [10].
Other papers reported molecular-targeted therapy strategies to block cancer growth and
progression [11,12].

Cancer eradication is often compromised by a small population of Cancer Stem Cells
(CSCs) within tumors, with capabilities of self-renewal, differentiation, and tumorigenicity,
thereby causing tumor relapses. CSCs are also known for their therapy resistance. For
instance, as reviewed by Quiroz-Reyes et al., CSCs can quickly develop adaptative evasion
mechanisms for Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)
apoptosis [13]. Several CSC biomarkers have been identified with useful applications to
diagnosis, therapy, and prognosis. The paper by Morel et al. described the isolation of
a subpopulation of the adrenocortical carcinoma (ACC) cell line H295R overexpressing
the cell surface Hedgehog receptor Patched (Ptch1) [14]. Ptch1 is overexpressed in many
cancer types and was shown to contribute to the resistance to chemotherapy in ACC. The
authors showed that this cell subpopulation is more tumorigenic than the parental cells,
suggesting a cancer stem cell-like phenotype, which could be responsible for the therapy
resistance, relapse, and metastases in ACC patients. In another paper by Fu et al., the
α5-nicotinic acetylcholine receptor (CHRNA5), previously implicated in tumor progression,
was reported to contribute to hepatocellular carcinoma (HCC) progression by regulating
Yes-associated protein (YAP), the key transcription factor of the Hippo pathway [15].
Interestingly, CHRNA5 promoted the stemness of HCC by regulating stemness-associated
genes, such as Nanog, Sox2, and OCT, suggesting a pivotal role in the progression and
drug resistance of HCC.

Several drug-delivery systems have been successfully applied in cancer therapy. The
rationale behind nanocarrier systems is to deliver cytotoxic drugs to the target cells in order
to reduce their overall toxicity and increase their effectiveness and selectivity. Bukhari et al.
provided a comprehensive and updated review of recent research in the field of lipidic
nanocarriers loaded with theranostics (therapeutic and diagnostic agents), highlighting the
main strengths and potential limitations of pretargeting theranostics. Simultaneous delivery
of imaging (with contrasting agents), targeting (with biomarkers), and anticancer agents by
one lipidic nanocarrier system (as cancer theranostics) are becoming popular, but significant
hurdles in their clinical translation remain [16]. In another paper, Javet et al. reviewed the
most recent advancements in the field of nanoerythrosomes [17]. Nanoerythrosomes are
red blood cell-based nanocarrier systems and are viewed as excellent and biocompatible
nanoplatforms for drug delivery of various drugs, particularly antineoplastic drugs. Mon-
taseri et al. reviewed the application of inorganic nanoparticles in photodynamic therapy
(PDT) [18]. PDT involves light-sensitive medicine and a light source to destroy a targeted
tumor, with either a photosensitizer or photochemotherapeutic agent localized within it.
Cell-penetrating peptides (CPPs) are short peptides with intrinsic properties to deliver
therapeutic molecules to cells and tissues in a nontoxic manner. In their paper, Stiltner et al.
provided a comprehensive state-of-the-art review of the role of these promising peptides
in cancer diagnostics and therapeutics [19]. MicroRNA (miRNA) has been identified as
a good target for cancer treatment. Shadab Md and colleagues discussed the potential
use of miRNA in cancer therapy and provided a detailed description of nanocarrier-based
drug delivery systems to deliver miRNAs [20]. Gabriele et al. showed that the coating
of melanin nanoparticles, otherwise known to be biologically benign to human cells with
glucose enhanced their uptake with cancer cells cultured in low glucose concentrations,
making them more susceptible to killing by laser illumination [21]. Other original papers
published in this Special Issue reported drug delivery systems that have been improved to
potentially enhance the effectiveness of complex cancer treatments [22–26].
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Improving the chemical and physical properties of anticancer drugs is key to improv-
ing treatment efficacy. In their study, Kondo et al. synthesized 3-borono-l-phenylalanine
(3-BPA), a positional isomer of 4-BPA, with improved water solubility, making it a possible
4-BPA substitute in future boron neutron capture therapy (BNCT) [27]. BCCT is based on
the nuclear reaction that results from boron-10 irradiation with neutrons of the appropriate
energy to produce high-energy alpha particles and recoiling lithium-7 nuclei. Domínguez-
Jurado et al. reported the synthesis of a ruthenium compound, namely Ru3, that showed
cytotoxic activity against breast cancer cells, which might serve as the basis for the design
of more active and less toxic antitumoral compounds [28]. Drug repurposing is an effi-
cient and economical approach to identifying novel therapeutic agents from the existing
FDA-approved clinically used drug molecules. Due to the similarities between cancer
immune response and the coronavirus disease 2019 (COVID-19), a list of drugs that have
been approved for cancer indication by the US FDA has entered clinical trials for COVID-19
treatments [29]. In the same line of thought, ester derivatives of menahydroquinone-4,
used for osteoporosis treatment, were shown to exert strong growth-inhibitory effects on
all-trans retinoic acid (ATRA)-resistant acute promyelocytic leukemia cells [30].

Diagnostic findings are critical for clinical decision-making in health care. In this
regard, Kejík et al. discussed how circulating tumor cell count and targeting can influence
the chemotherapeutic efficacy in non-small-cell lung carcinoma (NSCLC), providing a tool
for prognosis and therapy design in NSCLC [31].

Three-dimensional (3D) cell culture systems (spheroids) have gained broader use in
preclinical cancer research due to their ability to mimic the structural complexity of the
tissue microenvironment of the real tumor. Quarta et al. presented a reliable 3D culture
system based on collagen I-blended agarose hydrogel [32]. They showed that variation
in the agarose percentage affects the physical and mechanical properties of the resulting
hydrogel, making it a reliable biomimetic matrix for the growth of 3D cell structures.

Today, clinicians have a wide variety of effective cancer treatments at their disposal,
which has translated into a steady increase in the survival of cancer patients. Yet, cancer
incidence continues to rise, posing a continuous challenge to discovering and developing
better anticancer treatments, stressing the need for more (focused) cancer research. Dis-
covering new anticancer agents, refining our understanding of the old ones, and the main
ways to target them should be thoroughly explored. The works published in this Special
Issue have contributed to these goals by providing insights into some promising drugs,
drug targets, drug combinations, and drug delivery.

Funding: H.B. received funding from CESPU—Cooperativa de Ensino Superior Politécnico e Uni-

versitário under the projects “SGA4Cancer-GI2-CESPU-2022”, “upPTXovcar-GI2-CESPU-2022”, and
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Abstract: Triple-negative breast cancer (TNBC) is characterized by extensive tumor heterogeneity

at both the pathologic and molecular levels, particularly accelerated aggressiveness, and terrible

metastasis. It is responsible for the increased mortality of breast cancer patients. Due to the negative

expression of estrogen receptors, progesterone receptors, and human epidermal growth factor recep-

tor 2, the progress of targeted therapy has been hindered. Higher immune response in TNBCs than

for other breast cancer types makes immunotherapy suitable for TNBC therapy. At present, promis-

ing treatments in immunotherapy of TNBC include immune checkpoints (ICs) blockade therapy,

adoptive T-cell immunotherapy, and tumor vaccine immunotherapy. In addition, nanomedicines

exhibit great potential in cancer therapy through the enhanced permeability and retention (EPR) ef-

fect. Immunotherapy-involved combination therapy may exert synergistic effects by combining with

other treatments, such as traditional chemotherapy and new treatments, including photodynamic

therapy (PTT), photodynamic therapy (PDT), and sonodynamic therapy (SDT). This review focuses

on introducing the principles and latest development as well as progress in using nanocarriers as

drug-delivery systems for the immunotherapy of TNBC.

Keywords: TNBC; immunotherapy; immune checkpoint; nanocarrier; drug delivery; combina-

tional immunotherapy

1. Immunotherapy in Triple-Negative Breast Cancer (TNBC)

Cancer constitutes the largest public health problem in the world. According to
the data released by the American Cancer Society (ACS), there are about 4950 patients
diagnosed with cancer and 1662 dying of it every day; Among them, breast cancer is the
most popular female cancer type, which is estimated to be nearly 30% of the new cases
and the death rate of which is as high as 15% in 2020 [1]. According to the expression of
estrogen receptors (ER), progesterone receptors (PR), and human epidermal growth factor
receptor 2 (HER2), breast cancer is defined as three major subtypes: hormone-receptor (HR)
positive, HER2-enriched, and triple-negative breast cancer (TNBC). TNBC accounts for
15–20% of all breast cancers, particularly those in young women [2]. Compared with the
other subtypes, TNBC does not respond well to hormonal therapy or medicines targeting
HER2 protein receptors. It shows higher drug resistance and tumor heterogeneity and
aggressiveness, and is often accompanied by lung or brain metastasis. Lacking therapeutic
target is the main reason challenging the effective treatment of TNBC. Once the tumor
metastasizes, the median overall survival of TNBC patients is only 12 to 18 months due to
the limited therapeutic window [3]. Additionally, TNBC contains more immune cells [4],
and is easily recognized by the immune system due to its high genetic instability and
tumor mutational burden, making it one of the tumor types suitable for immunotherapy
intervention [5]. Although there are limited options for its treatment, TNBC is the most
immunogenic subtype of breast cancers. The robust antitumor responses of immunotherapy
in hematologic and solid malignancies bring hope to TNBC patients [6].
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Changes in the tumor microenvironment (TME), including tumor cell proliferation,
tumor metastasis, tumor recurrence, and tumor resistance, play a critical role in the pro-
gression of tumors as well as in their response to treatment and prognosis. In fact, the
success of immunotherapy links the TME with immunity [7,8]. In particular, tumor im-
mune microenvironment (TIME) composed of various immune cells has also attracted
much attention and exhibits significant importance to immunotherapy. Immune cells,
scattered in the tumor center and infiltrating edge or adjacent tertiary lymphoid tissue,
can be roughly divided into immunosuppressive cells and immune effector cells [9,10].
Similar to many other cancers, the antitumor immune killing effect in TNBC is performed
by cytotoxic T cells CD8+ and helper T cells CD4+ [10]. Regulatory T cells (Tregs) is a
major group of immunosuppressive cells, characterized by elevated Foxp3 expression and
tumor-associated macrophages [11]. They inhibit the immune function mediated by CD8+
and CD4+ T cells by secreting TGF-β, IL-10, and IL-35 in the process of immune escape.
Meanwhile, they can kill T cells directly through producing granzymes and perforin [12].
When Tregs dominate the immune function of tumor, immune escape would occur [13].

Immune checkpoints (ICs) are molecules playing a protective role similar to brakes in
the immune system. It can prevent inflammation damage and autoimmune diseases caused
by excessive activation of T cells (Figure 1). Tumor cells use human immune system to
over-express immune checkpoint molecules to inhibit the response of the human immune
system and to escape immune surveillance and killing [14,15]. In particular, programmed
cell death protein-1 (PD-1) and cytotoxic T-lymphocyte-associated protein-4 (CTLA-4),
which weaken the immune function mediated by T cells, are of great importance to tumor
immunosuppression [16]. More potential checkpoints have been discovered, and their value in
immunotherapy is gradually being explored. Meanwhile, adoptive T-cell immunotherapy and
tumor vaccine are also constantly being studied as promising treatments.
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Figure 1. The regulatory mechanism of immune checkpoints (ICs) in TNBC tumor progress. The

programmed cell death-1/programmed death-ligand 1 (PD-1/PD-L1) and cytotoxic T-lymphocyte-

associated antigen-4 (CTLA-4) have been the primary immune checkpoint blockades. Some poten-

tially new immune ICs, such as T-cell immunoglobulin and mucin domain-containing protein 3

(TIM-3), indoleamine 2,3-dioxygenase (IDO), as well as V domain Ig suppressor of T-cell activation

(VISTA), are also demonstrated in the figure.
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1.1. Immune Checkpoint Blockades PD-1/PD-L1 and CTLA-4

Immune checkpoint blockades PD-1/PD-L1 and CTLA-4 are currently the primary
and most widely studied immunotherapy agents (Figure 1). PD-1 is a member of the CD28
superfamily and is mainly expressed in activated T and B lymphocytes, natural killer (NK)
cells, and myeloid cells. The structure of PD-1 includes an extracellular immunoglobulin
variable region (IGV), a hydrophobic transmembrane domain, and an intracellular domain.
The tail of the intracellular region contains the immune receptor tyrosine-based inhibitory
motif (ITIM) and the immune receptor tyrosine-based switch motif (ITSM) [17]. PD-L1 and
PD-L2 are two ligands of PD-1. The inhibitory signals often appear upon PD-1/PD-L1
binding, tyrosine phosphorylation in ITSM causes dephosphorylation of downstream
protein kinases Syk and PI3K, hinders downstream pathway activation, and inhibits
transcription and translation of genes and cytokines required for T-cell activation. Studies
have shown that PD-L1 expression is positive in about 20% of the TNBC patients, which
is significantly higher than that in non-TNBC patients [18]. CTLA-4 is a transmembrane
protein exclusively expressed on T cells and Tregs in tumor infiltrating lymphocytes (TILs).
It has a similar domain structure to CD28 (sharing 31% identity) and binds to B7.1 (CD 80)
and B7.2 (CD 86) with higher affinity [19]. Moreover, its engagement on Tregs could
strengthen the suppressive effect.

Currently, PD-1/PD-L1 inhibitors are mainly monoclonal antibodies (mAbs) and some
small molecules [20]. For example, pembrolizumab and emiplimab are humanized IgG4κ
monoclonal antibodies binding to PD-1 [21], nivolumab is an all humanized genetically
engineered monoclonal antibody against PD-1 [22,23], and atezolizumab and durvalumab
are both humanized IgG1κ type monoclonal antibodies against PD-L1 [24]. There are
many ongoing clinical trials in the treatment of TNBCs with mAbs (Table 1). Immune
checkpoint blockade therapy has been proved for the treatment of multiple types of cancer;
however, none of them has been approved for the treatment of TNBC so far. Some problems
came along with the clinical trials. Demaria et al. [25] concluded that CTLA-4 antibody
monotherapy could not inhibit the growth of metastatic tumor in mouse breast cancer cell
4T1. In the randomized phase II trial NCT02519322, grade III adverse events occurred in
8% of patients treated with nivolumab monotherapy and as high as 73% of patients treated
with both nivolumab and ipilimumab [26]. In the phase II clinical trial NCT02536794,
durvalumab combined with tremelimumab were administered, but was finally terminated
due to objective response rate (ORR) did not match the required criteria [27]. Fortunately,
the KEYNOTE-012 trial in Phase Ib and KEYNOTE-086 trial in phase II both revealed that
pembrolizumab had controllable safety and persistent antitumor activity in TNBC with
PD-L1 positive expression [28,29].

Table 1. Status of clinical trials with immune checkpoint blockade reagents for the treatment of TNBC [30].

Agent Target
ClinicalTrials.Gov

Identifier
Combinatorial Agent(s) Phase

Recruitment
Status

Atezolizumab PD-L1 NCT02530489 Nab-paclitaxe Phase II
Active, not
recruiting

Pembrolizumab PD-1 NCT02622074

Nab-paclitaxel + Doxorubicin +
Cyclophosphamide, Nab-paclitaxel +
Doxorubicin + Cyclophosphamide +

Carboplatin, Doxorubicin +
Cyclophosphamide +

Carboplatin + Paclitaxel

Phase I Completed

Pembrolizumab PD-1 NCT02734290 Paclitaxel, Capecitabine
Phase I
Phase II

Active, not
recruiting

Pembrolizumab PD-1 NCT02768701 Cyclophosphamide Phase II
Active, not
recruiting

Pembrolizumab PD-1 NCT02977468 Intraoperative radiation therapy (IORT) Phase I Recruiting
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Table 1. Cont.

Agent Target
ClinicalTrials.Gov

Identifier
Combinatorial Agent(s) Phase

Recruitment
Status

Pembrolizumab PD-1 NCT02981303 Imprime PGG Phase II Completed
Pembrolizumab PD-1 NCT03012230 Ruxolitinib Phosphate Phase I Recruiting

Pembrolizumab PD-1 NCT03036488

Carboplatin + Paclitaxel + Doxorubicin
or Epirubicin + Cyclophosphamide +

Granulocyte colony-stimulating
factor (G-CSF)

Phase III
Active, not
recruiting

Atezolizumab PD-L1 NCT03125902 Paclitaxel Phase III
Active, not
recruiting

Atezolizumab PD-L1 NCT03164993
Pegylated liposomal doxorubicin,

Cyclophosphamide
Phase II Recruiting

Durvalumab PD-L1 NCT03199040 Neoantigen DNA vaccine Phase I
Active, not
recruiting

Atezolizumab PD-L1 NCT03206203 Carboplatin Phase II
Active, not
recruiting

Atezolizumab PD-L1 NCT03281954
Paclitaxel + Carboplatin, Doxorubicin +

Cyclophosphamide or Epirubicin +
Cyclophosphamide

Phase III
Active, not
recruiting

Atezolizumab PD-L1 NCT03371017
Gemcitabine + Capecitabine or

Carboplatin
Phase III Recruiting

Atezolizumab PD-L1 NCT03424005

Nab-paclitaxel, Nab-paclitaxel +
Tocilizumab, Sacituzumab Govitecan,
Ipatasertib, Landiratuzumab vedotin

(SGN-LIV1A), Selicrelumab +
Bevacizumab, Chemo (Gemcitabine +

Carboplatin or Eribulin)

Phase I
Phase II

Recruiting

Nivolumab PD-1 NCT03487666 Capecitabine Phase II
Active, not
recruiting

Atezolizumab PD-L1 NCT03498716
Chemo (Paclitaxel, Dose-dense

Doxorubicin or dose-dense Epirubicin),
Cyclophosphamide

Phase III Recruiting

Pembrolizumab PD-1 NCT03639948
Carboplatin + Docetaxel +

Pegfilgrastim
Phase II Recruiting

Durvalumab PD-L1 NCT03742102
Paclitaxel, Paclitaxel + Capivasertib,

Paclitaxel + Oleclumab, Trastuzumab
deruxtecan, Datopotamab deruxtecan

Phase I
Phase II

Recruiting

Pembrolizumab PD-1 NCT03752723
Cyclophosphamide + efineptakin alfa

(GX-I7)
Phase I
Phase II

Recruiting

Atezolizumab PD-L1 NCT03756298 Capecitabine Phase II Recruiting

Durvalumab PD-L1 NCT03801369 Olaparib Phase II Recruiting

Nivolumab PD-1 NCT03818685 Ipilimumab Phase II Recruiting

Atezolizumab PD-L1 NCT03853707 Ipatasertib + Carboplatin
Phase I
Phase II

Suspended

Pembrolizumab PD-1 NCT04095689

Docetaxel + Interleukin-12 gene
therapy, Docetaxel +

NG-monomethyl-L-arginine
(L-NMMA)

Phase II Recruiting

Camrelizumab PD-1 NCT04129996 Nab-paclitaxel + famitinib Phase II Recruiting
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Table 1. Cont.

Agent Target
ClinicalTrials.Gov

Identifier
Combinatorial Agent(s) Phase

Recruitment
Status

Atezolizumab PD-L1 NCT04148911 Nab-paclitaxel Phase III Recruiting

Atezolizumab PD-L1 NCT04177108 Ipatasertib Phase III
Active, not
recruiting

Pembrolizumab PD-1 NCT04191135
Carboplatin + Gemcitabine,

Carboplatin + Gemcitabine + Olaparib
Phase II
Phase III

Active, not
recruiting

Camrelizumab PD-1 NCT04331067 Nivolumab + Paclitaxel + Carboplatin
Phase I
Phase II

Recruiting

Camrelizumab PD-1 NCT04335006
Nab-paclitaxel + Apatinib,

Nab-paclitaxel
Phase III Recruiting

Camrelizumab PD-1 NCT04481763 Radiotherapy
Phase I
Phase II

Recruiting

Tiragolumab and
Atezolizumab

PD-L1 NCT04584112

Nab-paclitaxel,
Nab-paclitaxel + Carboplatin +

Doxorubicin + Cyclophosphamide +
G-CSF or Granulocyte-macrophage
colony-stimulating factor (GM-CSF),

Nab-paclitaxel + Doxorubicin +
Cyclophosphamide + G-CSF + GM-CSF

Phase I Recruiting

Camrelizumab PD-1 NCT04613674 Chemotherapy Phase III Recruiting

Camrelizumab PD-1 NCT04676997
Nab-paclitaxel + Epirubicin +

Cyclophosphamide
Phase II Recruiting

Pembrolizumab PD-1 NCT04683679 Olaparib + Radiation, Radiation Phase II Recruiting

1.2. T-Cell Immunoglobulin Domain and Mucin Domain-3 (TIM-3)

TIM-3, also known as HAVcr2 or CD366, is a type I cell-surface glycoprotein consisted
of an amino-terminal immunoglobulin variable domain (V domain) with five noncanonical
cysteines, a mucin-like stalk, a transmembrane domain, and an intracellular cytoplasmic
tail [31]. It contains four different ligands, including galectin-9 (Gal-9), phosphatidylserine
(PtdSer), carcinoembryonic antigen-related cell adhesion molecule-1 (CEACAM-1), and
high mobility group protein B-1 (HMGB-1) [32]. TIM-3 is associated with tumor immune
regulation and autoimmune diseases. Byun et al. [33] demonstrated that TIM-3 expression
is a positive prognostic factor in TNBC. Due to the diversity of receptors causing the
binding form to change under different situations, whether TIM-3 acts as a costimulatory
receptor or a co-inhibitory receptor has not been fully determined. However, a recent study
shows that TIM-3 mostly plays its role as an inhibitory receptor [34].

1.3. Indoleamine 2,3-Dioxygenase (IDO)

IDO is a rate-limiting enzyme in the catabolism of essential amino acid tryptophan
(Trp) to kynurenine (Kyn). The downstream signal transduction of IDO includes the
changes of general control non-derepressible-2 (GCN2), mammalian target of rapamycin
(mTOR) and aryl hydrocarbon receptor (AhR) [35]. Research has proved that with the
decrease of Trp followed by uncharged Trp tRNA accumulation, the GCN2 would be
activated. Then, phosphorylation of eukaryotic initiation factor-2α (eIF2α) induced by
GNC2 would inhibit the proliferation of effector T cells. Moreover, its metabolite Kyn can
bind to AhR, leading to an increase in the number of Tregs. The suppression of mTOR
and the increase of IL-6 secretion are both reasons why IDO exerts its immunosuppressive
effect [36]. In breast cancer therapy, it is closely related to poor prognosis and increased mi-
crovessel density [37]. Asghar et al. [38] conducted a study on 100 female breast cancer patients
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in Pakistani (including triple-negative and non-triple-negative ones), linking the expression of
IDO with median overall survival, proving that IDO plays a pivotal role in TNBCs. The overall
survival of patients with low IDO expression is about 91 ± 41.9 months, which is much higher
than the intermediate and high levels, 50 ± 4.4 and 24 ± 10.1 months, respectively. Because
of the potential effect of IDO in immunotherapy, some of the IDO inhibitors, including
Epacadostat, BMS986205, PF-06840003, Navoximod, Indoximod, NLG802, and LY3381916,
are under the latest ongoing clinical trials [39].

1.4. V Domain Ig Suppressor of T-Cell Activation (VISTA)

VISTA, also referred to as PD-1H, is a newly discovered negative immune checkpoint
related to immunotherapy resistance. VISTA is a type I transmembrane protein consisting
of an N-terminal IgV domain, a stalk of about 30 amino acids, a transmembrane domain,
and a cytoplasmic tail of 95 amino acids. Its molecule shares sequence homology with
PD-L1 and PD-L2 [40,41]. Similar to PD-1, VISTA also serves as a negative regulatory agent
for T cells by suppressing their activation, proliferation, and cytokine release. In breast
cancer, it is expressed on TILs, macrophages, and other immune cells. Xue et al. [42] found
that VISTA expression was higher in CD68+ tumor-associated macrophages (32.58%), CD4+ T
cells (4.97%), CD8+ cytotoxic T cells (4.48%), and CD20+ B cells (1.46%). Gao et al. [43] proved
that treating prostate cancer with ipilimumab can lead to a compensatory up-regulation of
VISTA, indicating that VISTA may be related to the development of resistance to immune
checkpoint blocking therapy. However, Cao et al. [44] evaluated the expression of VISTA
in a cohort of 254 untreated TNBC patients, and found that VISTA was expressed in 87.8%
(223/254) and 18.5% (47/254) of the immune cells and tumor cells, respectively. Meanwhile,
the expression of VISTA in ICs is positively correlated with some TILs, especially CD4+
TIL. The information confirms the regulatory role of VISTA in antitumor immunity, but it
has not been developed as a negative immune checkpoint so far.

1.5. Adoptive T-Cell Immunotherapy

The adoptive T-cell immunotherapy starts with isolating T cells, which are afterwards
genetically modified to express CRA, followed by proliferation, then are reinjected to
patients. The injected T cells combine with specific antigens, and ultimately eliminate
targeted tumor cells [45]. Moreover, using genetic engineering technology, two types of
engineered T cells, T cells with T-cell receptor (TCR) and Chimeric antigen receptor T-cell
(CAR-T), were given higher recognition. CAR-T immunotherapy, started in the late 1980s,
has been proved to play a key role in CD19 positive hematological malignancies [46]. CARs
are synthesized receptors which consist of extra- and intracellular domains: the extracellular
part is single chain fragment variable (scFv) domain composed of specific antibody, while
the intracellular domain contains CD3ζ and CD3ζ co-stimulate with CD28, ICOS, 4-1BB
(CD137), CD27, or OX40 signals domain. The main advantage of CAR-T technique is that
it can recognize cancer cells without the presence of major histocompatibility complex
(MHC) antigen.

To develop an effective CARs therapy for TNBCs, it is necessary to select a desired
tumor cell-surface antigen, which can be express stably in most tumor cells, and has
high tumor specificity [47]. For this purpose, Song et al. [48] designed a new folate
receptor α (FRα)-specific CAR-T, which was composed of MOv19 scFv and CD8a hinge
in extracellular region, and of CD27 costimulatory domain and CD3ζ signaling domain
in the intracellular region. The FRα-specific CAR-T cells show a more robust immune
effect in TNBCs with FRα protein overexpression. Zhou et al. [49] generated the MUC28z
CAR-T cell consisted of TAB004 scFv coupled with CD28 and CD3ζ, and demonstrated
that MUC28z CAR-T cells have high tumor antigen specificity, and refrained recognition of
normal tissues. Moreover, it is found that MUC28z CAR-T cells can lyse TNBCs and reduce
the tumor growth both in vitro and in vivo. Moreover, the growth factor receptor (EGFR)
is a potential tumor surface antigen, and EGFR-specific CAR-T has strong cytotoxicity.
However, the emergence of drug resistance is an urgent problem. Lin et al. [50] combined
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EGFR-specific CAR-T with THZ1, a CDK7 inhibitor, which together demonstrated a good
effect on TNBCs proliferation, tumor metastasis and suppressed immune resistance in
mice. Identically, Stuber et al. [51] combined ROR1-specific CAR-T cells to SD-208, a TGF-β
inhibitor, to weaken the immunosuppressive effects in therapy.

1.6. Tumor Vaccine Immunotherapy

In contrast to the traditional concept of vaccination, the definition of vaccine in modern
medicine is not only limited to prevention of diseases, but expanded to target disease-
specific antigens for the treatment of ongoing diseases. In the development of immune
vaccines, tumor-associated antigens and delivery technology are the main considerations.
The neoantigens is produced when gene coding contained non-synonymous mutations
and only expressed in tumors [52]. However, tumor-associated antigens can be expressed
in tumors and normal tissues at the same time. Studies have shown that neoantigens have
a stronger affinity to human leukocyte antigen (HLA) and T-cell receptors, and are not
limited by central tolerance and autoimmune problems [53] Therefore, it has been regarded
as one of the most potential tumor treatment targets since its discovery, and is the key to
the development of personalized immunization vaccines.

Immunization vaccine also offers a viable option in the treatment of TNBCs. In the
study by Liu et al. [54], an mRNA-based vaccine encoding tumor antigen MUC1 was
delivered to dendritic cells (DCs) in lymph nodes using a nano-delivery system, and anti-
CTLA-4 antibodies were used in combination to exert antitumor effects. Among them,
the nano-delivery system can enhance the stability, persistence and expression level of the
vaccine, and the vaccine that enters the body plays a role by activating and expanding
tumor-specific T cells. Compared with other groups, the combination treatment group has
the strongest effect of inhibiting tumor growth. Pack et al. [55] isolated tumor membrane
vesicles (TMV) form 4T1 tumor, and glycosylphosphatidylinositol (GPI) anchored form of
immunostimulatory B7-1 (CD80) and IL-12 molecules were combined to these TMVs to
prepare TMV vaccine. Compared with monotherapy, tumor-bearing mice administrated
with combined treatment of vaccine and anti-CTLA-4 antibody exhibited significantly
improved survival rate and reduced lung metastasis.

1.7. Immunotherapy-Involved Combination Therapies

In the treatment with immune checkpoint inhibitors (ICIs), though mAbs show cer-
tain therapeutic effect, the response rate is generally low. For instance, the response
rate of pembrolizumab monotherapy in TNBC is only 5.3% [29]. To solve this problem,
combination therapy, combining mAbs with various chemotherapeutics, such as nab-
paclitaxel, epirubicin, cyclophosphamide, with radiotherapy, or with some cytokines, has
been intensively used in clinic trials. Table 1 summarizes such clinical trials that are being
recruited or in progress. For example, the ongoing clinical phase II trial NCT02730130
was designed to assess the efficacy and safety of pembrolizumab with radiotherapy. Re-
sults show that the obtained ORR and progression-free survival (PFS) were dramatically
higher than those for pembrolizumab monotherapy, increased from 3% to 17.6% and 1.9
to 2.6 months, respectively [56]. As for the phase III clinical trial KEYNOTE-355 using
combined pembrolizumab, nab-paclitaxel, carboplatin, and paclitaxel/gemcitabine the
combination therapy resulted in a remarkable and clinically meaningful improvement in
median PFS (4.1 months longer) [57]. Similarly, phase III trial Impassion130 showed that
atezolizumab plus nab-paclitaxel would induce significantly longer PFS in TNBCs [58].
As for CTLA-4, Bernier et al. [59] demonstrated that combining DZ-2384 with CTLA-4
antibody could slow down tumor growth and increase overall survival rate. Li et al. [60]
demonstrated that compared with monotherapy in mice, matrix metalloproteinase inhibitor
plus CTLA-4 antibody could delay tumor growth and reduce distant metastases.

It is worth noticing that the combination therapy has been designed mostly for locally
advanced or metastatic TNBCs. Neoadjuvant therapy, which has been used in the treatment
of melanoma or colon cancer, is a promising strategy for early TNBC. The KEYNOTE-522
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trial (NCT03036488, phase III) using a combination of pembrolizumab (MK-3475) and
chemotherapy as adjuvant therapy for participants with early-stage TNBCs show that
the rate of pathological complete response is significantly higher than in the placebo-
chemotherapy group, even for patients with low PD-L1 expression [61].

2. Nanocarriers for the Immunotherapeutic Treatment of TNBC

The emergence of immunotherapy has shed light to the treatment of TNBC. How-
ever, due to the complex tumor microenvironment and complicated immunosuppressive
mechanism, conventional drug administration methods are still limited to relatively low
immune response and high adverse side effects. Thus, rational design of functional drug-
delivery systems is necessary to improve drug targeting, control drug release, and obtain
favorable pharmacokinetic behavior, enhanced drug absorption and more drug passing
through biological barriers. In particular, using nanocarriers for the delivery of immune-
responsive drugs can take advantage of the enhanced permeability and retention (EPR)
effect, making more drug accumulate at the tumor site and a longer time circulation pe-
riod [62–64]. The unique EPR effect and active targeting modification of drug-delivery
systems play significant roles in the therapies for tumor in deep positions or metastasized.
Therefore, nanocarrier-based immunotherapy may provide TNBC patients with safer and
more effective treatment [65,66].

2.1. Nanomaterials for Delivering the Immunotherapeutic Agents of TNBC

Commonly studied NPs for delivering immunotherapeutic drugs to treat TNBC in-
clude polymeric micelles, dendrimers, liposomes, inorganic NPs, and so on [67]. Illustration
of some representative NPs are presented in Figure 2.
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Figure 2. Schemes of structure of polymeric nanocarriers (a–c), lipid-based nanocarriers (d–e), and

inorganic NPs (g–i). (a) polymeric micelle, (b) polymeric NP, (c) dendrimer, (d) liposome, (e) lipid

emulsion, (f) lipid NPs, (g) Au-NPs, (h) silica NPs, and (i) magnetic NPs. Hydrophobic, hydrophilic,

as well as amphiphilic drugs can be embedded in corresponding regions. Meanwhile, it is possible

to conjugate immune checkpoint inhibitors and/or antibodies to the surface of nanocarriers for

therapeutic and/or targeting purposes. Usually, hybrid NPs are developed to obtain multiple

function or improved properties for delivering the drugs.
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The physiochemical properties of polymers, such as charge, hydrophobicity/hydroph
ilicity, as well as the features of the polymeric NPs, include size, shape, and rigidity, can be
tuned for encapsulating specific immune-responsive drugs and be designed to improve the
endocytic uptake, biodistribution, and body clearance properties as well [68–70]. Methods
for preparing nano-sized polymeric particles include polymeric micelles prepared by self-
assembling of co-polymer consisting of hydrophobic and hydrophilic sections, polymeric
NPs prepared by solvent evaporation, emulsification/solvent diffusion, nanoprecipitation
or emulsification/reverse salting-out, as well as dendrimers prepared by repetitive addition
of monomers initiated from a polyfunctional center [71–73]. Poly(lactic-co-glycolic acid)
(PLGA) and polylactic acid (PLA) are biocompatible and biodegradable polymers approved
by FDA in drug-delivery systems [74,75]. Dendrimers are composed of a hydrophobic
core, which favors the encapsulation of hydrophobic molecules, and the outer surface that
provides sites for functionalization.

Lipids are amphiphilic molecules composed of hydrophilic headgroup and hydropho-
bic tail(s). Lipid-based nanocarriers for drug delivery include solid lipid nanoparticles,
vesicular liposomes, nano-emulsions/nano-micelles, as well as non-spherical ones, such
as nanotubes. The configuration of the nanocarriers strongly depends on the packing pa-
rameter of the lipids [76]. Phospholipids, being the major components of cell membranes,
have attracted particular attention as drug-carrier materials due to their good biocompati-
ble, low toxicity and higher permeation. Liposomes prepared from aggregated synthetic
phospholipid(s) or even directly extracted from tumor cells are preferred as drug-delivery
carriers [77,78]. Similar to polymeric micelles, liposomes, lipid emulsions as well as lipid
NPs are composed of both hydrophobic and hydrophilic regions, which can be used to
encapsulate hydrophobic and hydrophilic drugs, respectively. Amphiphilic drugs may
also be encapsulated at the hydrophilic-hydrophobic interface.

Inorganic NPs are robust frameworks allowing encapsulation and incorporation of one
or more drugs or therapeutic molecules. Several inorganic NPs, including gold NPs (Au-
NPs), mesoporous silica NPs, magnetic NPs, and carbon nanotubes, have been investigated
as nanocarriers for drug delivery [79]. In addition to the loaded therapeutic agents, some
NPs exert specific functions by themselves. For example, Au-NPs can induce cell death [80],
and can also adsorb light in the NIR region and dissipate heat to the surroundings. As for
magnetic nanoparticles (MNPs), they not only generate nonuniform magnetic fields which
affect the morphology, differentiation and function of cells by generating magnetically
induced mechanical forces [81], but also activate anti-cancer immune responses through
their own immunomodulatory effects [82]. Inorganic NPs coated with polymers or lipid
bilayers, forming core-shell structures that enable surface modification and show enhanced
biocompatibility, have also been widely studied [83].

2.2. Nanocarriers for the Delivery of Immune Checkpoint Blockade Molecules

IC blockade is the primary strategy for TNBC immunotherapy, but the effect of
monotherapy is modest. Increasing the dose or choosing a combination of multiple ICIs
is commonly used to overcome this problem. However, the increase in drug toxicity
has led to the suspension of many clinical trials. For instance, in the randomized phase
II trial NCT02519322, grade III adverse events occurred in 8% of patients treated with
nivolumab monotherapy and in as high as 73% of patients treated with both nivolumab
and ipilimumab [26].

Combining more than one ICIs can exert more effects than using one ICI. Considering
there are more expressed CD155 and PD-L1 in TNBC than in other types of breast can-
cers, Chen et al. [84] designed mPEG-PLGA-PLL (PEAL) NPs loaded with CD155 siRNA
(siCD155) by a double-emulsion method followed by coated with a PD-L1 blockade, termed
as P/PEALsiCD155, for immunotherapy of TNBC. In CD8+ TIL cells, CD155 can bind to
different receptors, such as DNAM-1, TIGIT, and CD96 [85,86]. Based on the asynchronous
expression of the above-mentioned receptors, this study shows that siCD155-mediated
knockdown of CD155 by P/PEALsiCD155 can achieve spatiotemporal targeting of surface
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receptors and intracellular mRNA, making the antitumor effect take place in favorable
periods, i.e., promoted CD155-mediated immune surveillance in the early stage and inhib-
ited CD155-mediated immune evasion in the later stage. In the 4T1 TNBC tumor model,
P/PEALsiCD155 showed surprising biocompatibility, specific targeting, along with efficient
inhibition of TNBC tumor progression and metastasis [84].

Discovering more efficient molecules is another option overcoming the problems
along with monotherapy. NPs made of 100% BMS-200, a small-molecular inhibitor of
PD-1/PD-L1 interaction, has also been developed as potential alternatives to anti-PD-
L1 monoclonal antibody (α-PD-L1) [87]. Compared with α-PD-L1, BMS-202 NPs show
equivalent immunotherapy effect by inhibiting >90% primary and distant tumors, and
possible superior tumor penetration. The approach of using NPs for the delivery of
immune checkpoint blockade molecules may provide an alternative nanomedicine for
treating metastatic or advanced TNBC.

2.3. Nanoparticles for the Delivery of Combination Therapy Agents

The monotherapies of TNBC, including chemotherapy, radiotherapy, and immunother-
apy based on ICs, all demonstrate limited therapeutic effect. Based on the low pH levels,
endogenous H2O2, overexpressed enzymes, and other specific factors in the TME of
TNBCs, combination therapy using immunotherapy with other specific treatment, such as
chemotherapy, photothermal therapy (PTT), photodynamic therapy (PDT), and sonody-
namic therapy (SDT), to overcome the insufficient efficacy by monotherapy and improve the
therapeutic efficacy to TNBCs [88,89]. Combination therapy may also generate synergistic
effect to the treatment of TNBC [90].

2.3.1. Immunotherapy Combined with PTT

PTT is a process that converts light energy into heat to induce thermal ablation of the
tumor. Near-infrared region (700–1350 nm) is the most commonly used wavelength, and
recent studies have shown that light in the second near-infrared region (1000–1700 nm) has
deeper tissue penetration and tolerance [91]. The conversion of electromagnetic energy
into heat is achieved by photothermal agents (PAT). An excellent PAT is characterized by
strong light absorption, strong photothermal conversion ability, stability, good biocom-
patibility, and the ability to turn off PTT in the non-treatment stage [92]. Near-infrared
PAT include polyaniline [93], copper sulfides (CuS) NPs [94], as well as inorganic NPs,
such as gold-based NPs [95]. Inorganic NPs show high photothermal conversion efficiency
but relatively poor biocompatibility and toxicity [95], while liposome-based material and
organic-conjugated polymers exhibit relatively better biocompatibility [96].

As PTT cannot directly kill tumor cells but acts as an adjuvant at about 45 ◦C, Huang
et al. [97] developed a symbiotic mild photothermal-sensitized immunotherapy (SMPAI)
and put forward a hypothesis of a synergistic effect by combining mild PTT with im-
munotherapy. They encapsulated a photothermal and photodynamic therapy agent (IR820)
and an anti-PD-L1 antibody into a lipid gel composed of soybean phosphatidylcholine
(SPC) and glycerol dioleate (GDO), which undergoes a reversible gel-to-sol transition for
the controllable release of aPD-L1 and enhanced infiltration of T cells into tumor under
manually controlled NIR irradiation. Overall, mild PTT can activate the systemic immune
response, increase the number of TILs, and increase the expression of PD-L1 in tumor cells.

To specifically target CD44, Yasothamani et al. [93] designed a conjugation of hyaluro-
nan (HA)−polyaniline (PANi)−imiquimod (R837), denoted as HA-PANi/R837. The high
photothermal conversion efficiency of PANi means that it has a significant thermal ablation
effect in solid tumor. HA is a targeting ligand activating CD44 with high biosafety [98],
which compensates for the poor targeting and low cellular uptake of PANi. R837 is a
toll-like receptor 7 agonist, acting as an immunomodulator. In the TNBC model, HA-
PANi/R837 directly killed a part of cancer cells through thermal ablation, induced the
production of tumor-associated antigens, and activated immune response. Ultimately, the
combination of HA-PANi/R837 and anti-CTLA-4 antibody shows enhanced immunother-
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apy effect and played a synergistic antitumor effect. For research on PTT, it is clear that
it has a certain tumor-killing effect, immunostimulatory effect, and NPs-based PTT can
produce NPs-mediated antigen capture [99].

To suppress recurrence and metastasis of TNBC, Cheng et al. [94] designed a biomimetic
nanoplatform AM@DLMSN@CuS/R848, based on dendritic large-pore mesoporous silica
nanoparticles (DLMSNs) loaded with CuS NPs, immune adjuvant R848 (resiquimod),
TNBC cell membrane, and AUNP-12 (a PD-1/PD-L1 peptide inhibitor). AUNP-12 conju-
gated to the outer TNBC cell membrane by benzoic-imide bond readily released from the
nanoparticle in the weakly acidic pH of tumor microenvironment. This nanocarrier exhibits
targeted TNBC delivery, high photothermal efficiency of CuS NPs, photothermal-triggered
release of R848, and pH-responsive release of AUNP-12, which together lead to strong
antitumor efficacy and enhanced therapy against metastatic TNBC.

2.3.2. Immunotherapy Combined with PDT

PDT induces chemical cytotoxic effects to tumor cells on the generation of reactive
oxygen species (ROS) [100]. Light, photosensitizer, and molecular oxygen are three indis-
pensable elements for PDT. Light wavelengths in visible (400–700 nm) and near-infrared
ranges (700–1350 nm) are commonly used. The photosensitizer absorbs photons and trans-
forms from ground singlet state to excited singlet state, which afterwards generates excited
triplet state and relaxation by undergoing intersystem crossing, accompanied by energy
emitted as fluorescence, heat, and/or other photophysical energy [92]. The tetrapyrrole
structure is extremely common in photosensitizer, and it is related to the photon absorption
ability and the ability to convert the relatively low active triplet ground-state molecular
oxygen (3O2) into more active singlet oxygen (1O2) [101]. Because oxygen content in TME
is low (as TME is in a hypoxic state), it is challenging to provide enough molecular oxygen
at tumor site for oxygen-dependent PDT.

Combining PDT with immunotherapy could play a synergistic effect. The release of
ROS or PDT-induced exposure and/or release of damage-associated molecular patterns
(DAMPs) would stimulate the body’s immune system. The increase in immunogenicity
induces the maturation of DCs and activation of cytotoxic T lymphocytes to increase
the number of TILs [102]. In addition to the immune response caused by PDT itself,
the combination of PDT with ICB also plays a synergistic effect in preclinical research.
Zhang et al. [87] proved that BMS-202 NPs in combination with Ce6 NPs exhibited a better
antitumor and antimetastatic effects. Chung et al. [103] designed smart multifunctional
nanoparticle cluster, FM@VP, which combined co-assembly of a nanocomplex formed by a
functional polysaccharide fucoidan and a bioreducible polyamidoamine dendrimer, and
MnO2 NPs encapsulated with a photosensitizer verteporfin. It was able to target P-selectin-
overexpressed TNBC. Moreover, due to the high concentration of glutathione, FM@VP
clusters would rapidly disintegrate in tumor. The released verteporfin from the clusters
enhanced PDT and inhibited yes-associated protein (involved in tumor development),
which weakened tumor-mediated immunosuppression. Meanwhile, MnO2 NPs could
efficiently convert H2O2 into oxygen in TME, reducing the adverse impression caused
by low-oxygen environments [104]. This discovery provided a powerful strategy for
synergistic tumor targeting, PDT and immunotherapy.

2.3.3. Immunotherapy Combined with SDT

SDT is a non-invasive therapeutic modality based on ultrasound, which is more accept-
able to patients than chemotherapy and radiotherapy. Low-intensity focused ultrasound is
commonly used to activate sonosensitizers [105]. Compared with PTT and PDT, the tissue
penetration ability of SDT is extremely powerful, thus therapeutic effect for tumors in deep
positions is more significant [106,107]. Meanwhile, SDT generates many types of ROS, not
only 1O2, but also hydroxyl (•OH) and superoxide radicals (•O2

−) [108]. Its functions
include direct tumor cells killing, and indirect tumor-specific immunity activation through
damaging blood vessels or inhibiting the regeneration of tumor tissues, et al. Sonosensitiz-
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ers, including organic molecules (such as porphyrin derivatives), inorganic nanomaterials
(such as TiO2, ZnO) as well as the hybrid ones, have been developed for SDT [109]. To
better exert its immunomodulatory effect, the sonosensitizer was delivered through NPs
drug-delivery system (DDS) when combined with immune adjuvants in some research.

In TNBC therapy, Chen et al. [110] designed a liposome-encapsulated anganese-
protoporphyrin complex (MnP) and modified with folic acid (FA). In the 4T1 model, the
multifunctional nanosonosensitizer FA-MnPs exhibited significant effect on both deep-state
and superficial tumors. In addition to induce chemical damage to tumor cells, SDT could
also exert an effect through immune regulation. For instance, M2 macrophages would
develop towards the antitumor M1 phenotype. Similar to PDT, the damage-associated
molecular patterns caused by SDT can also stimulate systemic immunity, including the
maturation of DCs and the activation of cytotoxic T lymphocytes.

2.3.4. Others

In addition to the direct delivery of immunomodulatory agent to the tumor site through
the EPR effect, there are other studies focused on TME targeting. For example, although
chemotherapy exert less efficacy to the treatment of TNBC, it also shows immunomod-
ulatory effect on TME. Xu et al. [111] designed a peptide-based, structure-transformable
NPs, 2-(Nap)-FFKPt-2TPA-ADDGGGPLGVRG-WKYMVm-mPEG1000, for contemporaneous
delivery of chemotherapy agent for TNBC, cisplatin and adjudin, as well as WKYMVm—an
FPR-1 agonist functions as an immune adjuvant, which synergistically elicit and promote
immunogenic cell death for TNBC immunotherapy. In another study, Xu et al. [112] pre-
pared a pueratin nanoemulsion (nanoPue) surface modified with aminoethyl anisamide
as targeting ligand to tumor-associated fibroblasts (TAFs). Together with improved sol-
ubility and bioavailability, the delivered puerarin significantly deactivate the stromal
microenvironment, which synergistically enhances the activity of checkpoint blockade
immunotherapy in a TNBC mode when combined with α-PD-L1.

3. Conclusions and Perspective

In conclusion, immunotherapy has achieved many promising results in alleviating
TNBC. In addition to the classic immune checkpoints PD-1/PD-L1 and CTLA-4, new
immune checkpoints are constantly being discovered. At the same time, progress has been
made in new treatments, including CAR-T and tumor immunization vaccines. ICIs are com-
monly used in combination with other therapy, such as chemotherapy, radiotherapy, CAR-T,
and tumor vaccine, to obtain synergistic effects for more effective treatment of TNBCs.
Moreover, he nano-delivery system integrated with TNBC immunotherapy provides strat-
egy that can achieve precise targeting and reduce off-target effects. Immunotherapy has
indeed brought hope to the treatment of TNBC. Although there are problems need to be
solved, immunotherapy for TNBC is full of potential.

Finally, we may identify several issues and problems related to the immunotherapy
of TNBC. These include: (1) The fundamental understanding of tumor heterogeneity,
molecular changes, immunogenomics, and treatment resistance mechanisms in TNBC
should be advanced to give better treatments to the patients. (2) The narrow therapeutic
window is also a potential problem that needs to be resolved. Although the indication
of drugs for monotherapy is clear, it still needs be redefined in combination therapies.
Most importantly, because the drug-delivery system of combination therapy is complex, it
is more difficult to understand the mechanism. In particular, TME has changed tremen-
dously when it comes to immunotherapy. Most of the research focus on DCs and TILs,
but these are definitely not enough. Therefore, immune-regulatory mechanism needs to
be further clarified when nanocarrier is involved in immunotherapy. (3) The discovery
of new antigens specifically expressed in TNBC cells would facilitate the development
of new immunotherapies. (4) For nanocarrier in immunotherapy of TNBC, the safety of
nanomaterials is complicated. Particular attention should be paid to inorganic materials
with poor biocompatibility and organic nanomaterials with good biocompatibility but
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strong immunogenicity. (5) Immunoconjugates are effective with minimal toxicity, showing
promise for clinical translation. Trodelvy (Sacituzumab govitecan), an antibody-drug con-
jugate consisting of an antibody Sacituzumab targeting the Trop-2 protein (found in more
than 90% of TNBC), and coupled to chemotherapy drugs 7-ethyl-10-hydroxycamptothecin
(SN-38, a topoisomerase I inhibitor to interfere with the replication of cancer cells) with a
hydrolysable linker, is a first-in-class medicine for advanced TNBC therapy.
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Abstract: PD-1 inhibitor Keytruda combined with chemotherapy for Triple-negative breast cancer

(TNBC) has been approved for FDA, successfully representing the combination therapy of im-

munotherapy and chemotherapy for the first time in 2020. However, PD-L1 inhibitor Tecentriq

combined with albumin paclitaxel using the similar strategy failed to achieve the expected effect.

Therefore, it is still necessary to explore new effective immunotherapy and chemotherapy-based

combined strategies. We developed a cell membrane-derived programmed death-ligand 1(PD-1)

nanovesicle to encapsulate low-dose gemcitabine (PD-1&GEM NVs) to study the effect on breast

cancer in vitro and in vivo. We found that engineered PD-1&GEM NVs could synergistically inhibit

the proliferation of triple-negative breast cancer, which interacted with PD-L1 in triple-negative

breast cancer to disrupt the PD-L1/PD-1 immune inhibitory axis and promoted cancer cell apop-

tosis. Moreover, PD-1&GEM NVs had better tumor targeting ability for PD-L1 highly-expressed

TNBC cells, contributing to increasing the drug effectiveness and reducing toxicity. Importantly,

gemcitabine-encapsulated PD-1 NVs exerted stronger effects on promoting apoptosis of tumor cells,

increasing infiltrated CD8+ T cell activation, delaying the tumor growth and prolonging the survival

of tumor-bearing mice than PD-1 NVs or gemcitabine alone. Thus, our study highlighted the power

of combined low-dose gemcitabine and PD-1 in the nanovesicles as treatment to treat triple-negative

breast cancer.
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1. Introduction

By 2020, the number of new cases and deaths of female breast cancer has surpassed
that of lung cancer and it has become the most common cancer [1]. Triple-negative breast
cancer (TNBC) is a highly heterogeneous disease that constitutes almost 20% of breast
cancer cases, which is associated with poor overall survival and a high probability of distant
recurrence and death [2,3]. In the past 10 years, surgical treatment is still the first-choice
strategy for early breast cancer patients.

In addition to resection, chemotherapy is the cornerstone of systemic therapy for
TNBC. Anthracycline, taxanes, and platinum drugs are still the most basic chemotherapy
regimens. Meanwhile, the role of Gemcitabine has also been highlighted [4]. Gemcitabine,

25



Pharmaceutics 2022, 14, 1263

a cell cycle-specific antimetabolite, is characterized by wide antitumor spectrum and
few adverse reactions. In recent years, several large-scale phase III studies have shown
that single or combined chemotherapy drugs are effective for advanced breast cancer.
Many studies have shown that gemcitabine is effective in the treatment of advanced
triple-negative breast cancer patients. The clinical remission rate of single drug is 15–20%
and if combined anthracycline and taxanes, the overall remission rate can be increased
to 20–79% [5], which makes it the first-choice chemotherapy drug as combination drug
recommended for advanced breast cancer [6]. However, the increased toxic reaction
and resistance of gemcitabine following the continuous implementation of the combined
treatment have become obstacles that limit the in-depth application of gemcitabine in
breast cancer. Therefore, exploring new effective combination therapy and reducing side
effects through targeted administration are still of great clinical significance to expand the
application of Gemcitabine.

Programmed death 1 (PD-1) is an immunosuppressive member on the surface of T
cells and plays a vital role in regulating the immune system. PD-1 maintains immune
homeostasis upon binding to its ligands, PD-L1 or PD-L2 [7]. However, tumors utilize this
immune protective mechanism for their immune survival. In the tumor microenvironment,
tumor cells and tumor-associated APCs highly express PD-L1, which combines with PD-1
of T cells to induce T cell exhaust, thereby inhibiting the anti-tumor function of CD8+ T
cells [8]. Therefore, destroying the interaction between PD-L1/PD-1 shows great potential
in enhancing the lethality of the immune system to cancer cells [9,10]. In recent years,
PD-1/PD-L1 blocking antibody drugs have made a breakthrough in tumor immunother-
apy [11]. At present, several antibody drugs have been approved for clinical application in
a variety of fields such as melanoma, non-small cell lung cancer, Hodgkin’s lymphoma,
and have achieved good results [12]. Excitedly, the FDA recently approved PD-1 inhibitor
Pembrolizumab (Keytruda) combined chemotherapy (Albumin paclitaxel/paclitaxel with
or without carboplatin) as a new adjuvant therapy for the unresectable or metastatic triple-
negative breast cancer (TNBC) with PD-L1 expression in ≥10% tumor cells. In the final
analysis of phase III keynote-355 trial, pembrolizumab plus chemotherapy significantly
improved the progression-free survival (PFS) compared with chemotherapy alone, which
suggests that chemotherapy combined with immunotherapy may be a promising treat-
ment option for TNBC [13,14]. However, in contrast, because the clinical trials of PD-L1
monoclonal antibody inhibitor Atezolizumab (Tecentriq) are not enough to prove that the
drug combined with other chemotherapeutic drugs is better than monotherapy [3], the
European Drug Administration (EMA) withdrew Roche’s application of the combination
therapy of Atezolizumab with albumin paclitaxel or anthracyclines in the treatment of
early or advanced TNBC [15]. These two contradictory results indicated that it is still
very necessary to explore new combination therapies of different immune drugs and
chemotherapeutic drugs.

Extracellular vesicles are important carriers for transferring information and sub-
stances between cells [16], and they play a significant role in tumor immune escape [17]
and tumor metastasis [18]. Studies have shown that nucleic acid therapeutics can be
transported to breast cancer tumors expressing EGFR (epidermal growth factor receptor)
through extracellular vesicles [19] and may have anti-metastatic effects [20]. Importantly,
cell membrane-derived nanovesicles (NVs) with serial extrusion have similar characteristics
to the exosomes naturally secreted by cells and also inherit the characteristics of innate
cells. NVs have several superiorities in large-scale preparation and expressing complex
active proteins as a compound carrier to release the drug at target sites by the ways of
co-incubation and electroporation [21,22].

Thus, we constructed an extracellular vesicle-like cell membrane nanovesicle (NVs)
to co-deliver PD-1 and gemcitabine. NVs have the superior characteristics of excellent
biocompatibility, large-scale preparation, and strong drug delivery capabilities [23,24].
They can not only carry targeted proteins or ligands stably through genetic modification
strategies on the membrane of NVs, but also carry various traditional drugs inside the
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NVs, which can increase the ability of NVs to target tumor and reduce the systemic side
effects of drugs. The cell membrane vesicles have the promising potential to become an
ideal nano-scale delivery system.

In this study, we established PD-1-expressing NVs carrying low-dose gemcitabine to
suppress the immune escape pathway, thus inhibiting tumor growth. The combination of
PD-1 NVs and gemcitabine significantly promoted the peripheral blood mononuclear cell
(PBMC) activation, inhibited the proliferation of triple-negative breast cancer, induced the
cancer cell apoptosis, increasing the infiltrated CD8+ T cells, delaying the tumor growth,
and prolonging the survival of tumor-bearing mice. Taken together, these data supported
the idea that the power of combined low-dose gemcitabine and PD-1 in the nanovesicles
presented a prospective strategy to treat triple-negative breast cancer.

2. Materials and Methods

2.1. Chemicals and Regents

Puromycin was supplied by Sigma-Aldrich (Merck, St. Louis, MO, USA). Na+/K+

ATPase antibodies were obtained from Santa Cruz (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). Primary antibodies such as PD-1, GFP, and β-actin for western blotting were
purchased from Cell Signaling Technology (Cell Signaling Technology, Danvers, MA, USA).
Wheat germ agglutinin (WGA) Alexa Fluor 594 and 350 dyes were purchased from Thermo
Scientific (ThermoFisher, Waltham, MA, USA). Staining antibodies including CD3, CD4,
CD8, and CD25 for fluorescence activated cell sorting (FACS) analysis were purchased
from Biolegend Inc. (BioLegend, San Diego, CA, USA), Ficoll Paque Plus was purchased
from GE Healthcare (GE Healthcare, Chicago, IL, USA).

2.2. Plasmids

Human PD-1 lentivirus open reading fragment (ORF) cDNA expression plasmid
with green fluorescent protein (C-GFP Spark tag) and mouse PD-1 lentivirus ORF cDNA
expression plasmid (C-GFP Spark tag) were supplied by Sino Biological Inc (Sino Biological,
Beijing, China).

2.3. Cell Lines

MDA-MB-231 cells (SCSP-5043), HEK293T cells (SCSP-502), MCF-7 cells (SCSP-531),
3T3L1 cells (SCSP-5038), and 4T1 cells (TCM32) were purchased from Chinese Academy
of Sciences Cell Bank (Shanghai, China). MDA-MB-231 cells, MCF-7 cells and 4T1 cells,
HEK293T cells and 3T3L1 cells were separately cultured in Leibovitz (L-15) (HyClone,
Logan, UT, USA), minimum eagle’s medium (MEM) (HyClone, Logan, UT, USA), Roswell
Park Memorial Institute (RPMI-1640) (HyClone, Logan, UT, USA) and Dulbecco’s modified
eagle medium (DMEM) (HyClone, Logan, UT, USA) with 100 U/mL penicillin, 100 µg/mL
streptomycin and 10% fetal bovine serum (FBS) (ExCell Bio, Canelones, Uruguay), at 37 ◦C
with 5% CO2.

In order to obtain HEK293T/3T3L1 cell lines that stably overexpress PD-1, HEK293T
cells (1.5 × 107) were firstly used to produce viral particles (107 transducing units (TU)/mL)
in the lentivirus packaging solution environment (phosphate buffer saline (HBS) solution
950 µL, packaging plasmid 10 µg, human/mouse PD1 gene lentiviral ORF cDNA expression
plasmid 10 µg, 2.5 M CaCl2 solution 50 µL). HEK293T/3T3L1 cells were then infected with
collected viral particles at 12 h, 24 h, and 48 h post-transfection and co-incubated for 24 h at
37 ◦C. Under selection with puromycin, HEK293T/3T3-L1 cell lines with a high degree of
overexpressing PD-1-GFP on the cell membrane was finally obtained.

2.4. Western Blotting

Cell samples and cell vesicles samples were lysed in radio immunoprecipitation assay
lysis buffer (RIPA) solution, and then subjected to 10% SDS-PAGE for electrophoresis at
120 v and western transfer at 330 mA, 90 min. Primary antibodies of Na+/K+ ATPase, PD-1,
GFP and β-actin were co-incubated overnight at 4 ◦C. After incubation with horseradish
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peroxidase (HRP) bounded anti-mouse or anti-rabbit secondary antibodies (Protein Tech,
Wuhan, China), target proteins were detected by enhanced chemiluminescence (ECL) kit
(Protein Tech, Wuhan, China).

2.5. Cell Membrane Vesicle Preparation

The collected HEK293T/3T3-L1 cells (3 × 107) were fully cracked in 2 mL homoge-
nization medium buffer (1 mM EDTA, 0.25 M sucrose, 20 mM Hepes-NaOH, pH 7.4, and
protease inhibitor cocktail), then thoroughly ground with a grinder, and centrifuged at
different speeds of 5000 rpm (4 ◦C, 10 min) and 13,500 rpm (4 ◦C, 10 min), respectively.
After filtration through 0.45 µm and 0.22 µm filters, the obtained vesicles were stored at
−80 ◦C.

2.6. Size Distribution, Zeta-Potential Analysis, and Morphology

HEK293T/3T3-L1 cell membrane (3 × 107 cells) were dissolved with 0.5 mL PBS
and filtered by 0.1 µm filter. The particle size distribution and zeta potential range of
the samples were determined by a NanoBrook 90Plus PALS instrument (Brookhaven, NY,
USA). The morphology of nanovesicles stained with uranium acetate on copper mesh were
scanned by transmission electron microscopy (TEM) (JEOL, Tokyo, Japan).

2.7. Nanovesicle Cell Binding Assay

MDA-MB-231 cells were co-incubated with GFP-PD-1 NVs (25 mg/mL) for 2 h at 37 ◦C,
and then stained with WGA Alexa594 for 10 min. After washing with phosphate buffer
saline, images were captured using LSM880 confocal microscope (Zeiss, Jena, Germany)
emitted by corresponding lasers 594.

2.8. Isolation of Peripheral Blood Mononuclear Cell (PBMC) from Human Peripheral Blood

Blood from healthy donors was collected into EDTA empty bottles, and then Ficoll
Paque Plus (GE Healthcare, Chicago, IL, USA) separation solution was added. The blood
was centrifuged at 1000 rpm for 30 min and PBMCs were obtained. PBMCs were washed
twice with RPMI 1640, and lysed on ice for 2 min with 1 mL erythrocyte lysates. Finally,
RPMI 1640 was added to neutralize and resuspend PBMCs.

2.9. Production of GEM&PD-1 NVs

The PD-1 NVs (0.5 mg protein weight) and 1 mg GEM were mixed gently in 1 mL
electroporation liquid (1.15 mM potassium phosphate, pH 7.2, 25 mM potassium chloride),
and electroporation was carried out in 0.4 cm electroporation cuvette by using bio-RAD
electroporation instruments (Bio-Rad, Hercules, CA, USA). Parameters: 300 V, 150 µF, 3 s.
The sample was then left on ice for 30 min. After washing with cold PBS solution and
centrifuging at 12,000 rpm, GFP-PD-1 NVs carrying GEM (GEM&PD-1 NVs) were obtained.

2.10. Detection of Encapsulation Ratio

To obtain the GEM standard curve, standard solutions of different concentrations
(50 µg/mL, 40 µg/mL, 30 µg/mL, 20 µg/mL, and 10 µg/mL of 2 mL standard solutions)
were prepared and the absorbance values were measured at 268 nm by ultraviolet spec-
trophotometer. After measuring the absorbance of GEM in the sample, the concentration
was calculated by substituting the GEM calibration curve.

Encapsulation Ratio% E.R. = MG/MS × 100% (MG is the mass of GEM in the super-
natant and MS is the total mass of GEM in the sample).

2.11. Carboxyfluorescein Diacetate Succinimidyl Easter (CFSE) Staining

PBMCs were spread in 24-well plates with CD3 antibody, and then CFSE dye (5 µM)
was added. The PBMCs were co-incubated at 37 ◦C in 5% CO2 for 20 min under dark con-
ditions, and then RPMI-1640 was added to stop response. After centrifugation (1000 rpm,
5 min) and repeated washing with RPMI-1640 medium, the stained cells were placed on
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48-well plates with plate-bound anti-CD3 antibody (5 µg/mL) and allowed to grow for
2 days with the addition of the activating factor IL-2. MDA-MB-231 cells were co-incubated
with PBMCs and vesicles of different groups (50 µg/mL). Then, apoptosis of MDA-MB-231
cells was detected by flow cytometry (Cytoflex, Beckman, Brea, CA, USA).

2.12. Biodistribution

NVs labelled by sulfo-cyanine5.5 amine (cy5.5) (excitation/emission peaks,
680 nm/710 nm) (Lumiprobe Corporation, Hallandale Beach, FL, USA) were injected into
BALB/c mice through the tail vein. After 4 h, the distribution of NVs in the main organs of
mice was observed by NightOWL (LB983) imaging system (Berthold, Pforzheim, Germany).

2.13. Breast Cancer Mouse Models

The use of laboratory animals and all experiments was reviewed and approved by the
Animal Ethics Committee of Sun Yat-sen University, China, approval No. SYSU-IACUC-
2021-000046.

Specific pathogen free (SPF) female BALB/C mice were purchased and adaptively fed
at sterile room temperature for one week up to eight weeks for mouse models of breast
cancer. Mice were firstly anesthetized by intraperitoneal injection of 1% pentobarbital, and
the hair around the fourth pair of breasts were removed with shaving cream, and then
disinfected with 75% alcohol. The prepared suspension of mouse breast cancer 4T1 cells
(3 × 106) was injected to the mammary fat pad. Seven days later, the mouse models of
breast cancer were established successfully. All 25 tumor-bearing mice were randomly
divided into 5 groups and received different treatments: Control group (normal saline,
n = 5), Free nanovesicles group (Free NVs, 25 mg/kg, n = 5), PD-1 nanovesicles group
(PD-1 NVs, 25 mg/kg, n = 5), single drug group (GEM, 10 mg/kg, n = 5), PD-1 nanovesicles
and GEM group (PD-1&GEM NVs, 10 + 25 mg/kg, n = 5). In the first three days, mice
were treated according to the above scheme every day. After three days, mice were treated
every other day for continuous 10 days and sacrificed on the 10th day (on the 18th day
from tumor inoculation). Tumor, spleens, and lymph nodes samples were collected and
analyzed on the 18th day.

2.14. Haematoxylin and Eosin Staining

Paraffin sections of tumor and spleen tissue samples were dewaxed, then placed in
graded concentrations of alcohol (100%, 95%, 90%, 80%, 70%) for hydration. Tissue sections
were stained with H&E, and inflammatory cell infiltration was observed by microscopy
(Nikon, Tokyo, Japan) with 100× magnification.

2.15. Cell Isolation from Spleen, Tumor, and Lymph Node and Flow Cytometry Assay

Spleens, tumors, and lymph nodes cells (106) that were obtained after mouse dissection
were infiltrated in PBS solution and the tissues were ground, washed in PBS solution, and
passed through a 70 µm filter. All above operations were performed on ice to keep the
cell activity. After 1000 rpm centrifugation for 5 min, the samples were co-incubated with
100 µL of the staining buffer and target antibodies of 1 µL, such as anti-CD3-FITC, anti-
CD4-APC, and Anti-CD8-PB450, and shielded from light for 15 min at room temperature.
After centrifugation and washing with PBS, samples should be performed by MoFlo XDP
flow cytometer (Beckman Coulter, Miami, FL, USA).

2.16. Annexin V/Propidium Iodide-Based Cell Apoptosis Assay

The cell samples treated under different conditions were collected, centrifuged, and
re-suspended with 100 µL 1 × Annexin V Binding buffer. Then, 5 µL Annexin V-FITC
and 5 µL PI were added according to the Apoptosis Detection Kit (BD Pharmingen, San
Diego, CA, USA), and gently mixed and incubated for 15 min at room temperature, away
from light. Samples should be detected within 1 h using the MoFlo XDP flow cytometer
(Beckman Coulter, Miami, FL, USA).
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2.17. Cell Viability and Colony Formation Assays

For the cell viability assay, MDA-MB-231 cells were seeded into 96-well plates (5 × 104)
and incubated at 37 ◦C, 5% CO2 overnight. The IC50 analysis of GEM on MDA-MB-231
cells were treated with different doses of GEM for 48 h. The cell viability was assessed using
CCK-8 according to the instructions. Experiments were repeated at least three times. For
colony formation assay, MDA-MB-231 cells (1 × 103/well) were seeded in 6-well plates and
cultured in L-15 medium with various doses of GEM for 2 weeks. Then they were fixed by
4% paraformaldehyde (PFA) and stained with crystal violet for cell colony number count.

2.18. Quantitative Real-Time PCR

Total RNA from cells were isolated by 1 mL TRIZOL reagent (TaKaRa, Tokyo, Japan).
Cells after washing with PBS were lysed in Trizol. Then, 200 µL trichloromethane, 550 µL
isopropyl alcohol, and 1 mL 75% ethanol was added in turn, and 12,000 rpm centrifuge
is required after each addition. Next, the 1 µg RNA was reversely transcribed into cDNA
by using 4 µL HiScript III RT SuperMix for qPCR (+1 µL gDNA wiper) (Vazyme, Nanjing,
China). Finally, RT-qPCR experiments were performed with 3-step amplification program
(95 ◦C 10s, 60 ◦C 10s, 72 ◦C 10s) by using 2x SYBR Green qPCR Mix (TransGen Biotech, Bei-
jing, China) with LightCycler® 96 (Roche, Basel, Switzerland). The quantitative calculation
analysis of relative gene expression could be determined by 2−∆∆Ct method. Experiments
were performed in triplicate.

2.19. Statistical Analysis

Data analysis was performed using GraphPad Prism version 7.0 software (GraphPad
Software Inc., La Jolla, CA, USA) and Origin Pro 2021 software. One-way analysis of
variance (ANOVA, R.A.Fisher) and Turkey’s test were performed. All data were presented
as mean ± standard error (SEM). Statistical significance is indicated (* p < 0.05, ** p < 0.01,
*** p < 0.001).

3. Results

3.1. Construction of Stably Overexpressing PD-1 Cell Lines and Biological Behaviors of PD-1 NVs
In Vitro

As shown in Figure 1, we designed membrane-derived nanovesicles to carry PD-1
protein. PD-1 can bind to PD-L1 on the surface of breast cancer cells. Therefore, PD-1
NVs could block PD-1/PD-L1 immunosuppressive signaling pathways. To inhibit the
proliferation of breast cancer cells, we used PD-1 NVs to encapsulate low-dose GEM drugs
(PD-1&GEM NVs).

To obtain PD-1 NVs, we firstly established PD-1-GFP stably overexpressing HEK293T
cells using the lentiviral packaging system. HEK293 T cells were easy to proliferate
with high transfection [21]. Thus, we constructed HEK293T cells derived PD-L1 NVs
in vitro. Confocal microscopy showed the obvious cell membrane localization of PD-1-GFP
(Figure 2B), while GFP as the control was mainly localized in the cytoplasm (Figure 2A).
Furthermore, PD-1-GFP overexpression was confirmed in HEK293T stably cell lines by
western blotting (Figure 2C). Compared with GFP control, the expression of PD-1-GFP
mRNA was more than 600 times higher through the real-time quantitative PCR experiment
(Figure 2D) (Table 1). At the same time, in order to meet the needs of subsequent treatment
of transplanted tumors in mice to avoid cross-species reaction, we also constructed a mouse
3T3L1 cell line with high expression of PD-1-GFP, and confirmed its high expression by
qPCR (Figure 2E) (Table 1).

To prepare HEK293T derived PD-1-GFP NVs and PD-1&GEM NVs, extruded nanovesi-
cles were collected by cell lysis, differential centrifugation, and a serial extrusion as de-
scribed in the Material and Method section. The cell vesicles were estimated by transmis-
sion electron microscope (TEM). The PD-1 NVs and PD-1&GEM NVs were found to be
membrane-bound closed shape and about 100 nm (Figure 3A). In order to proof the expres-
sion of PD-1 in vesicles, we detected the PD-1 and Na+/K+ ATPase expression via western
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blotting. Results have shown that the PD-1 was expressed in cell vesicles (Figure 3B).
Furthermore, dynamic light scattering (DLS) analysis also showed that PD-1-GFP NVs
and PD-1&GEM NVs had a similar diameter with around 110 nm (Figure 3C), and the
zeta potentials of PD-1-GFP NVs and PD-1&GEM NVs was around −22 mv (Figure 3D),
indicating that the PD-1-GFP NVs and PD-1&GEM NVs were a stable membrane structure.
Therefore, all data showed that we have successfully prepared the PD-1-overexpressing
cell membrane-based nanovesicle and the final product of PD-1&GEM NVs.
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3.2. PD-1-GFP NVs Specifically Bound to PD-L1 on the Surface of MDA-MB-231 Triple-Negative
Breast Cancer Cells

We first assessed the expression of PD-L1 in the breast cancer cells MDA-MB-231 via
FACS. PD-L1 was highly expressed in the MDA-MB-231 triple-negative breast cancer cell
lines (TNBC) (Figure 4A), which was also in line with the results of previous reports. Com-
pared to the MCF-7 as a non-TNBC cell line (control), we found that the expression of PD-L1
mRNA in MDA-MB-231 cells was 15 folds higher using RT-qPCR analysis, suggesting that
the constructed PD-1&GEM NVs could target TNBC (Figure 4B) (Table 1). To test whether
PD-1-GFP NVs can bind to PD-L1 on the surface of MDA-MB-231, we co-incubated the
PD-1 NVs with MDA-MB-231 for 2 h and detected it by confocal microscopy. As shown
in Figure 4C, PD-1-GFP NVs (green fluorescence) showed the obvious co-localization,
suggesting that PD-1 NVs might competitively and specifically block the binding of PD-L1
on TNBC cell membrane to PD-1 of T cells, and restart the T cell immune killing effect.
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Table 1. qPCR primers sequences.

Genes
Forward Primer Sequence

5′→3′
Reverse Primer Sequence

5′→3′

Mouse-β-Actin
Mouse-Pd-l1
Human-Pd-1
Human-Pd-l1

GGCTGTATTCCCCTCCATCG
TCTGATCGTCGATTGGCAGC

CCCAAGGCGCAGATCAA
GGTGAGGATGGTTCTACACAG

CCAGTTGGTAACAATGCCATGT
CGTTGTTCCAGGCTCCTCTC

CTGGCGAGCCTTAGTTTGGAC
GAGAACTGCATGAGGTTGC

Human-β-Actin CCACACTGTGCCCATCTAC AGGATCTTCATGAGGTAGTCAGTC

3.3. Gemcitabine Inhibited the Tumor Cell Growth and PD-1&GEM NVs Induced Cell Apoptosis
of Breast Cancer In Vitro

At the beginning, the DNA-damaging chemotherapeutic drug including DNA-synthesis
inhibitor gemcitabine and PARP (poly adenosine diphosphate ribose polymerase) inhibitor
olaparib were both considered as a therapeutic drug. In order to verify the effect of
gemcitabine and olaparib, cell activity and cell cloning experiments were performed in a
dose-dependent manner. As shown in Figure 5A,B, we determined the effect of increasing
concentrations of GEM (0.005 µM, 0.01 µM, 0.1 µM, 1 µM, and 10 µM) on MDA-MB-231
breast cancer cells inhibition. Results indicated that 0.1 µM, 1 µM, and 10 µM gemcitabine
presented similar stronger inhibition on TNBC cells than low concentrations (0.005 µM,
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0.01 µM). Importantly, the effect of 0.1 µM gemcitabine on MDA-MB-231 inhibition was
comparable to the treatment with 1 µM and 10 µM, thus 0.1 µM were chosen for suitable
concentration. However, cell activation experiments showed that a larger olaparib dose
(30 µM) was required to achieve the single drug-killing tumors (Figure 5A). Thus, low-
dose 0.1 µM gemcitabine was chosen for following experiments. Furthermore, research
has revealed that gemcitabine possesses promising effects on chemotherapy in patients
with breast cancer [25]. Afterwards, we developed a combined immunotherapy and
chemotherapy therapy of PD-1 NVs carrying gemcitabine by the effect of targeting and
carrier of NVs. Next, coated nanovesicles (PD-1&GEM NVs) were constructed by means
of electroporation, and performed the experiments of GEM encapsulation and in-vitro
drug release in PD-1 NVs. The result showed that gemcitabine was packaged into PD-1
nanovesicles by electroporation with an encapsulation efficiency of 21%, and the eventually
released gemcitabine concentration was chosen to be 0.1 µM in vitro, (Figure S1A). We also
examined the release of encapsulated GEM from PD-1&GEM NVs at different times (1 h,
4 h, 8 h, 16 h, 24 h) by ultraviolet-visible spectroscopy (UV-Vis). The results suggested that
with the increase of incubation time, GEM could be gradually released from NVs with a
peak time at 24 h (Figure S1B). Many studies have shown that gemcitabine can inhibit tumor
cells and induce apoptosis due to its blocking of the G/S phase of DNA [26,27]. Excitedly,
the early apoptosis rate (Annexin V+/PI−) of MDA-MB-231 treated with PD-1&GEM NVs
was 5.25%, 7.63%, 18.11%, 39.05%, and 46.74% at 12 h, 24 h, 48 h, 72 h, and 96 h, respectively.
The late apoptosis rate (Annexin V+/PI+) of MDA-MB-231 was 3.75%, 7.67%, and 11.28%,
and 14.49% at 12 h, 24 h, 72 h, and 96 h, respectively, indicating that PD-1&GEM NVs
possessed a significant time-dependent pro-apoptotic effect (Figure 5C,D). In conclusion,
the GEM could suppress the proliferation of MDA-MB-231 and PD-1&GEM NVs could
promote the apoptosis of MDA-MB-231 breast cancer cells in vitro.
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3.4. PD-1&GEM NVs Promoted PBMC Activation and MDA-MB-231 Cell Apoptosis When
Co-Cultured

In order to further study the mechanism of PD-1&GEM NVs inhibiting tumor growth
and whether it affected the activity of immune cells, we extracted PBMCs from peripheral
blood mononuclear cells of healthy people. PBMCs were co-incubated with human MDA-
MB-231 cells to simulate the tumor immune microenvironment. As shown in Figure 6A,B,
compared to the control group, the degree of PBMC proliferation was significantly pro-
moted by 10.38%, 14.78% in the PD-1 NVs, and PD-1&GEM NVs treatment groups, sug-
gesting that PD-1 NVs effectively relieved the negative regulation of PD-L1 expressed
by tumor cells on immune cells. It was worth noting that PD-1&GEM NVs induced the
most significant proliferation of PBMC cells, and maybe PBMC was activated by released
antigen when combined gemcitabine killed tumor cells. Expectedly, PD-1&GEM NVs
produced a better inhibitory effect on the proliferation of MDA-MB-231 cells than only
PD-1 NVs treatment in the co-culture of tumor and PBMC (Figure 6C). Correspondingly,
we also observed more apoptotic and dead cells in the PD-1&GEM NVs than PD-1 NVs via
flow cytometry analysis (Figure 6D,E). To further explore the role of gemcitabine in cell
growth inhibition and apoptosis, we examined DNA damage marker γ-H2A.X expression
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in MDA-MB-231 cells. Results showed that the expression of γ-H2A.X was significantly
upregulated in a time-dependent manner after PD-1&GEM NVs treatment (Figure 6F,G).

Thus, these results suggest that PD-1&GEM NVs could enhance the activation of
immune cells, inhibit tumor DNA synthesis, and promote tumor cell apoptosis of MDA-
MB-231 cells in vitro.
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3.5. GEM&PD-1 NVs Inhibited the Growth of TNBC Breast Cancer In Vivo

The toxicity of Free NVs and PD-1 NVs in this study was evaluated. The result showed
that heart, liver, spleen, lung, and kidney showed no pathological phenomena compared to
the untreated group by hematoxylin-eosin (H&E) analysis (Figure S2).

Next, to explore whether the GEM&PD-1 NVs promoted the immune response in the
TNBC model, mice bearing-TNBC tumors were injected intravenously with PBS, Free NVs
(25 mg/kg, n = 5), PD-1 NVs (25 mg/kg, n = 5), GEM (10 mg/kg, n = 5), and GEM&PD-1
NVs (25 mg/kg, n = 5). To avoid a cross-species immune response, we collected mouse
3T3 L1 cells-derived PD-L1 NVs [28]. The biological distribution of PD-L1 NVs was
performed in tumor-bearing mice. Notably, we found cy5.5 labeled PD-1 NVs intensively
accumulated in the tumor site compared to Free NVs (Figure 7A). The mouse models of
breast cancer injected with 4T1 cells were established successfully after 7 days. Then, mice
were received different treatments for 10 continuous days (on the 18th day from tumor
inoculation). Tumor samples were collected on the 18th day following the performed
experiments. However, after the treatment cycle, we stopped the injection to observe the
survival days (considered the 1st day) among the different treatments. It was found that the
PD-1&GEM NVs group significantly prolonged the survival time of mice for 30 days among
different treatments after stopping the treatment, while saline delayed 12 days (Figure 7B).
Moreover, there was no obvious weight loss in mice treated with different nanovesicles
groups, indicating that the NVs were safe in mice (Figure 7C). Importantly, the growth
of TNBC tumor was evidently delayed in the PD-1&GEM NVs group, which had better
outcome than GEM and PD-1 NVs (Figure 7D–F). Next, treatment with GEM, PD-1 NVs,
and PD-1&GEM NVs increased the proportion of CD8+ T cell counts by 17.35%, 30.94%,
and 40.24% in tumors treated with GEM, PD-1 NVs, and PD-1&GEM NVs compared
to saline by flow cytometry analysis (Figure 7G,H). Moreover, hematoxylin-eosin (H&E)
analysis also revealed more sparser tumor distribution in the PD-1&GEM NVs group than
the saline group and the Free NVs group (Figure 7I). Therefore, these results demonstrated
that PD-1&GEM NVs could inhibit TNBC tumor growth by increasing the infiltrated CD8+

T cells.
To further assess the role of PD-1&GEM NVs in CD8+ T cells, we also analyzed the

activation of CD8+ T cells in the mice spleens. Promisingly, compared with the saline, GEM
single-drug group, PD-1 NVs group and PD-1&GEM NVs group significantly prompted the
proportion of CD8+ T cells by 9.03%, 11.56%, and 18.3%, suggesting that PD-1&GEM NVs
had higher activation of CD8+ T cells than GEM single-drug and PD-1 NVs in the spleens
(Figure 8A). This was consistent with the corresponding statistical analysis (Figure 8B).
Unsurprisingly, increased CD8+ T cells in lymph nodes treated with GEM group, the
PD-1 NVs group, and PD-1&GEM NVs group was also observed (Figure 8C,D). Similarly,
hematoxylin-eosin (H&E) analysis also revealed that more normal cell morphologies were
detected in spleens collected from mice received with the GEM group, the PD-1 NVs group,
and the PD-1&GEM NVs treatments, compared with the pathological state in the normal
saline group and the Free NVs group (Figure 8E). These results indicated that PD-1&GEM
NVs restrained the proliferation of breast cancer and promoted CD8+ T cell activation
in vivo.
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(A,B) Representative plots and quantitative analysis of CD8+ T cells (gated on positive CD3+ cells) 
in spleens in different treated mice groups by flow cytometry (n = 3). Error bar, mean ± SEM. (C,D) 
Representative plots and quantitative analysis of CD8+ T cells (gated on positive CD3+ cells) in 
lymph nodes in different treated mice groups by flow cytometry (n = 3). Error bar, mean ± SEM. (E) 
Histological images for H&E staining obtained from the spleen of mice treated in different group. 
Data were expressed as mean ± SEM, n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001. scale bar = 100 μm. 

4. Discussion 
TNBC is considered as an aggressive type of breast cancer because it grows and 

spreads quickly and lacks effective treatment options, thereby leading to a poor prognosis 
[29]. Recently, research has found that combination therapies displayed favorable efficacy 
of treatment [30]. Excitingly, combination with chemotherapy drugs and immunothera-
pies can improve clinical outcomes in patients [31,32]. In 14 November 2020, the FDA ap-
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time that combination therapy of immunotherapy and chemotherapy has been approved 
by FDA for the treatment of breast cancer, representing an important milepost [13]. How-
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4. Discussion

TNBC is considered as an aggressive type of breast cancer because it grows and spreads
quickly and lacks effective treatment options, thereby leading to a poor prognosis [29].
Recently, research has found that combination therapies displayed favorable efficacy of
treatment [30]. Excitingly, combination with chemotherapy drugs and immunotherapies
can improve clinical outcomes in patients [31,32]. In 14 November 2020, the FDA approved
PD-1 inhibitor Keytruda combined with chemotherapy for TNBC. This is the first time
that combination therapy of immunotherapy and chemotherapy has been approved by
FDA for the treatment of breast cancer, representing an important milepost [13]. However,
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another similar treatment scheme using PD-L1 inhibitor Tecentriq combined with albumin
paclitaxel was rejected by EMA because it did not get the expected effect in the phase III
clinical trial in January 2021 [33]. It is still very necessary to explore new combination
therapies of different immune drugs and chemotherapeutic drugs. Therefore, exploring
different combination therapies still has potential significance for the treatment of the
triple-negative breast cancers.

Synergistic nanovesicles as a drug carrier could deliver anti-tumor drugs in a targeted
manner, such as liposomes. Although liposomes have been applied in clinic trials by better
compatibility and modifications, poor targeting, unstable morphology, immunogenicity,
and their inability to cross the biological barrier have limited their therapeutic efficacy [34].
Recently, exosomes naturally released by different cells as drug carrier have become an alter-
native strategy by overcoming the abovementioned shortcomings of liposomes. However,
complex purification processes and limited mass production are the obstacles of clinical
translation. Strikingly, membrane-derived nanovesicles (NVs) share similar characteristics
and function with exosomes, which have advantages in large-scale preparation, and can
at the same time stably carry targeting ligands through genetic modification strategies
and carry clinically chemotherapeutic drugs [21,22]. Noteworthily, it has been reported
that NVs could retain structural stability for over 7 days at 4 ◦C as the storage condition,
and the zeta and diameter of NVs still retain stability for over 24 h when in physiological
conditions (PBS +10% serum) [35]. In this study, we proposed a protocol for cell-membrane
derived PD-1 NVs as a GEM-targeted drug delivery system. PD-1 NVs could not only
passively accumulate in the tumor due to the enhanced permeability and retention (EPR)
effect [36,37], but also actively target overexpressing-PD-L1 TNBC, contributing to enrich-
ment of PD-1 NVs. We also confirmed that the PD-1 NVs could efficiently bind to the
PD-L1 receptor on breast cancer cells in vitro (Figure 4C). In addition, in vivo experiments
also observed that the cell vesicles with high expression of PD-1 were more enriched in
the transplanted tumor site of MDA-MB-231 than PD-1 free vesicles (Figure 7A). As we
know that most chemotherapeutic drugs have low selectivity, long-term high-dose use
will cause a great toxic effect and other side effects. Thus, wrapped gemcitabine in PD-1
NVs will improve the pharmacokinetics, increase the effective drug concentration at the
tumor site, and significantly reduce the systemic toxicity of gemcitabine. Recent studies
have emphasized that when cell-membrane derived NVs fused with cell membranes by
means of lipid fusion, encapsulated contents in the NVs were delivered directly to the
cytoplasm. In addition, NVs were also internalized by phagocytosis-based uptake pathway.
After cellular uptake, NVs may be transported to endosomes and subsequently fused with
lysosomes for degradation of NVs. Meanwhile, packaged drugs from NVs were gradually
released into the cytoplasm, thus leading to enhanced drug delivery with better safety
profiles [21,38]. Moreover, if gemcitabine within the NVs was released outside the tumor
cells and subsequently penetrated into the tumor cytoplasm, they thereby improved the
therapeutic target effect of the encapsulated drug at the tumor sites. It was noteworthy that
our results demonstrated that gemcitabine from PD-1&GEM NVs released slowly with a
peak of 24 h in vitro (Figure S1B). In brief, the combined NVs strategy outperformed the
efficacy of gemcitabine when administered alone.

Of note, our study also verified that PD-1 NVs combined with gemcitabine has better
therapeutic effect. PD-1&GEM NVs showed a better inhibition on the proliferation of
TNBC tumor than PD-1 NVs alone, achieving a synergetic effect of immunotherapy and
chemotherapy. Moreover, PD-1&GEM NVs significantly promoted the proliferation of
PBMC, and perhaps PBMC was activated by released antigen when gemcitabine killed the
tumor cells. For example, the proliferation of CFSE-staining PBMC treated with PD-1&GEM
NVs was most significant among different treatment groups (Figure 6A). Consistent with
in vitro experiments, in vivo PD-1&GEM NVs remarkably increased infiltrated CD8+ T cell
and delayed the tumor growth more than PD-1 NVs (Figure 7D,H). Therefore, our study
highlighted the power of combining low-dose gemcitabine and PD-1 in the nanovesicles as
treatment to inhibit the proliferation of triple-negative breast cancer.
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Abstract: Cancer immunotherapy has achieved multiple clinical benefits and has become an in-

dispensable component of cancer treatment. Targeting tumor-specific antigens, also known as

neoantigens, plays a crucial role in cancer immunotherapy. T cells of adaptive immunity that recog-

nize neoantigens, but do not induce unwanted off-target effects, have demonstrated high efficacy and

low side effects in cancer immunotherapy. Tumor neoantigens derived from accumulated genetic

instability can be characterized using emerging technologies, such as high-throughput sequencing,

bioinformatics, predictive algorithms, mass-spectrometry analyses, and immunogenicity validation.

Neoepitopes with a higher affinity for major histocompatibility complexes can be identified and

further applied to the field of cancer vaccines. Therapeutic vaccines composed of tumor lysates or

cells and DNA, mRNA, or peptides of neoantigens have revoked adaptive immunity to kill cancer

cells in clinical trials. Broad clinical applicability of these therapeutic cancer vaccines has emerged.

In this review, we discuss recent progress in neoantigen identification and applications for cancer

vaccines and the results of ongoing trials.

Keywords: cancer therapy; neoantigens; immunotherapy; vaccine

1. Introduction

Cancers are driven by genetic instabilities that rapidly accumulate somatic muta-
tions and eventually alter cell properties. Excellent progression has resulted from under-
standing the mechanisms of genetic mutations, immune recognition of tumor antigens,
tumor-mediated immunosuppression, immune surveillance, and tumor escape. Genome
sequencing has revealed the heterogeneity of cancer cells, as evidenced by the Cancer
Genome Atlas [1–4]. Neoantigens are a group of tumor-specific antigens (TSAs) arising
from genetic variations or retroelements and are considered one of the vital characteristics
and derivations of cancers. They have aberrant residues caused by gene alterations that
are only expressed on tumor cells and serve as ideal foreign targets for recognition by T
cells with high-affinity T-cell receptors (TCRs) [3,5,6]. Theoretically, targeting neoantigens
avoids unwanted off-target effects and can precisely guide effector cells to tumor cells.
Neoantigen vaccination could be an active immunotherapy and provide immunogens
to the immune system to elicit an antitumor immune response. Cancer vaccines have
been rapidly developed as a practical method to boost target-specific humoral and cellular
immunity and induce long-lasting immune protection [7]. Various vaccination approaches
are under investigation and are broadly categorized based on their design methods, includ-
ing tumor lysates, cell-based vaccines, gene-based vaccines, and peptide-based vaccines.
This review summarizes the current knowledge, development, and challenges associated
with immunotherapeutics targeting neoantigens by assessing current cancer clinical tri-
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als of vaccines to provide insights into the clinical development of personalized cancer
immunotherapy.

2. Types of Cancer Antigens

Tumor cells have a wide range of protein-expression profiles that differ from those
of normal cells. There are different types of tumor antigens: tumor-associated antigens
(TAAs), TSAs, and unconventional antigens (UCAs) [8].

Compared to normal cells, TAAs are unmodified self-proteins that are abnormally
expressed in cancerous cells due to oncogenic signaling processes. The upregulated ex-
pression of these wild-type proteins or glycoproteins enables TAAs to act as self-antigens
on tumor cells. Most TAAs refer to overexpressed tumor antigens, for example, the re-
ceptor for advanced glycation endproducts-1 (RAGE-1), human telomerase reverse tran-
scriptase (hTERT), human epidermal growth factor receptor 2 (HER2), mesothelin, and
mucin 1 (MUC1) [9–14]. In addition, TAAs can be cell-lineage-differentiation antigens
(e.g., prostate-specific antigen (PSA) and prostatic-acid phosphatase (PAP), which are typ-
ically not expressed in adult tissues [15,16], and cancer/germline antigens (also known
as cancer/testis) (e.g., melanoma-associated antigen 1 (MAGE-A1), melanoma-associated
antigen 3 (MAGE-A3), New York esophageal squamous-cell carcinoma 1 (NY-ESO-1), and
preferentially expressed antigen of melanoma (PRAME), which are typically only expressed
in immune-privileged germline cells [17–21]. These TAAs may represent universal targets
for chimeric-antigen-receptor-T (CAR-T) therapy in patients with the same malignancy.

In comparison, TSAs are neoantigens expressed by cancer cells. The uniqueness of
the mutant epitopes makes them more likely to be identified by the diverse TCRs of T
cells, which are not depleted during clonal selection in the thymus. The degraded peptide
fragments of mutant proteins become tumor antigens that play essential roles in T-cell-
mediated immunity against cancer. Neoantigens could represent the differences between
the peptide repertoires of the major-histocompatibility-complex (MHC) presentations of
cancer cells and normal cells. Most TSAs arise from somatic mutations of non-synonymous
single-nucleotide variants, frameshifts, infusion or deletion (INDEL) mutations, gene
fusion, splice variants, and retroelements [22]. Unlike TAAs, which are self-antigens not
recognized by T cells, TSAs are aberrant proteins absent in T-cell clonal selection during
thymus education and are, therefore, more likely to escape the central tolerance mechanism.

Unconventional antigens (UCAs) originate from aberrant transcription, translation,
or post-translational modifications in tumor cells. Some UCAs may be completely tumor
specific, whereas others may also occur in normal cells.

3. Neoantigen-Induced Antitumor Immunity

Regarding the molecular mechanism, neoantigens are proposed to enhance their
immunogenicity by modulating immune synapses in several ways: (1) Compared to
wild epitopes, neoepitopes strengthen the TCR–MHC-I stability with higher levels of
binding affinities and then result in a robust immune response [23]. (2) The absence of
neoepitopes in MHC presentation during T-cell selection in thymus education improves
TCR recognition [24]. (3) Flanking residues of neoepitopes interfere with and compete with
endogenous peptides on the MHC binding groove [25].

In the tumor microenvironment (TME), abundant tumor antigens can be secreted via
tumor-derived exosomes, which are further enhanced through tumor-cell death caused by
immune modulation, radiotherapy, or chemotherapy [26–28]. Tumor-infiltrating antigen-
presenting cells (APCs) capture tumor antigens and migrate to regional lymph nodes. The
epitopes of the captured antigens presented on human-leukocyte-antigen (HLA) molecules
of APCs can initiate the activation and differentiation of tumor-specific CD4+ and CD8+ T
cells in the draining lymph node, resulting in the expansion of effector T cells in secondary
lymphoid organs [29]. Many effector cells then travel through the bloodstream to the tumor
site by involving various chemokines (e.g., C-C motif chemokine ligand 2 (CCL2), C-X-C
motif chemokine ligand 2 (CXCL2), and C-X-C motif chemokine ligand 16 (CXCL16)) [30,31].
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Activated CD8+ T cells can recognize the expressed neoepitope–HLA complexes on tumor
cells and then kill cancer cells through the degranulation of cytotoxic proteins, such as
perforin, granzyme, and granulysin. CD4+ T cells indirectly modulate antitumor cellular
and humoral immune responses. Released tumor antigens prime more tumor-reactive
immune cells into the TME and trigger adaptive-immune memory responses [29]. However,
these immune reactions can be inhibited by an immunosuppressive microenvironment.

4. Neoantigen Identification

Approaches for identifying neoantigens and proceeding to vaccine manufacture are
illustrated in Figure 1, which involve the discovery of the mutanome by next-generation
sequencing (NGS), prediction of HLA epitopes by algorithms or mass spectrometry (MS),
and functional validation by immunological assays.

‐ ‐
‐ ‐ ‐ ‐
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‐
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‐
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‐
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Figure 1. Schematic representation of neoantigen selection for therapeutic cancer vaccines. The
DNA samples are extracted from cancer tissues and peripheral blood mononuclear cells (PBMC),
respectively. Non-synonymous mutations and HLA types are obtained through whole-exome se-
quencing (WES) and HLA genotyping following bioinformatic analyses. The potential neoepitopes
derived from the identified mutations are prioritized according to (1) algorithm prediction or (2)
immunopeptidome analysis. Afterward, each prioritized neoepitope is examined by immunological
assays (e.g., ELISpot or flow cytometry) to validate the immunogenicity. Vaccines encoding the
selected neoepitopes are then generated in various formats, including DNA-based, RNA-based,
peptide-based, and dendritic-cell (DC)-based vaccines.

4.1. Discovery of the Mutanome by Next-Generation Sequencing

Practitioners and researchers used to have technical restrictions until the advent of
advanced high-throughput NGS technologies. Reliable sequencing data are generated at a
lower price with greater accuracy to identify individual gene variations in tumor samples.
Identifying the entirety of somatic cancer mutations in an individual tumor, referred to as
variant calling of the mutanome, yields potential neoantigens. Typically, a small fraction of
tumor biopsies is required for DNA and RNA sequencing to obtain the variation profile
of the tumor. For SNVs, INDELs, and gene fusions, variants of the mutanome could be
detected by comparing WES data from tumor tissue and healthy samples (e.g., PBMC) of
the same individual to exclude germline variants [32]. Endogenous retroelement-derived
antigens were identified from RNA-expression data. For splicing variants, tools such as
SplAdder [33], SpliceGrapher [34], and ASGAL mainly compare the spliced alignments of
RNA-seq data to genome references and then generate splicing graphs to predict alternative
cleaving events [35]. In addition, these tools integrate proteomic databases to analyze
cancer-specific germline and somatic mutations that are rapidly developing. A recently
reported proteogenomic tool called QUILTS can be used to generate variants including
SNVs, INDELs, fusions, and junctions from RNA-seq data [36].
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4.2. HLA-Epitope Calling by Computational Algorithms

Only a small portion of expressed neoantigens can fit perfectly into the binding pock-
ets of HLA molecules and possess adequate immunogenicity to elicit immune responses.
Selecting neoepitopes with the highest probability of increasing tumor-specific immune
responses is critical for designing neoantigen vaccines [6]. The prediction of neoepitopes
using computational algorithms is a commonly applied methodology. These programs
(e.g., NetMHCpan [37], MULTIPRED [38], IEDB [39], and EpitoolKit [40]) simulate the
binding affinity of antigen epitopes with the MHC alleles of subjects and predict poten-
tial neoantigens.

The MHC-I-epitope-prediction algorithms have gained greater attention because
hypotheses assume that CD8+ T-cell-mediated immune responses play a more vital role in
antitumor immunity [41]. CD8+ T cells infiltrating the tumors has correlated with a better
prognosis of the disease [42]. Furthermore, CD4+ T cells also play essential roles in cancer
immunity. Kreiter et al. reported that mutant MHC-class-II epitopes could drive CD4+

T-cell-mediated therapeutic immune responses to cancer [43]. Trans et al. reported that the
application of adoptive cell therapy (ACT) using neoantigen ERBB2 (HER2) interaction
protein-specific CD4+ tumor-infiltrating lymphocytes (TILs) achieved tumor regression in
a patient with metastatic cholangiocarcinoma [44]. Due to these clinical findings indicating
that CD4+ T-cell-mediated antitumor immunity is indispensable for cancer immunotherapy,
MHC-II-epitope predictors have been recently improved. For instance, NetMHCIIpan
adapted the NN-align algorithms, which add the influence of the core structure of epitopes
and the flanking-region characteristics, thereby substantially facilitating MHC-II-binding-
prediction performance [45,46].

4.3. Identification of HLA Epitopes by Mass Spectrometry (MS)

Recent developments in MS-based sequencing technology have expanded the detec-
tion of peptide epitopes on MHC molecules [47,48]. For MS detection, HLA molecules
from harvested cell lines or resected tumors can be isolated by pan-HLA immunopre-
cipitation (IP). After several washes to remove the unwanted mixture, binding epitopes
of HLA molecules can be dissociated, purified, and subsequently analyzed by liquid
chromatography–tandem MS (LC–MS/MS) [49]. Algorithms have been developed for
immunogenic antigen discovery and the establishment of high-resolution, raw quantitative
MS data for the patient-customized peptide repertoire, such as MaxQuant [50], SWATH-
MS [51], Proteome discovery [52], and PEAKS studio [53]. MS-based sequencing enables
researchers to directly identify clinically relevant neoepitopes in human cancer tissues.
MS-based HLA-immunopeptidome profiling is also practical for spotting epitopes from
post-translational modification [54]. For instance, a study revealed 11 epitopes from gene
variants of over 90,000 immunopeptides identified from melanoma patients. Through MS
analysis, phosphorylated immune epitopes were identified, and positions 4 and 6 of the
9–12-mer HLA-binding peptide were the major phosphorylation sites [55].

4.4. Prediction of HLA Epitopes by Machine Learning Algorithms

By combining it with experimental HLA-immunopeptidome profiling, machine learn-
ing in silicon algorithms was developed to provide a rapid and accurate prediction plat-
form. Abelin et al. developed a neural-network prediction algorithm using an extensive
dataset collected via MS profiling of HLA-associated peptidomes and found that it outper-
formed the experimentally measured epitope affinities [56]. GibbsCluster, another machine-
learning model built on MS-analysis data integrated with in vitro binding-affinity results,
showed an outstanding performance for predicting antigen-restricted epitopes [57,58]. In
addition, Bulik-Sullivan et al. launched a computational model named EDGE for epitope
prediction, which was trained using a dataset of HLA–MS neoantigen peptides and ge-
nomic data of 74 patients. EDGE validation showed a nine-fold-higher positive predictive
value than that obtained from tumor test sets using binding-affinity data [59]. The in
silico ligand-prediction algorithms ameliorated the previously high false-discovery rate of
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predicted ligands of specific HLA alleles. Nevertheless, considerable experimental data
are required to train the algorithms, especially for the less prevalent HLA alleles for which
there are not enough data on epitope affinity or MS results. The sensitivity of algorithms
varied among different types of gene alterations and committed bioinformatics tools to
optimize HLA-molecule-binding epitope prediction. The Human Immuno-Peptidome
Project Consortium aims to establish a repertoire of peptides presented by HLA molecules
to facilitate data collection [60]. With more disclosure of epitope sequences, a steadier
immunopeptidome database will provide reliable and trustworthy predictions. Table 1 lists
the methods and platforms that are commonly used to predict neoantigens.

Table 1. Methods and platforms commonly used for predicting neoantigens.

Method [Ref] Principle Year

NetMHCpan
[37]

Comparison of epitope sequences by artificial neural networks that provide
peptide–MHC-I-affinity predictions

2016

NetMHCIIpan
[61]

Pan-specific predictor able to predict binding affinities for all HLA-class-II
molecules based on neural networks

2013

MHCflurry
[62]

Neutral networks including mass-spectrometry datasets for predicting
peptide–MHC-I affinities

2018

ConvMHC
[63]

peptide–MHC interactions encoded into image-like array data and analyzed by
deep convolutional neural network

2017

PLAtEAU
[64]

Defines shared consensus epitopes arising from a series of eluted nested
peptides and quantified by mass spectrometry

2018

MuPeXI
[65]

Integration of somatic mutation calls, list of HLA types, an optional
gene-expression profile, and NetMHCpan 3.0 to provide immunogenicity score

based on similarity to non-mutated wild-type peptide
2017

NeoPrepPipe
[66]

Predicts neoantigen burdens and provide insights into the tumor heterogeneity,
somatic mutation calls, and patient HLA haplotypes

2019

EpitopeHunter
[67]

Integrates expression of RNA with artificial neutral networks of
immunogenicity-prediction algorithm based on the hydrophobicity of the TCR

contact residues
2015

Neopepsee
[68]

Integrates sequence and amino-acid-immunogenicity information, including
antigen processing and presentation to reduce the false-discovery rate

2018

5. Neoantigen-Derived Cancer Vaccines

5.1. Tumor Lysates and Allogeneic Tumor-Cell-Based Vaccine

Autologous tumor lysates or allogeneic tumor cells obtained from patients were the
earliest developed cancer vaccines. By administering either inactivated resected tumor
lysates or allogeneic tumor-cell lysates with additional components such as adjuvants and
cytokines, these cancer vaccines could present epitopes of tumor antigens to activate both
CD4+ and CD8+ T cells in the human body [69–71].

An autologous tumor-lysate vaccine from Vaccinogen Inc, OncoVax, which uses
Bacillus Calmette-Guerin (BCG) as an adjuvant, was shown to extend the recurrence-free
period and reduce the risk for recurrences in surgically resected patients with stage II colon
cancer. Their phase III trial (NTC02448173) evaluating further clinical benefits of OncoVax
is ongoing [72]. GVAX (Cell Genesys, Inc., South San Francisco, CA, USA) is an allogeneic
whole-tumor-cell vaccine that consists of two prostate-cancer cell lines, LNCaP and PC-3,
transfected with a human granulocyte-macrophage-stimulating factor (GM-CSF) gene.
Phase I/II studies demonstrated its safety and clinical activity; however, it failed to reach
clinical efficacy in a phase III trial of advanced prostate cancer [73]. To improve the overall
survival rate, GVAX was recently used with chemotherapy agents and ipilimumab to treat
metastatic pancreatic cancer in the trial stage [74]. Other studies on tumor-cell vaccines
include melacine (an allogenic melanoma tumor-cell-lysate vaccine) [75], canvaxin (an
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antigen-rich allogeneic whole-cell vaccine developed from three melanoma cell lines) [76],
and TRIMELVax (a heat-shocked melanoma-cell-lysate vaccine) [77]. Although all epitopes
are included in this type of vaccine, the contents of neoantigens are quite low, and most
are wild-type endogenous peptides, which might dilute the expected immune responses
and increase the risk of adverse reactions. Research on optimizing this approach, such
as combination therapy and optimized carriers to transport the cells, might address the
current limitations of tumor lysates or allogeneic tumor-cell-based vaccines.

5.2. DNA-Based Vaccines

DNA vaccines can be introduced into cells and tissues via non-viral or viral gene-
delivery systems. After being introduced into the cytoplasm, DNA migrates to the nucleus
and initiates the production of antigens. Physical forces mainly represent the non-viral
methods of facilitating intracellular gene transfection by transiently loosening the cell-
membrane structure. These systems include electroporation, microinjection, and a gene
gun to transfect plasmid DNA into the tissue [78]. Although the physical delivery system
offers highly efficient gene transfection, tissue damage resulting from the applied physical
forces may cause low activity [79]. GNOS-PV02, a neoantigen-DNA vaccine with plasmid-
encoded IL-12 administered by electroporation and intradermal injection, entered a phase
I/II clinical study with the combination of pembrolizumab for the treatment of advanced
hepatocellular carcinoma. The up-to-date result revealed that the objective response rate
(ORR) was 25% without reported dose-limiting toxicities (DLTs). Post-vaccination TCR-
repertoire analysis identified novel expanded T-cell clones in both peripheral blood and
tumor tissue, which potentially mediated the observed regression of tumors [80].

DNA vaccines can also be delivered by viral carriers such as adenoviruses, modified
vaccinia viruses, lentiviruses, and retroviruses. The adenovirus is a non-envelope, double-
stranded DNA virus commonly used as a viral vector among these viruses. Adenoviral-
vector vaccines replace genes that enable replication of transgenes or other genes of interest,
making the vector unable to generate their genome copies after delivery. This property
also provides the virus with a higher package capacity to incorporate large transgene
sequences [81]. Compared to other virus-based vectors, adenoviral vectors have less
potential genotoxicity and have been applied to infectious diseases such as COVID-19 [82],
Ebola virus [83], and malaria [84]. Nous-209 is a virus-based cancer vaccine encoding 209
commonly shared frameshift mutations of microsatellite instability tumors and uses the
Great Ape Adenoviruses vectors for priming and Modified Vaccinia Ankara vectors for
boosting. The preliminary results of the phase I study combined with pembrolizumab
showed no DLTs. Seven out of the twelve enrolled patients had confirmed partial responses
(PRs), and two patients had stable disease (SD), suggesting that Nous-209 is safe and
immunogenic and may contribute to early clinical outcomes [85]. PRGN-2009, a human
papillomavirus (HPV) therapeutic vaccine encoding 35 non-HLA-restricted epitopes of
HPV 16 and 18 by a novel gorilla adenoviral vector, increased the number of T cells targeting
HPV 16 or HPV 18 after vaccination in all six recruited patients in a phase I study without
observed DLTs [86]. However, pre-existing immunity against particular virus serotypes
prevents the efficacy of virus-based vaccines [87]. This problem may be overcome using
viral vectors derived from other species [88]. Nonetheless, it remains to be determined
whether existing immunity will decrease the immunization potential for a repeated dose of
vaccine constructed in the same or similar serotype virus.

In addition to viral vectors, microbes are also candidates for carrying target anti-
gens. Lm-platform technology is an antigen delivery platform via Listeria monocytogenes
developed by ADVAXIS. Attenuated Listeria monocytogenes carrying the bacterial vector
expresses fusion proteins containing adjuvant parts and target antigens to T cells after
phagocytosis. ADXS-503 is a phase I study of pembrolizumab plus the Lm vaccine targeting
11 common hotspot mutations and 11 TAAs of metastatic non-small-cell lung carcinoma
(NSCLC). Antigen-specific T cells were found in all patients with a transient release of
pro-inflammatory cytokines. Seven of the nine recruited patients also showed antigen
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spreading. The ORR was 11%, and the disease-control rate (DCR) was 44%, with one
achieving a PR and three achieving SD. The vaccine was well-tolerated without reported
immune-related adverse events (irAEs) [89]. Another phase I study, ADXS-NEO-2, tar-
geted personalized neoantigens for each cancer patient. Preliminary findings included
immune-cell proliferation, antigen-specific T-cell response, and antigen spreading in one
patient at 108 colony-forming units (CFUs). However, two patients had manageable DLTs
at an initial dose of 109 CFUs, and the current state of this trial remains unclear [90]. The
neoantigen-DNA-vaccine trials currently in the active or completed stages are listed in
Table 2.

Table 2. Clinical trials of neoantigen-DNA vaccines.

Trial No.
(Brand Name)

Target Indication
Format/Route of
Administration

Combination
Therapy

Status

NCT03122106
Personalized NeoAg +

Mesothelin
Pancreatic Cancer

Plasmid
DNA/Electroporation

+ IM injection
N/A

Phase 1, Active,
Not Recruiting

NCT04015700
(GNOS-PV01)

Personalized NeoAg
Unmethylated
Glioblastoma

Plasmid
DNA/Electroporation

+ IM injection

Pembrolizumab,
Plasmid encoded
IL-12 (INO-9012)

Phase 1,
Recruiting

NCT04251117
(GNOS-PV02)

Personalized NeoAg +
Mesothelin

HCC
Plasmid

DNA/Electroporation
+ IM injection

Pembrolizumab,
Plasmid encoded
IL-12 (INO-9012)

Phase 1/2a,
Recruiting

NCT04990479
(Nous-PEV)

Personalized NeoAg
Melanoma,

NSCLC

Adenovirus vector +
Vaccinia virus

vector/IM injection
Pembrolizumab

Phase 1,
Recruiting

NCT04041310
(Nous-209)

Personalized NeoAg
MSI-H CRC, gastric,
G-E junction tumors

Adenovirus vector +
vaccinia virus

vector/IM injection
Pembrolizumab

Phase 1/2, Active,
Not Recruiting

NCT05018273
(VB10.NEO)

Personalized NeoAg Solid Tumors
Plasmid DNA/IM

injection
Atezolizumab

Phase 1b,
Recruiting

NCT02348320 Personalized NeoAg
Triple-Negative Breast

Cancer

Plasmid
DNA/Electroporation

+ IM injection
N/A

Phase 1,
Completed

NCT03953235
(SLATE)

Shared
Neoantigen

Shared neoantigen
positive tumors

Adenovirus vector +
RNA vector/Not

specific

Nivolumab,
Ipilimumab

Phase 1/2,
Recruiting

NCT03265080
(ADXS-NEO)

Personalized NeoAg

Colon Cancer,
Head & Neck Cancer,

NSCLC,
Urothelial Carcinoma,

Melanoma

Lm-based vector/I.V.
infusion

Pembrolizumab
(selectively)

Phase 1, Active,
Not Recruiting

NCT03847519
(ADXS-503)

Personalized NeoAg
NSCLC,

Metastatic SCC,
Metastatic NSCLC

Lm-based vector/I.V.
infusion

Pembrolizumab
(selectively)

Phase 1/2,
Recruiting

Abbreviations: CRC, colorectal cancer. HCC, hepatocellular carcinoma. I.V., intravascular infusion. I.M., intramus-
cular injection. Lm, Listeria monocytogenes. MSI-H, high microsatellite instability. NSCC, small-cell lung cancer.
NSCLC, non-small-cell lung cancer.

5.3. mRNA-Based Vaccines

Additionally, mRNA vaccines have shown substantial potential against diseases dur-
ing the COVID-19 pandemic [91]. Theoretically, mRNA vaccines are internalized in the
cytoplasm, and antigens of interest can be translated without mutagenesis concerns. The
magnitude and rate of mRNA translation are typically higher than those of DNA vaccines.
Currently, mRNA can be rapidly produced using in vitro transcription (IVT) methods,
making it feasible for scale-up manufacturing. These characteristics make mRNA vaccines
powerful tools for responding to emergent needs.

The significant clinical breakthrough of the application of mRNA cancer vaccines
was first published by Sahin et al. [92]. Thirteen patients with stage III and IV melanoma
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received at least eight doses of personalized neoantigen vaccines percutaneously into the
inguinal lymph nodes. Each patient’s five–ten mutations were selected based on the pre-
dicted high-affinity binding to autologous HLA class I and HLA class II. Not only were de
novo immune responses observed, but pre-existing immune responses against predicted
neoantigens were also augmented in all patients. Eight patients remained recurrence-free
during the follow-up period. One patient experienced a complete response of metastases,
which contributed to neoantigen-vaccine monotherapy. Another patient had a rapid, com-
plete response within two months with PD1-blockade combination therapy. These results
translated into sustained progression-free survival (PFS) and significantly reduced the
cumulative sum of metastatic events compared to those before vaccine treatment. Notably,
immune escape was observed in one patient who initially had a PR but suffered from metas-
tasis two months after 12 vaccinations and follow-up surgeries. Loss of β-2 microglobulin
was observed in autologous tumor cells, leading to HLA-class-I dysfunction [92].

Additionally, mRNA-4157 is the neoantigen-mRNA-vaccine trial of Moderna and
is currently under phase I evaluation for solid tumors. From the updated outcome, the
vaccine’s safety was acceptable, with only mild-related adverse events reported [93]. Re-
markably, the response rate was 50% for HPV-negative head and neck squamous-cell
carcinoma combined with pembrolizumab, and the median PFS was compared favorably
to pembrolizumab monotherapy. In addition, 14 of 16 patients with resected solid tumors
receiving vaccine monotherapy remained disease free. The trial is ongoing for efficacy
analysis [94]. However, the other trial of neoantigen-mRNA vaccines, mRNA-4650, did
not proceed because no clinical response was observed. In this study, neoepitopes for
each patient were selected by HLA-I prediction and validated by TIL–APC coculture, plus
any mutations in the hot driver genes of Kirsten rat sarcoma virus (KRAS), tumor protein
p53 (TP53), and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
(PIK3CA). Despite the suboptimal clinical results, T-cell reactivity against several predicted
neoepitopes was found in the post-vaccination PBMC of some patients. TCR analysis
revealed neoantigen-specific clonotypes capable of recognizing designed neoantigens, sug-
gesting that a combination of immune-checkpoint inhibitors (ICIs) or immune-cell therapy
could have clinical benefits [95].

Naked RNA is vulnerable to extracellular RNAse and can undergo rapid degradation
that limits the internalization of the vaccine. Improved mRNA-delivery systems facilitate
vaccine protection, distribution, and release. For instance, ionizable lipid nanoparticles
(LNPs) are self-assembled particles commonly used for RNA delivery. LNPs are stable
at physiological pH, but the ionizable coated lipid can interact with the ionic endosomal
membrane in an acidic endosomal microenvironment, thus promoting membrane fusion
and RNA release. Moreover, mRNA has intrinsic immunogenicity, recognized mostly
by toll-like receptor-7 and -8, and activates downstream interferon pathways and pro-
inflammatory cytokine release. Although this might augment adaptive-immune responses,
it could also dampen the antigen presentation. Unwanted double-stranded RNA (dsRNA)
produced during IVT can activate RNA-dependent protein kinase, phosphorylate eukary-
otic elongation factor-2, and block mRNA translation [96]. Several strategies have been
investigated to overcome this limitation. Baiersdörfer et al. presented a dsRNA-removal
method using cellulose in an ethanol-containing buffer. Up to 90% of dsRNA contaminants
can be removed, resulting in better translation efficacy in vivo [97]. CureVax AG developed
an RNA/protamine complex that serves as a toll-like receptor 7/8 (TLR7/8) adjuvant,
increasing antitumor immunity after vaccination [98]. Luo et al. reported a formulation of
synthetic polymeric nanoparticles with an intrinsic activating property for the stimulator
of interferon genes (STING), leading to the inhibition of tumor progression in three types
of cancer models [99]. In addition, BioNTech developed an RNA-lipoplex cancer-vaccine
platform, Lipo-MERIX, which can precisely target dendritic cells (DC) in the lymphoid com-
partment by systematic administration (intravenous injection) to induce a potent immune
response [100]. Several trials evaluating Lipo-MERIX carrying TAA or TSA for different
types of solid tumors are ongoing. A relative trial targeting TAA for advanced melanoma,
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BNT-111, has recently received FDA fast-track designation [101]. Active and completed
neoantigen-mRNA-vaccine trials are listed in Table 3.

Table 3. Clinical trials of neoantigen RNA vaccines.

Trial No.
(Brand Name)

Target Indication
Format/Route of
Administration

Combination
Therapy

Status

RO7198457

NCT03289962 Personalized NeoAg Solid tumors RNA-Lipoplex/I.V. Atezolizumab
Phase 1a/1b,
Recruiting

NCT03815058 Personalized NeoAg Advanced Melanoma RNA-Lipoplex/I.V. Pembrolizumab
Phase 2,
Recruiting

NCT04486378 Personalized NeoAg
Colorectal Cancer
Stage II, III

RNA-Lipoplex/I.V. N/A
Phase 2,
Recruiting

NCT04161755 Personalized NeoAg Pancreatic Cancer RNA-Lipoplex/I.V.
Atezolizumab,
mFOLFIRINOX

Phase 1,
Recruiting

IVAC mutanome

NCT02035956 Personalized NeoAg Melanoma
Not
specific/Intra-nodal

RBL001/RBL002
(TAA RNA Vaccine)

Phase 1,
Completed

NCT02316457 Personalized NeoAg
Breast Cancer
(TNBC)

Nanoparticulate
lipoplex RNA/I.V.

IVAC_W_bre1_uID
(TAA RNA vaccine)

Phase 1,
Active,
Not Recruiting

mRNA-4157

NCT03897881 Personalized NeoAg Melanoma
lipid encapsulated
RNA/I.M.

Pembrolizumab
Phase 2,
Active,
Not Recruiting

NCT03313778 Personalized NeoAg Solid tumors
lipid encapsulated
RNA/I.M.

Pembrolizumab
Phase 1,
Recruiting

mRNA-5671

NCT03948763
KRAS common
mutations

Solid Tumors
lipid encapsulated
RNA/I.M.

Pembrolizumab
(selectively)

Phase 1,
Recruiting

Abbreviations: I.V., intravascular infusion. I.M., intramuscular injection. TAA, tumor-associated antigens. TNBC,
triple-negative breast cancer.

5.4. Protein and Peptide Vaccines

Peptide-based vaccines use synthetic peptides to trigger peptide-specific immune
responses against cancer. It is intuitive and cost-effective, and no intricate logistics are
required for transport and restoration. As reviewed by Shemesh et al., neoantigen vaccines
derived from peptides, along with mRNA, have undergone the most ongoing clinical
trials [102]. The primary outcomes of peptide vaccines showed promising results in treating
melanoma and brain malignancies in multiple trials [103,104].

Hilf et al. conducted the GAPVAC trial for glioblastoma by administering peptide
vaccines containing the predicted neoantigens and glioma-related TAAs. Notably, Th1 cells
were induced in 11 of 13 patients receiving the neoepitope vaccine. In one patient who
had a complete response after vaccination but experienced recurrence two years afterward,
high infiltration by T cells was found, with a favorable ratio of CD8+/FOXP3+ (forkhead
box P3+) Treg cells from the re-resected tumor [105]. Similar results were reported by
Keskin et al., who demonstrated that neoantigen-specific CD4+ and CD8+ T cells enriched
in the memory phenotype were found after neoantigen-peptide administration. This study
further proved that neoantigen-specific T cells triggered by the vaccine could migrate into
intracranial glioblastoma tumors [103].

Recently, Platten et al. tested the safety and efficacy of a mutated isocitrate dehy-
drogenase 1 (IDH1) peptide vaccine in a phase I trial. Mutations in IDH1 are molecular
characteristics of certain gliomas that contribute to the early stages of tumor development.
Patients with the IDH1 R132H variant were recruited and treated with a 20-mer peptide
containing a mutated spot. A mutant-specific T-cell response was found in over 90% of
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recruited patients with appropriate safety profiles [106]. In recent years, elongated CD8+

T-cell epitopes have been thought to enhance epitope-specific anticancer immunity. Unlike
the predicted short epitopes, long peptides are believed to only be processed and presented
by professional APC, leading to robust T-cell induction. In the mutant IDH1 trial, a single
LSP (long synthetic peptide) was presented across various MHC alleles and, therefore,
could be applied as an off-the-shelf product.

Moreover, the combination of neoantigen-peptide vaccines and ICIs has been validated
in several trials. The NEO-PV-01 phase Ib clinical trial of a personalized peptide vaccine
plus anti-PD1 (anti-programmed death-1) agent was evaluated for safety and efficacy in
patients with advanced melanoma, NSCLC, and bladder cancer. Persistent cytotoxic T-
cell responses were identified post-vaccination, without severe adverse reactions, in all
three cancer cohorts. The median ORR and PFS were favorably compared with historical
results for anti-PD-1 monotherapy but could not firmly attribute these outcomes to the
vaccine because it was a single-arm investigation [107]. The comparison of neoantigen-
peptide-vaccine monotherapy or in combination with ICIs was validated in an ongoing
trial, GEN-009 [108].

NeoVax is a personalized long-peptide vaccine plus poly-ICLC (polyinosinic-polycytidylic
acid stabilized with polylysine and carboxymethylcellulose) (i.e., a TLR-3 and MDA5
(melanoma differentiation-associated protein 5) agonist) [104,107]. A long-term follow-up
study revealed that all patients with resected metastatic melanoma who had previous Neo-
Vax treatment were still alive up to four years after treatment. Six of the eight patients had
no evidence of disease. T cells with reactivity against certain vaccinated neoantigens per-
sisted in the circulating blood of patients during the priming, boosting, and post-vaccination
stages (up to 4.5 years). After the vaccination period, these functional T cells shifted to the
less exhausted memory phenotype. Encouragingly, T cells able to target non-vaccinated
TAAs or neoantigens were identified only in the post-vaccination sample, suggesting that
the neoantigen-peptide vaccine could induce epitope spreading [108]. Epitope spreading
has also been observed in several neoantigen-peptide-vaccine trials, including the NEO-
PV-01, GEN-009, and glioblastoma trials [103,105,107,108]. In the NeoVax follow-up study,
enhanced epitope spreading was observed in one patient experiencing recurrence in the
post-vaccination period, but no evidence of disease after pembrolizumab therapy was
shown, indicating that the combination of the neoantigen vaccine and ICIs could further
improve clinical outcomes [108]. More neoantigen-peptide-vaccine trials in the active and
completed stages are summarized in Table 4.

5.5. DC-Based Vaccines

The cell-based-vaccine approach exploits autologous DCs loaded with tumor antigens
in various formats, including tumor lysates, DNA, mRNA, or peptides. Encouraging results,
including Sipuleucel-T, an autologous DC vaccine targeting prostatic-acid phosphatase
(PAP), a TAA, have demonstrated a significant improvement in overall survival for men
with metastatic castration-resistant prostate cancer and was approved by the FDA [109].
For the neoantigen-pulsed DC vaccine, Carreno et al. conducted a trial applying an in vitro
matured autologous DC vaccine stimulated by personalized neoantigen peptides in three
patients with advanced melanoma. TCR-sequencing results indicated diverse neoantigen-
specific clonotypes induced by personalized DC vaccines, and increased immunity was
observed in all patients [110]. Moreover, a patient with metastatic pancreatic cancer ex-
perienced regression of multiple metastatic lesions 2.5 months after DC-based-vaccine
treatment. In this case, the selected neoepitope was an HLA-A*0201–restricted KRAS-
G12D epitope, and the patient received a vaccine containing a neoantigen plus DC and
neoantigen-reactive CD8+CD137+ T cells [111]. Similar research on patients with heavily
treated lung cancer by administering a neoantigen-peptide-loaded DC vaccine demon-
strated a 25% ORR and 75% DCR. Although none of the recruited patients achieved CR, the
results were auspicious considering the initially poor prognosis of the study population. In
addition, they noticed that the neoantigen-loaded DC vaccine could re-induce objective
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responses to ICIs in patients who had a relapse after previous ICI treatment. This finding
corresponds to that mentioned in the peptide-vaccine section, namely that the combination
of cancer vaccines and ICMs could further provide synergetic therapeutic benefits [112].

Table 4. Clinical trials of neoantigen-peptide vaccines.

Trial No.
(Brand Name)

Target Indication
Format/Route of
Administration

Combination
Therapy

Status

NCT04799431 Personalized NeoAg

MMR-p
Colon Cancer

Pancreatic Ductal
Cancer

Peptide + poly-
ICLC/subcutaneous

Retifanlimab
Phase 1,

Not Yet Recruiting

NCT03956056
Personalized NeoAg

+ Mesothelin
Pancreatic Cancer

Peptide + poly-ICLC/
subcutaneous

N/A
Phase 1,

Recruiting

NCT04248569
DNAJB1-
PRKACA

fusion

Fibrolamellar
Hepatocellular

Carcinoma
Peptide + poly-ICLC

Nivolumab,
Ipilimumab

Phase 1,
Recruiting

NCT04117087
Common mutant

KRAS
Colorectal Cancer
Pancreatic Cancer

Peptide + poly-ICLC
Nivolumab,
Ipilimumab

Phase 1,
Recruiting

NCT04749641
Histone

H3.3-K27M mutant
Diffuse Intrinsic
Pontine Glioma

Peptide + poly-
ICLC/subcutaneous

N/A
Phase 1,

Recruiting

NCT03715985
(NeoPepVac)

Personalized NeoAg

Melanoma,
NSCLC,

Bladder, Urothelial
Carcinoma,

Peptide +
CAF09b/I.P. + I.M.

N/A
Phase 1,

Recruiting

NCT03359239
(PGV-001)

Personalized NeoAg
Urothelial/Bladder

Cancer
Peptide + poly-ICLC Atezolizumab

Phase 1,
Recruiting

NCT02149225
(GAPVAC)

Personalized NeoAg Glioblastoma
Peptide +

poly-ICLC/not
specific

TAA peptide vaccine,
GM-CSF

Phase 1,
Completed

NeoVax

NCT01970358 Personalized NeoAg Melanoma
Peptide + poly-

ICLC/subcutaneous
N/A

Phase 1,
Completed

NCT02950766 Personalized NeoAg Kidney cancer
Peptide + poly-

ICLC/subcutaneous
Nivolumab,
Ipilimumab

Phase 1,
Recruiting

NCT02287428 Personalized NeoAg Glioblastoma Peptide + poly-ICLC
Pembrolizumab
Temozolomide

(Both selectively)

Phase 1,
Recruiting

NCT03929029 Personalized NeoAg Melanoma
Peptide + poly-ICLC

+ Montanide
Nivolumab
Ipilimumab

Phase 1b,
Recruiting

NCT0402487 Personalized NeoAg Ovarian Cancer Peptide + poly-ICLC Nivolumab
Phase 1,

Recruiting

NCT03219450 Personalized NeoAg Lymphocytic Leukemia Peptide + poly-ICLC
Pembrolizumab

Cyclophosphamide
(both selectively)

Phase 1,
Recruiting

Neo-PV-01

NCT03380871 Personalized NeoAg Lung cancer
Peptide + poly-

ICLC/subcutaneous

Pembrolizumab
Carboplatin
Pemetrexed

Phase 1,
Completed

NCT02897765 Personalized NeoAg
Urinary Bladder Cancer

Melanoma
Lung Cancer

Peptide + poly-
ICLC/subcutaneous

Nivolumab
Phase 1,

Completed

Abbreviations: I.V., intravascular infusion. I.M., intramuscular injection. MMR-p, mismatch repair protein
deficiency. NSCLC, non-small-cell lung cancer. poly-ICLC, polyinosinic-polycytidylic acid. TAA, tumor-
associated antigens.

6. Opinions and Future Perspectives

Therapeutic cancer vaccines have several promising clinical outcomes. However, all
vaccines are still in the early stages of clinical trials (phases I and II). This may reflect
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difficulties in inducing a robust immune response to kill aggressive cancer cells in im-
munosuppressed patients. In addition, the variation in neoantigens in different individuals
makes large-scale applications more challenging than targeting commonly shared antigens.
Whether therapeutic vaccines can be applied and used in clinical practice depends on
different factors, such as (1) the ability to yield sufficient numbers of T cells to overcome
the suppressive TME, (2) augmented immune cells that can penetrate and infiltrate the
tumors, (3) the use of adequate adjuvants and carriers, and (4) optimal selection of target
antigens [113,114].

Moreover, T-cell exhaustion has been reported in numerous studies where vaccine-
elicited T lymphocytes often express several inhibitory receptors [92,103–105]. A combi-
nation of ICIs or other immunotherapies is necessary to achieve synergistic efficacy. In
addition to cytotoxic T cells, the importance of CD4+ T cells in cancer immunity has been
well established. Notably, MHC-II-restricted tumor epitopes also play a crucial role in
immunotherapy efficacy. Activated CD4+ cells could give rise to the induction of CD8+ T
cells with less inhibitory profiles and strengthened effector functions. At the beginning
of cancer-vaccine treatment, priming of the immunization determines the phenotype and
magnitude of the vaccine-elicited immune response. Ideally, a subset of neoantigen-specific
T cells with memory phenotypes is generated after antigen clearance. Continuous exposure
to antigens can induce functional profiles of T cells, including memory T cells [115–117].
The expression of MHC-II epitopes by tumors can recruit more intratumoral T cells and
inducible nitric-oxide-synthase-positive macrophages [118]. Including MHC-II epitopes
and stimulants to activate CD4+ cells in cancer vaccines has been suggested to improve
efficacy. Therefore, optimized priming and boosting regimens for vaccination should be
carefully determined. Applying advanced technologies to identify TSAs and generate
vaccines with potent adjuvants is the key to developing successful anticancer therapeutics.

Immunoengineering, the field that integrates nanotechnology, bioengineering, mate-
rial sciences, drug delivery, and immunology, aims to elicit a robust antitumor immune
response. In particular, nanoparticles provide better delivery efficiency and T-cell priming
for gene-based and peptide-based vaccines. By loading or conjugating adjuvants, innate-
immunity agonists, and target receptors to nanoparticles, co-delivery can enhance the
magnitude of antitumor responses [119,120]. For instance, a "nanodiscs" mixing synthetic
high-density lipoprotein, cysteine-modified antigens, and cholesterol-modified CpG adju-
vant successfully promoted antigen presentation and eliminated established mouse tumors
when combined with ICIs [121]. In addition, a biodegradable matrix loaded with small
molecules and biologics implanted near the tumor or post-resection sites can reverse the
immunosuppressive conditions. The matrix provides artificial immune niches that enable
the in situ manipulation of cells [122]. Implantation of a biopolymer-based scaffold loaded
with tumor-reactive T cells and agonists enhances antigen presentation and T-cell response
to eradicate inoperable orthotropic tumors in mice [123,124]. Moreover, protein-based
gels loaded with nanoparticles containing anti-CD47, an inhibitory ligand on cancerous
cells, polarized macrophages to M1 phenotypes, and prolonged survival in mice with
incomplete resection [125]. Further exploration using matrix-coated tumor neoantigens as
cancer vaccines is required. These advanced methods aim to provide the best formulation
and dosage of tumor antigens and adjuvants to induce the immune cells and improve the
efficacy of therapeutic cancer vaccines.

The immune system is intricate and highly coordinated; the absence of specific cy-
tokines or subsets of immune cells could substantially alter the subsequent cascade of
responses, indicating that ex vivo immunostimulatory experiments may not precisely
interpret the real circumstances in vivo. Emerging tools such as the three-dimensional
modeling system and immune organ/tumor "on a chip" system could foster sophisticated
examination of immune-organ function and immune-cell interaction [126]. For example,
a microfluidic chip containing hepatocellular carcinoma cells was built to evaluate the
time-dependent migration and cytotoxicity of TCR-engineered T cells. The device allowed
the investigation of T-cell ability under different inflammatory conditions [127]. In addition,
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the microphysiological 3D cancer model used to test the efficacy of receptor-engineered
cells was validated in lung-, breast-, and ovarian-cancer models [128,129].

Regarding the different types of formulations, mRNA vaccines have the advantage
of a cost-effective and straightforward manufacturing procedure. On the other hand,
favorable clinical outcomes were also observed in patients who received protein and
peptide vaccines, such as NeoVax, Neo-PV-01, GAPVAC, and the IDH1 peptide vaccine
for glioma. Targeting neoantigens through integrating immunotherapeutics, including
vaccines, cell-based therapy, ICIs, and immunoengineering may provide opportunities to
overcome the unmet needs of cancer immunotherapy.

7. Conclusions

The development of therapeutic cancer vaccines is a promising prospect for improving
the safety and efficacy of the currently used immunotherapeutics. This is a ready-to-
produce procedure with an extensive selection of formats. Targeting neoantigens and
other TSAs enables immunogens to induce tumor-specific adaptive-immune responses.
High-throughput sequencing, epitope-identified mass spectrometry, and predictive algo-
rithms have enabled neoantigen epitopes to be disclosed and subsequently used to design
vaccines. Two primary tactics for neoantigen vaccines are evolving. One harnesses person-
alized vaccines for personalized therapy, and the other utilizes shared neoantigens or viral
oncoproteins as off-the-shelf therapeutics. The clinical results summarized in this review in-
dicate encouraging progress in disease control and favorable immune responses. However,
several hurdles remain, including on-target distribution, conversion of immunosuppressive
environments, and antigen selection. By investigating adequate delivery systems, carriers,
adjuvants, and new immunology research tools, these endeavors could gradually reach
new heights. Numerous studies using various formats, therapeutic regimens, delivery
systems, and combination therapies are still in progress. Targeting neoantigens could be a
path to success for significant clinical improvement in cancer treatment.

Author Contributions: Writing-original draft preparation, S.-C.P.; writing-review and editing, M.-T.C.
and S.-I.H.; funding acquisition, S.-I.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by grants from Chang Gung Memorial Hospital (CIRPG3I0041~43,
CIRPG3I0021~23, CIRPG3I0031~33, CIRPG2I0011~13) and Ministry of Science and Technology of
Taiwan (MOST 108-2320-B-182A-023 -MY3, MOST 109-2320-B-182A-008-MY3).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the support of members of the Cancer Vaccine and Immune Cell
Therapy core lab, Chang Gung Memorial Hospital.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Genomic Classification of Cutaneous Melanoma. Cell 2015, 161, 1681–1696. [CrossRef] [PubMed]
2. Lawrence, M.S.; Stojanov, P.; Mermel, C.H.; Robinson, J.T.; Garraway, L.A.; Golub, T.R.; Meyerson, M.; Gabriel, S.B.; Lander,

E.S.; Getz, G. Discovery and saturation analysis of cancer genes across 21 tumour types. Nature 2014, 505, 495–501. [CrossRef]
[PubMed]

3. Lawrence, M.S.; Stojanov, P.; Polak, P.; Kryukov, G.V.; Cibulskis, K.; Sivachenko, A.; Carter, S.L.; Stewart, C.; Mermel, C.H.;
Roberts, S.A.; et al. Mutational heterogeneity in cancer and the search for new cancer-associated genes. Nature 2013, 499, 214–218.
[CrossRef] [PubMed]

4. Wood, L.D.; Parsons, D.W.; Jones, S.; Lin, J.; Sjoblom, T.; Leary, R.J.; Shen, D.; Boca, S.M.; Barber, T.; Ptak, J.; et al. The genomic
landscapes of human breast and colorectal cancers. Science 2007, 318, 1108–1113. [CrossRef] [PubMed]

5. Ciriello, G.; Miller, M.L.; Aksoy, B.A.; Senbabaoglu, Y.; Schultz, N.; Sander, C. Emerging landscape of oncogenic signatures across
human cancers. Nat. Genet. 2013, 45, 1127–1133. [CrossRef] [PubMed]

55



Pharmaceutics 2022, 14, 867

6. Tran, E.; Robbins, P.F.; Rosenberg, S.A. ‘Final common pathway’ of human cancer immunotherapy: Targeting random somatic
mutations. Nat. Immunol. 2017, 18, 255–262. [CrossRef] [PubMed]

7. Hollingsworth, R.E.; Jansen, K. Turning the corner on therapeutic cancer vaccines. NPJ Vaccines 2019, 4, 7. [CrossRef]
8. Coulie, P.G.; Van den Eynde, B.J.; van der Bruggen, P.; Boon, T. Tumour antigens recognized by T lymphocytes: At the core of

cancer immunotherapy. Nat. Rev. Cancer 2014, 14, 135–146. [CrossRef]
9. Van den Eynde, B.J.; van der Bruggen, P. T cell defined tumor antigens. Curr. Opin. Immunol. 1997, 9, 684–693. [CrossRef]
10. Oesterling, J.E. Prostate specific antigen: A critical assessment of the most useful tumor marker for adenocarcinoma of the

prostate. J. Urol. 1991, 145, 907–923. [CrossRef]
11. Hollingsworth, M.A.; Swanson, B.J. Mucins in cancer: Protection and control of the cell surface. Nat. Rev. Cancer 2004, 4, 45–60.

[CrossRef] [PubMed]
12. Vonderheide, R.H.; Hahn, W.C.; Schultze, J.L.; Nadler, L.M. The telomerase catalytic subunit is a widely expressed tumor-

associated antigen recognized by cytotoxic T lymphocytes. Immunity 1999, 10, 673–679. [CrossRef]
13. Chang, K.; Pastan, I. Molecular cloning of mesothelin, a differentiation antigen present on mesothelium, mesotheliomas, and

ovarian cancers. Proc. Natl. Acad. Sci. USA 1996, 93, 136–140. [CrossRef] [PubMed]
14. Finn, O.J.; Gantt, K.R.; Lepisto, A.J.; Pejawar-Gaddy, S.; Xue, J.; Beatty, P.L. Importance of MUC1 and spontaneous mouse tumor

models for understanding the immunobiology of human adenocarcinomas. Immunol. Res. 2011, 50, 261–268. [CrossRef] [PubMed]
15. Correale, P.; Walmsley, K.; Nieroda, C.; Zaremba, S.; Zhu, M.; Schlom, J.; Tsang, K.Y. In vitro generation of human cytotoxic

T lymphocytes specific for peptides derived from prostate-specific antigen. J. Natl. Cancer Inst. 1997, 89, 293–300. [CrossRef]
[PubMed]

16. Muniyan, S.; Chaturvedi, N.K.; Dwyer, J.G.; LaGrange, C.A.; Chaney, W.G.; Lin, M.-F. Human Prostatic Acid Phosphatase:
Structure, Function and Regulation. Int. J. Mol. Sci. 2013, 14, 10438–10464. [CrossRef] [PubMed]

17. Karbach, J.; Neumann, A.; Atmaca, A.; Wahle, C.; Brand, K.; von Boehmer, L.; Knuth, A.; Bender, A.; Ritter, G.; Old, L.J.; et al.
Efficient in vivo priming by vaccination with recombinant NY-ESO-1 protein and CpG in antigen naive prostate cancer patients.
Clin. Cancer Res. 2011, 17, 861–870. [CrossRef]

18. Simpson, A.J.; Caballero, O.L.; Jungbluth, A.; Chen, Y.T.; Old, L.J. Cancer/testis antigens, gametogenesis and cancer. Nat. Rev.

Cancer 2005, 5, 615–625. [CrossRef]
19. Hofmann, O.; Caballero, O.L.; Stevenson, B.J.; Chen, Y.T.; Cohen, T.; Chua, R.; Maher, C.A.; Panji, S.; Schaefer, U.; Kruger, A.; et al.

Genome-wide analysis of cancer/testis gene expression. Proc. Natl. Acad. Sci. USA 2008, 105, 20422–20427. [CrossRef]
20. De Smet, C.; Lurquin, C.; van der Bruggen, P.; De Plaen, E.; Brasseur, F.; Boon, T. Sequence and expression pattern of the human

MAGE2 gene. Immunogenetics 1994, 39, 121–129. [CrossRef]
21. Gnjatic, S.; Cao, Y.; Reichelt, U.; Yekebas, E.F.; Nölker, C.; Marx, A.H.; Erbersdobler, A.; Nishikawa, H.; Hildebrandt, Y.; Bartels,

K.; et al. NY-CO-58/KIF2C is overexpressed in a variety of solid tumors and induces frequent T cell responses in patients with
colorectal cancer. Int. J. Cancer 2010, 127, 381–393. [CrossRef] [PubMed]

22. Smith, C.C.; Selitsky, S.R.; Chai, S.; Armistead, P.M.; Vincent, B.G.; Serody, J.S. Alternative tumour-specific antigens. Nat. Rev.

Cancer 2019, 19, 465–478. [CrossRef] [PubMed]
23. Fritsch, E.F.; Rajasagi, M.; Ott, P.A.; Brusic, V.; Hacohen, N.; Wu, C.J. HLA-binding properties of tumor neoepitopes in humans.

Cancer Immunol. Res. 2014, 2, 522–529. [CrossRef] [PubMed]
24. Duan, F.; Duitama, J.; Al Seesi, S.; Ayres, C.M.; Corcelli, S.A.; Pawashe, A.P.; Blanchard, T.; McMahon, D.; Sidney, J.; Sette, A.; et al.

Genomic and bioinformatic profiling of mutational neoepitopes reveals new rules to predict anticancer immunogenicity. J. Exp.

Med. 2014, 211, 2231–2248. [CrossRef] [PubMed]
25. Milicic, A.; Price, D.A.; Zimbwa, P.; Booth, B.L.; Brown, H.L.; Easterbrook, P.J.; Olsen, K.; Robinson, N.; Gileadi, U.; Sewell, A.K.;

et al. CD8+ T cell epitope-flanking mutations disrupt proteasomal processing of HIV-1 Nef. J. Immunol. 2005, 175, 4618–4626.
[CrossRef]

26. Wolfers, J.; Lozier, A.; Raposo, G.; Regnault, A.; Thery, C.; Masurier, C.; Flament, C.; Pouzieux, S.; Faure, F.; Tursz, T.; et al.
Tumor-derived exosomes are a source of shared tumor rejection antigens for CTL cross-priming. Nat. Med. 2001, 7, 297–303.
[CrossRef]

27. Zitvogel, L.; Casares, N.; Pequignot, M.O.; Chaput, N.; Albert, M.L.; Kroemer, G. Immune response against dying tumor cells.
Adv. Immunol. 2004, 84, 131–179. [CrossRef]

28. Green, D.R.; Ferguson, T.; Zitvogel, L.; Kroemer, G. Immunogenic and tolerogenic cell death. Nat. Rev. Immunol. 2009, 9, 353–363.
[CrossRef]

29. Boon, T.; Cerottini, J.C.; Van den Eynde, B.; van der Bruggen, P.; Van Pel, A. Tumor antigens recognized by T lymphocytes. Annu.

Rev. Immunol. 1994, 12, 337–365. [CrossRef]
30. Bacon, K.; Baggiolini, M.; Broxmeyer, H.; Horuk, R.; Lindley, I.; Mantovani, A.; Maysushima, K.; Murphy, P.; Nomiyama, H.;

Oppenheim, J.; et al. Chemokine/chemokine receptor nomenclature. J. Interferon Cytokine Res. 2002, 22, 1067–1068. [CrossRef]
31. Dubinett, S.M.; Lee, J.M.; Sharma, S.; Mule, J.J. Chemokines: Can effector cells be redirected to the site of the tumor? Cancer J.

2010, 16, 325–335. [CrossRef] [PubMed]
32. Tureci, O.; Vormehr, M.; Diken, M.; Kreiter, S.; Huber, C.; Sahin, U. Targeting the Heterogeneity of Cancer with Individualized

Neoepitope Vaccines. Clin. Cancer Res. 2016, 22, 1885–1896. [CrossRef] [PubMed]

56



Pharmaceutics 2022, 14, 867

33. Kahles, A.; Ong, C.S.; Zhong, Y.; Ratsch, G. SplAdder: Identification, quantification and testing of alternative splicing events from
RNA-Seq data. Bioinformatics 2016, 32, 1840–1847. [CrossRef] [PubMed]

34. Rogers, M.F.; Thomas, J.; Reddy, A.S.; Ben-Hur, A. SpliceGrapher: Detecting patterns of alternative splicing from RNA-Seq data
in the context of gene models and EST data. Genome Biol. 2012, 13, R4. [CrossRef]

35. Denti, L.; Rizzi, R.; Beretta, S.; Vedova, G.D.; Previtali, M.; Bonizzoni, P. ASGAL: Aligning RNA-Seq data to a splicing graph to
detect novel alternative splicing events. BMC Bioinform. 2018, 19, 444. [CrossRef]

36. Ruggles, K.V.; Tang, Z.; Wang, X.; Grover, H.; Askenazi, M.; Teubl, J.; Cao, S.; McLellan, M.D.; Clauser, K.R.; Tabb, D.L.; et al.
An Analysis of the Sensitivity of Proteogenomic Mapping of Somatic Mutations and Novel Splicing Events in Cancer. Mol. Cell.

Proteom. 2016, 15, 1060–1071. [CrossRef]
37. Jurtz, V.; Paul, S. NetMHCpan-4.0: Improved Peptide-MHC Class I Interaction Predictions Integrating Eluted Ligand and Peptide

Binding Affinity Data. J. Immunol. 2017, 199, 3360–3368. [CrossRef]
38. Zhang, G.L.; Khan, A.M.; Srinivasan, K.N.; August, J.T.; Brusic, V. MULTIPRED: A computational system for prediction of

promiscuous HLA binding peptides. Nucleic Acids Res. 2005, 33, W172–W179. [CrossRef]
39. Vita, R.; Overton, J.A.; Greenbaum, J.A.; Ponomarenko, J.; Clark, J.D.; Cantrell, J.R.; Wheeler, D.K.; Gabbard, J.L.; Hix, D.; Sette, A.;

et al. The immune epitope database (IEDB) 3.0. Nucleic Acids Res. 2015, 43, D405–D412. [CrossRef]
40. Schubert, B.; Brachvogel, H.P.; Jurges, C.; Kohlbacher, O. EpiToolKit–A web-based workbench for vaccine design. Bioinformatics

2015, 31, 2211–2213. [CrossRef]
41. Fridman, W.H.; Pagès, F.; Sautès-Fridman, C.; Galon, J. The immune contexture in human tumours: Impact on clinical outcome.

Nat. Rev. Cancer 2012, 12, 298–306. [CrossRef] [PubMed]
42. Galon, J.; Costes, A.; Sanchez-Cabo, F.; Kirilovsky, A.; Mlecnik, B.; Lagorce-Pagès, C.; Tosolini, M.; Camus, M.; Berger, A.; Wind, P.;

et al. Type, density, and location of immune cells within human colorectal tumors predict clinical outcome. Science 2006, 313,
1960–1964. [CrossRef] [PubMed]

43. Kreiter, S.; Vormehr, M.; van de Roemer, N.; Diken, M.; Lower, M.; Diekmann, J.; Boegel, S.; Schrors, B.; Vascotto, F.; Castle,
J.C.; et al. Mutant MHC class II epitopes drive therapeutic immune responses to cancer. Nature 2015, 520, 692–696. [CrossRef]
[PubMed]

44. Tran, E.; Turcotte, S.; Gros, A.; Robbins, P.F.; Lu, Y.C.; Dudley, M.E.; Wunderlich, J.R.; Somerville, R.P.; Hogan, K.; Hinrichs,
C.S.; et al. Cancer immunotherapy based on mutation-specific CD4+ T cells in a patient with epithelial cancer. Science 2014, 344,
641–645. [CrossRef]

45. Nielsen, M.; Lund, O. NN-align. An artificial neural network-based alignment algorithm for MHC class II peptide binding
prediction. BMC Bioinform. 2009, 10, 296. [CrossRef]

46. Andreatta, M.; Karosiene, E.; Rasmussen, M.; Stryhn, A.; Buus, S.; Nielsen, M. Accurate pan-specific prediction of peptide-MHC
class II binding affinity with improved binding core identification. Immunogenetics 2015, 67, 641–650. [CrossRef]

47. Hunt, D.F.; Henderson, R.A.; Shabanowitz, J.; Sakaguchi, K.; Michel, H.; Sevilir, N.; Cox, A.L.; Appella, E.; Engelhard, V.H.
Characterization of peptides bound to the class I MHC molecule HLA-A2.1 by mass spectrometry. Science 1992, 255, 1261–1263.
[CrossRef]

48. Cravatt, B.F.; Simon, G.M.; Yates Iii, J.R. The biological impact of mass-spectrometry-based proteomics. Nature 2007, 450, 991–1000.
[CrossRef]

49. Kasuga, K. Comprehensive analysis of MHC ligands in clinical material by immunoaffinity-mass spectrometry. Methods Mol. Biol.

2013, 1023, 203–218. [CrossRef]
50. Mommen, G.P.M.; Frese, C.K.; Meiring, H.D.; van Gaans-van den Brink, J.; de Jong, A.P.J.M.; van Els, C.A.C.M.; Heck, A.J.R.

Expanding the detectable HLA peptide repertoire using electron-transfer/higher-energy collision dissociation (EThcD). Proc.

Natl. Acad. Sci. USA 2014, 111, 4507–4512. [CrossRef]
51. Cox, J.; Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-

wide protein quantification. Nat. Biotechnol. 2008, 26, 1367–1372. [CrossRef] [PubMed]
52. Rosenberger, G.; Koh, C.C.; Guo, T.; Röst, H.L.; Kouvonen, P.; Collins, B.C.; Heusel, M.; Liu, Y.; Caron, E.; Vichalkovski, A.; et al.

A repository of assays to quantify 10,000 human proteins by SWATH-MS. Sci. Data 2014, 1, 140031. [CrossRef] [PubMed]
53. Veit, J.; Sachsenberg, T.; Chernev, A.; Aicheler, F.; Urlaub, H.; Kohlbacher, O. LFQProfiler and RNP(xl): Open-Source Tools

for Label-Free Quantification and Protein-RNA Cross-Linking Integrated into Proteome Discoverer. J. Proteome Res. 2016, 15,
3441–3448. [CrossRef] [PubMed]

54. Bassani-Sternberg, M.; Bräunlein, E.; Klar, R.; Engleitner, T.; Sinitcyn, P.; Audehm, S.; Straub, M.; Weber, J.; Slotta-Huspenina, J.;
Specht, K.; et al. Direct identification of clinically relevant neoepitopes presented on native human melanoma tissue by mass
spectrometry. Nat. Commun. 2016, 7, 13404. [CrossRef] [PubMed]

55. Regnier, M.; Gourbeyre, P.; Pinton, P.; Napper, S.; Laffite, J.; Cossalter, A.M.; Bailly, J.D.; Lippi, Y.; Bertrand-Michel, J.; Bracarense,
A.; et al. Identification of Signaling Pathways Targeted by the Food Contaminant FB1: Transcriptome and Kinome Analysis of
Samples from Pig Liver and Intestine. Mol. Nutr. Food Res. 2017, 61, 1700433. [CrossRef] [PubMed]

56. Abelin, J.G.; Keskin, D.B.; Sarkizova, S.; Hartigan, C.R.; Zhang, W.; Sidney, J.; Stevens, J.; Lane, W.; Zhang, G.L.; Eisenhaure,
T.M.; et al. Mass Spectrometry Profiling of HLA-Associated Peptidomes in Mono-allelic Cells Enables More Accurate Epitope
Prediction. Immunity 2017, 46, 315–326. [CrossRef] [PubMed]

57



Pharmaceutics 2022, 14, 867

57. Nielsen, M.; Connelley, T.; Ternette, N. Improved Prediction of Bovine Leucocyte Antigens (BoLA) Presented Ligands by Use of
Mass-Spectrometry-Determined Ligand and in Vitro Binding Data. J. Proteome Res. 2018, 17, 559–567. [CrossRef]

58. Andreatta, M.; Lund, O.; Nielsen, M. Simultaneous alignment and clustering of peptide data using a Gibbs sampling approach.
Bioinformatics 2013, 29, 8–14. [CrossRef]

59. Bulik-Sullivan, B.; Busby, J.; Palmer, C.D.; Davis, M.J.; Murphy, T.; Clark, A.; Busby, M.; Duke, F.; Yang, A.; Young, L.; et al. Deep
learning using tumor HLA peptide mass spectrometry datasets improves neoantigen identification. Nat. Biotechnol. 2019, 37,
55–63. [CrossRef]

60. Caron, E.; Aebersold, R.; Banaei-Esfahani, A.; Chong, C.; Bassani-Sternberg, M. A Case for a Human Immuno-Peptidome Project
Consortium. Immunity 2017, 47, 203–208. [CrossRef]

61. Karosiene, E.; Rasmussen, M.; Blicher, T.; Lund, O.; Buus, S.; Nielsen, M. NetMHCIIpan-3.0, a common pan-specific MHC class II
prediction method including all three human MHC class II isotypes, HLA-DR, HLA-DP and HLA-DQ. Immunogenetics 2013, 65,
711–724. [CrossRef] [PubMed]

62. O’Donnell, T.J.; Rubinsteyn, A.; Bonsack, M.; Riemer, A.B.; Laserson, U.; Hammerbacher, J. MHCflurry: Open-Source Class I
MHC Binding Affinity Prediction. Cell Syst. 2018, 7, 129–132.e4. [CrossRef] [PubMed]

63. Han, Y.; Kim, D. Deep convolutional neural networks for pan-specific peptide-MHC class I binding prediction. BMC Bioinform.

2017, 18, 585. [CrossRef] [PubMed]
64. Alvaro-Benito, M.; Morrison, E.; Abualrous, E.T.; Kuropka, B.; Freund, C. Quantification of HLA-DM-Dependent Major Histo-

compatibility Complex of Class II Immunopeptidomes by the Peptide Landscape Antigenic Epitope Alignment Utility. Front.

Immunol. 2018, 9, 872. [CrossRef]
65. Bjerregaard, A.M.; Nielsen, M.; Hadrup, S.R.; Szallasi, Z.; Eklund, A.C. MuPeXI: Prediction of neo-epitopes from tumor sequencing

data. Cancer Immunol. Immunother. 2017, 66, 1123–1130. [CrossRef]
66. Schenck, R.O.; Lakatos, E.; Gatenbee, C.; Graham, T.A.; Anderson, A.R.A. NeoPredPipe: High-throughput neoantigen prediction

and recognition potential pipeline. BMC Bioinform. 2019, 20, 264. [CrossRef]
67. Chowell, D.; Krishna, S.; Becker, P.D. TCR contact residue hydrophobicity is a hallmark of immunogenic CD8+ T cell epitopes.

Proc. Natl. Acad. Sci. 2015, 112, E1754–E1762. [CrossRef] [PubMed]
68. Kim, S.; Kim, H.S.; Kim, E.; Lee, M.G.; Shin, E.C.; Paik, S.; Kim, S. Neopepsee: Accurate genome-level prediction of neoantigens

by harnessing sequence and amino acid immunogenicity information. Ann. Oncol. 2018, 29, 1030–1036. [CrossRef]
69. Chan, A.D.; Morton, D.L. Active immunotherapy with allogeneic tumor cell vaccines: Present status. Semin. Oncol. 1998, 25,

611–622.
70. Simons, J.W.; Mikhak, B. Ex-vivo gene therapy using cytokine-transduced tumor vaccines: Molecular and clinical pharmacology.

Semin. Oncol. 1998, 25, 661–676.
71. Phan, V.; Errington, F.; Cheong, S.C.; Kottke, T.; Gough, M.; Altmann, S.; Brandenburger, A.; Emery, S.; Strome, S.; Bateman, A.;

et al. A new genetic method to generate and isolate small, short-lived but highly potent dendritic cell-tumor cell hybrid vaccines.
Nat. Med. 2003, 9, 1215–1219. [CrossRef] [PubMed]

72. Vermorken, J.B.; Claessen, A.M.; van Tinteren, H.; Gall, H.E.; Ezinga, R.; Meijer, S.; Scheper, R.J.; Meijer, C.J.; Bloemena, E.;
Ransom, J.H.; et al. Active specific immunotherapy for stage II and stage III human colon cancer: A randomised trial. Lancet 1999,
353, 345–350. [CrossRef]

73. Arlen, P.M.; Mohebtash, M.; Madan, R.A.; Gulley, J.L. Promising novel immunotherapies and combinations for prostate cancer.
Future Oncol. 2009, 5, 187–196. [CrossRef] [PubMed]

74. Wu, A.A.; Bever, K.M.; Ho, W.J.; Fertig, E.J.; Niu, N.; Zheng, L.; Parkinson, R.M.; Durham, J.N.; Onners, B.; Ferguson, A.K.; et al. A
Phase II Study of Allogeneic GM-CSF–Transfected Pancreatic Tumor Vaccine (GVAX) with Ipilimumab as Maintenance Treatment
for Metastatic Pancreatic Cancer. Clin. Cancer Res. 2020, 26, 5129–5139. [CrossRef] [PubMed]

75. Sondak, V.K.; Sosman, J.A. Results of clinical trials with an allogenic melanoma tumor cell lysate vaccine: Melacine. Semin. Cancer

Biol. 2003, 13, 409–415. [CrossRef] [PubMed]
76. Hsueh, E.C.; Morton, D.L. Antigen-based immunotherapy of melanoma: Canvaxin therapeutic polyvalent cancer vaccine. Semin.

Cancer Biol. 2003, 13, 401–407. [CrossRef]
77. Gleisner, M.A.; Pereda, C.; Tittarelli, A. A heat-shocked melanoma cell lysate vaccine enhances tumor infiltration by prototypic

effector T cells inhibiting tumor growth. J. Immunother. Cancer 2020, 8, e000999. [CrossRef]
78. Nayerossadat, N.; Maedeh, T.; Ali, P. Viral and nonviral delivery systems for gene delivery. Adv. Biomed. Res. 2012, 1, 27.

[CrossRef]
79. Xiang, S.D.; Selomulya, C.; Ho, J.; Apostolopoulos, V.; Plebanski, M. Delivery of DNA vaccines: An overview on the use of

biodegradable polymeric and magnetic nanoparticles. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2010, 2, 205–218. [CrossRef]
80. Yarchoan, M.; Gane, E.; Marron, T.; Rochestie, S.; Cooch, N.; Peters, J.; Csiki, I.; Perales-Puchalt, A.; Sardesai, N. 453 Personalized

DNA neoantigen vaccine (GNOS-PV02) in combination with plasmid IL-12 and pembrolizumab for the treatment of patients
with advanced hepatocellular carcinoma. J. Immunother. Cancer 2021, 9, A481. [CrossRef]

81. He, T.C.; Zhou, S.; da Costa, L.T.; Yu, J.; Kinzler, K.W.; Vogelstein, B. A simplified system for generating recombinant adenoviruses.
Proc. Natl. Acad. Sci. USA 1998, 95, 2509–2514. [CrossRef] [PubMed]

58



Pharmaceutics 2022, 14, 867

82. Falsey, A.R.; Sobieszczyk, M.E.; Hirsch, I.; Sproule, S.; Robb, M.L.; Corey, L.; Neuzil, K.M.; Hahn, W.; Hunt, J.; Mulligan, M.J.;
et al. Phase 3 Safety and Efficacy of AZD1222 (ChAdOx1 nCoV-19) COVID-19 Vaccine. N. Engl. J. Med. 2021, 385, 2348–2360.
[CrossRef] [PubMed]

83. Tapia, M.D.; Sow, S.O.; Mbaye, K.D.; Thiongane, A.; Ndiaye, B.P.; Ndour, C.T.; Mboup, S.; Keshinro, B.; Kinge, T.N.; Vernet, G.;
et al. Safety, reactogenicity, and immunogenicity of a chimpanzee adenovirus vectored Ebola vaccine in children in Africa: A
randomised, observer-blind, placebo-controlled, phase 2 trial. Lancet Infect. Dis. 2020, 20, 719–730. [CrossRef]

84. Shiratsuchi, T.; Rai, U.; Kaneko, I.; Zhang, M.; Iwanaga, S.; Yuda, M.; Tsuji, M. A potent malaria vaccine based on adenovirus with
dual modifications at Hexon and pVII. Vaccine 2017, 35, 6990–7000. [CrossRef]

85. Overman, M.; Fakih, M.; Le, D.; Shields, A.; Pedersen, K.; Shah, M.; Mukherjee, S.; Faivre, T.; Leoni, G.; D’Alise, A.M.; et al. 410
Phase I interim study results of Nous-209, an off-the-shelf immunotherapy, with pembrolizumab, for the treatment of tumors
with a deficiency in mismatch repair/microsatellite instability (dMMR/MSI). J. Immunother. Cancer 2021, 9, A441. [CrossRef]

86. Floudas, C.; Strauss, J.; Allen, C.; Donahue, R.; Jochems, C.; Steinberg, S.; Cordes, L.; Brough, D.; Lankford, A.; McMahon, S.; et al.
483 Initial safety results and immune responses induced by a novel human papillomavirus (HPV)-specific gorilla adenovirus
immunotherapy vaccine, PRGN-2009, in patients with advanced HPV-associated cancers. J. Immunother. Cancer 2021, 9, A513.
[CrossRef]

87. Barouch, D.H.; Pau, M.G.; Custers, J.H.; Koudstaal, W.; Kostense, S.; Havenga, M.J.; Truitt, D.M.; Sumida, S.M.; Kishko, M.G.;
Arthur, J.C.; et al. Immunogenicity of recombinant adenovirus serotype 35 vaccine in the presence of pre-existing anti-Ad5
immunity. J. Immunol. 2004, 172, 6290–6297. [CrossRef]

88. Guo, J.; Mondal, M.; Zhou, D. Development of novel vaccine vectors: Chimpanzee adenoviral vectors. Hum. Vaccines Immunother.

2018, 14, 1679–1685. [CrossRef]
89. Haigentz, M.; Ramalingam, S.S.; Gerstner, G.J.; Halmos, B.; Morganstein, N.; Vangala, S.; Parsi, M.; Kabala, V.; Simkhada, D.;

Metran, C.; et al. A phase 1 study of an off-the shelf, multi-neoantigen vector (ADXS-503) in subjects with metastatic non-small
cell lung cancer (NSCLC) progressing on pembrolizumab as last therapy. J. Clin. Oncol. 2021, 39, 2616. [CrossRef]

90. Hecht, J.R.; Goldman, J.W.; Hayes, S.; Balli, D.; Princiotta, M.F.; Dennie, J.G.; Heyburn, J.; Sands, T.; Sheeri, S.; Petit, R.; et al.
Abstract CT007: Safety and immunogenicity of a personalized neoantigen—Listeria vaccine in cancer patients. Cancer Res. 2019,
79, CT007. [CrossRef]

91. Pilishvili, T.; Gierke, R.; Fleming-Dutra, K.E.; Farrar, J.L.; Mohr, N.M.; Talan, D.A.; Krishnadasan, A.; Harland, K.K.; Smithline,
H.A.; Hou, P.C.; et al. Effectiveness of mRNA COVID-19 Vaccine among U.S. Health Care Personnel. N. Engl. J. Med. 2021,
385, e90. [CrossRef] [PubMed]

92. Sahin, U.; Derhovanessian, E.; Miller, M.; Kloke, B.-P.; Simon, P.; Löwer, M.; Bukur, V.; Tadmor, A.D.; Luxemburger, U.; Schrörs,
B.; et al. Personalized RNA mutanome vaccines mobilize poly-specific therapeutic immunity against cancer. Nature 2017, 547,
222–226. [CrossRef] [PubMed]

93. Burris, H.A.; Patel, M.R.; Cho, D.C.; Clarke, J.M.; Gutierrez, M.; Zaks, T.Z.; Frederick, J.; Hopson, K.; Mody, K.; Binanti-Berube, A.;
et al. A phase I multicenter study to assess the safety, tolerability, and immunogenicity of mRNA-4157 alone in patients with
resected solid tumors and in combination with pembrolizumab in patients with unresectable solid tumors. J. Clin. Oncol. 2019,
37, 2523. [CrossRef]

94. Bauman, J.; Burris, H.; Clarke, J.; Patel, M.; Cho, D.; Gutierrez, M.; Julian, R.; Scott, A.; Cohen, P.; Frederick, J.; et al. 798 Safety,
tolerability, and immunogenicity of mRNA-4157 in combination with pembrolizumab in subjects with unresectable solid tumors
(KEYNOTE-603): An update. J. Immunother. Cancer 2020, 8, A477. [CrossRef]

95. Cafri, G.; Gartner, J.J.; Zaks, T.; Hopson, K.; Levin, N.; Paria, B.C.; Parkhurst, M.R.; Yossef, R.; Lowery, F.J.; Jafferji, M.S.; et al.
mRNA vaccine-induced neoantigen-specific T cell immunity in patients with gastrointestinal cancer. J. Clin. Inverstig. 2020, 130,
5976–5988. [CrossRef]

96. Sahin, U.; Karikó, K.; Türeci, Ö. mRNA-based therapeutics—Developing a new class of drugs. Nat. Rev. Drug Discov. 2014, 13,
759–780. [CrossRef]

97. Baiersdörfer, M.; Boros, G.; Muramatsu, H.; Mahiny, A.; Vlatkovic, I.; Sahin, U.; Karikó, K. A Facile Method for the Removal of
dsRNA Contaminant from In Vitro-Transcribed mRNA. Mol. Ther. Nucleic Acids 2019, 15, 26–35. [CrossRef]

98. Rauch, S.; Lutz, J.; Kowalczyk, A.; Schlake, T.; Heidenreich, R. RNActive® Technology: Generation and Testing of Stable and
Immunogenic mRNA Vaccines. Methods Mol. Biol. 2017, 1499, 89–107. [CrossRef]

99. Luo, M.; Wang, H.; Wang, Z.; Cai, H.; Lu, Z.; Li, Y.; Du, M.; Huang, G.; Wang, C.; Chen, X.; et al. A STING-activating nanovaccine
for cancer immunotherapy. Nat. Nanotechnol. 2017, 12, 648–654. [CrossRef]

100. Kranz, L.M.; Diken, M.; Haas, H.; Kreiter, S.; Loquai, C.; Reuter, K.C.; Meng, M.; Fritz, D.; Vascotto, F.; Hefesha, H.; et al. Systemic
RNA delivery to dendritic cells exploits antiviral defence for cancer immunotherapy. Nature 2016, 534, 396–401. [CrossRef]

101. BioNTech Receives FDA Fast Track Designation for Its FixVac Candidate BNT111 in Advanced Melanoma. Available online: https:
//investors.biontech.de/news-releases/news-release-details/biontech-receives-fda-fast-track-designation-its-fixvac (accessed
on 19 November 2021).

102. Shemesh, C.S.; Hsu, J.C.; Hosseini, I.; Shen, B.Q.; Rotte, A.; Twomey, P.; Girish, S.; Wu, B. Personalized Cancer Vaccines: Clinical
Landscape, Challenges, and Opportunities. Mol. Ther. 2021, 29, 555–570. [CrossRef] [PubMed]

59



Pharmaceutics 2022, 14, 867

103. Keskin, D.B.; Anandappa, A.J.; Sun, J.; Tirosh, I.; Mathewson, N.D.; Li, S.; Oliveira, G.; Giobbie-Hurder, A.; Felt, K.; Gjini, E.; et al.
Neoantigen vaccine generates intratumoral T cell responses in phase Ib glioblastoma trial. Nature 2019, 565, 234–239. [CrossRef]
[PubMed]

104. Ott, P.A.; Hu, Z.; Keskin, D.B.; Shukla, S.A.; Sun, J.; Bozym, D.J.; Zhang, W.; Luoma, A.; Giobbie-Hurder, A.; Peter, L.; et al. An
immunogenic personal neoantigen vaccine for patients with melanoma. Nature 2017, 547, 217–221. [CrossRef] [PubMed]
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Abstract: Cancer, a disease of inappropriate cell proliferation, is strongly interconnected with the

cell cycle. All cancers consist of an abnormal accumulation of neoplastic cells, which are propagated

toward uncontrolled cell division and proliferation in response to mitogenic signals. Mitogenic

stimuli include genetic and epigenetic changes in cell cycle regulatory genes and other genes which

regulate the cell cycle. This suggests that multiple, distinct pathways of genetic alterations lead to

cancer development. Products of both oncogenes (including cyclin-dependent kinase (CDKs) and

cyclins) and tumor suppressor genes (including cyclin-dependent kinase inhibitors) regulate cell

cycle machinery and promote or suppress cell cycle progression, respectively. The identification of

cyclins and CDKs help to explain and understand the molecular mechanisms of cell cycle machinery.

During breast cancer tumorigenesis, cyclins A, B, C, D1, and E; cyclin-dependent kinase (CDKs);

and CDK-inhibitor proteins p16, p21, p27, and p53 are known to play significant roles in cell cycle

control and are tightly regulated in normal breast epithelial cells. Following mitogenic stimuli, these

components are deregulated, which promotes neoplastic transformation of breast epithelial cells.

Multiple studies implicate the roles of both types of components—oncogenic CDKs and cyclins, along

with tumor-suppressing cyclin-dependent inhibitors—in breast cancer initiation and progression.

Numerous clinical studies have confirmed that there is a prognostic significance for screening for

these described components, regarding patient outcomes and their responses to therapy. The aim of

this review article is to summarize the roles of oncogenic and tumor-suppressive components of the

cell cycle in breast cancer progression and prognosis.

Keywords: cell cycle; cyclin-dependent kinase; p16; p21; p27; breast cancer; prognosis

1. Introduction

Cancer, a disease of uncontrolled cell division, is known to exhibit a series of changes
in the activity of cell cycle regulators [1]. All cancer types arise from a single cell that
has transformed due to genetic or regulatory alterations, resulting in uncontrolled cell
division in response to mitogenic signals [2]. Mitogenic signals include genetic and epige-
netic aberrations in cell cycle regulatory genes. These mitogenic stimuli make oncogenic
changes, resulting in cell transformation [3]. The gain-of-function mutations cause the
activation of proto-oncogenes, which are normally present in the suppressed state in dif-
ferentiated cells under epigenetic control [4]. Oncogenic stimuli have the potential to
induce transformation of the differentiated cells, causing alterations in genetic material and
therefore stimulating the development of certain cancers [5–7]. Loss-of-function mutations
lead to a decreased expression of tumor suppressor genes, resulting in the diminishment
of tumor-protective functions [8–11]. The collective data obtained suggest that distinct
pathways of genetic alteration lead to cancer [11]. Products of both oncogenes and tumor
suppressor genes regulate cell cycle machinery [8,12]. There are different phases of the
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cell cycle, and progression through these phases requires many regulatory components,
which include oncogenic genes (CDKs (cyclin-dependent kinases) and cyclins) and tumor
suppressor genes (cyclin-dependent kinase inhibitors) [13]. The identification and sub-
sequent functional analysis of cyclins and CDKs enable us to understand the molecular
mechanism of cell-cycle machinery [14]. In the pathogenesis of breast cancer, cyclins A,
B, C, D1, and E; CDKs; and CDK-inhibitors, such as p21 (Waf1/Cip1), p27 (Kip1), p16
and 53, are known to play important roles in cell cycle control [15] (Figure 1). Each cell
cycle phase is tightly regulated in normal cells [15]. After exposure to mitogenic stimuli,
however, these regulatory components become deregulated, which predisposes the cellular
transformation of breast epithelial cells. Numerous studies implicate the roles of oncogenic
and tumor-suppressive components in various human cancer types, including the initiation
and development of breast cancer, more specifically [9,16,17]. In addition, several research
bodies have confirmed the prognostic significance of oncogenic and tumor suppressor
components in regard to therapy or clinical outcomes [18]. Significant information exists
on the regulation and roles of the cell cycle components in breast cancer cells, and previous
studies may be utilized for therapeutic purposes. Findings from experimental studies also
support that alterations in these components are clinically significant [19]. The aim of
this review article is to summarize the role of various oncogenic and tumor suppressor
components of the cell cycle that are involved in breast cancer progression and prognosis.

 

Figure 1. The sequential order of cell cycle events. The cell cycle progresses through four sequential phases: G1-phase (cell
increases in size), S-phase (DNA synthesis), G2-phase (prepares to divide), and M-phase (cell division). The phases G1, S,
and G2 make up the interphase stage, and span between cell division. There are special proteins and checkpoint systems for
the proper progression of the cell cycle. First: G1 checkpoint (at G1/S transition) is the main irreversible decision point for
cell division, which assesses for adequate cell size, availability of nutrients, positive molecular signals, and DNA integrity.
Second: G2 checkpoint (at G2/M transition) ensures smooth cell division and assesses DNA integrity and successful DNA
replication before division. In the case of error, cellular progression will become paused at the G2 checkpoint for repair.
Third: the spindle checkpoint (metaphase to anaphase transition), ensures correct attachment of sister chromatids to the
spindle microtubules.

2. Overview of Cell Cycle

The cell cycle is composed of several phases (Figure 1), including a phase for the
preparation of DNA synthesis—G1 phase; a phase for DNA synthesis—S phase; a second
preparation phase—G2 phase; and mitosis—M phase. These phases are tightly controlled
under physiological conditions [20]. Quiescence (G0) is another phase of the cell cycle
found in some differentiated cells, in which the cell undergoes its own distinct biochemical
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or molecular changes [21]. Under certain pathological stimuli, differentiated cells can
leave the G0 phase and re-enter the cell cycle [21]. The transitions between these cell
cycles phases are controlled by the function of specific CDKs. This includes CDK1/CDK2,
which causes the transition from G2 to mitosis, and CDK2/CDK4/CDK6, which causes
the G1 to S phase transition [22]. During cellular division, another group of proteins
called cyclins form complexes with specific CDK molecules in their respective phases [22].
The G1 cell cycle phase transition is identified by the activity of CDK4/6-cyclin D and
CDK2-cyclin E complexes, S cell cycle phase transition by cyclin A-CDK1/2 complex, and
G2-mitosis phase transition by cyclin A-CDK and cyclin B-CDK1 complexes [23]. Many
genetic alterations can affect the functional activities of oncogenes or tumor suppressors,
including alterations in cyclin E, cyclin D1, and p27. These alterations have been shown to
induce a transition from the quiescent state into the active state in breast epithelial cells,
subsequently leading to breast epithelial cell transformation (Figure 2) [24].

 

Figure 2. Illustration showing the change in the expression status of genes serving as tumor-
suppressive and oncogenic markers during tumorigenesis. These changes in expression impact
progression into advanced-staged cancer and overall breast cancer prognosis.

3. Oncogenic Components of Cell Cycle

3.1. Cyclin D

The proto-oncogene cyclin D is a crucial regulator for the transition from the G1 to
S phase during the cell cycle. It binds with CDK4 and CDK6 and forms an active cyclin
D-CDK4/6 complex, which then phosphorylates the retinoblastoma protein (Rb) to pro-
mote cell cycle progression [25,26]. Cyclin D may also modulate the activity of various
transcription factor proteins and histone deacetylase enzyme [27]. Having a half-life of
~24 min, cyclin D is degraded inside the cell mainly via the activity of 26S proteasome
in a ubiquitin-dependent and Skp2 F-box protein-dependent manner [28,29]. In addition,
D1-CDK4/6 complex can also impair the functions of mitochondria through the phosphory-
lation and repression of nuclear respiratory factor 1 (NRF1) and mitochondrial transcription
factor A (mtTFA). An earlier report established a molecular link between cyclin D1 and
control of mitochondrial function through the inhibition of nuclear respiratory factor 1 [30].
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Previously accumulated data underscore the role of cyclin D1 in the tumorigenesis of
mammary cancer [31,32]. Overexpression and gene amplification of cyclin D has also
been linked to a worsened prognosis and the development of resistance against endocrine
therapy in breast cancer (Tables 1 and 2) [33,34]. A study documented cyclin D1 gene over-
expression and copy number amplification in 20% and 50% of human breast cancer cases,
respectively [35–37]. Furthermore, an enhanced expression of cyclin D1 was also observed
in 67.5% of invasive ductal carcinoma cases, where it was strongly correlated with estrogen
receptor (ER) and progesterone receptor (PR) expression [38]. Similarly, a study analyzed
the immunohistochemical (IHC) positivity of cyclin D1 in invasive ductal and moder-
ately differentiated breast cancer cases, which was associated with significantly poorer
prognoses in these patients [39]. Additionally, research data based on in vitro and clinical
studies implicated an increased cyclin D1 gene expression and amplification in ~45–50% of
breast cancer cases [40]. In another in vitro study, genetic alterations in the cyclin D1 gene
and mRNA expression were found in the ER-negative MDA-MB-453 cell line (Table 3),
which may be related to malignant transformation [41]. Similarly, cyclin D1 protein ex-
pression was examined in infiltrating mammary carcinoma with ER/PR positivity [42].
An abnormal expression of cyclin D1 was displayed in 66% of mammary infiltrating duct
carcinomas, suggesting its role in breast tumor metastasis [43]. Zhang et al. [44] determined
that enhanced expression of the cyclin D gene was found in ~82% of human breast tumors,
and gene amplification was present in ~17% of cases.
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A study using a mouse mammary tumor virus model of breast cancer identified
CCND1 gene amplification with positive IHC staining in 40% of breast cancer samples [132].
Further, the study identified ectopic overexpression of cyclin Dl and a reversed growth-
inhibitory outcome after anti-hormonal therapy in ER-positive breast cancer cases, which
provided a potential antitumor mechanism [46]. Kenny et al. [43] showed that ER-positive
breast cancer patients had cyclin D1 high expression, and at the same time, also displayed
more risk of relapse, metastasis, and early death [34]. Moreover, the data also showed
that CCND1 gene amplification alone is a strong predictor of anti-hormonal therapy
response in young-age breast cancer patients [47]. Moreover, data from another study
indicated amplification of the cyclin D1 gene and noted its correlation with ER-positive
invasive lobular breast carcinoma with lymph node metastasis, suggesting a sign of poorer
prognosis [48]. An additional study suggested overexpression of cyclin D1 gene in the
ER-positive MCF-7 breast tumor cell line, which was responsible for hyperproliferation
undergrowth factor-deprived conditions [114]. Another study identified overexpression
of cyclin D1 in ER-positive and ER-negative breast cancer samples; however, both shorter
overall survival and relapse-free survival were associated only with the ER-negative
subgroup [49].

Correlation of high cyclin D1-related elevation with Rb phosphorylation was also
observed in >100 high-grade breast carcinomas [115]. Furthermore, a separate study also
demonstrated a strong positive correlation between cyclin D gene amplification and higher
expression in basal-like and ER-positive breast cancer subtypes, and suggested that cyclin
D1 was an independent predictor for prognosis in ER-positive breast cancers [50]. The
ABCSG Trial 05 and 06 documented an increased expression of cyclin D1, which was
associated with the poorer clinical outcome and shorter overall survival of breast cancer
patients [51]. A separate investigation determined the cyclin D1 positivity in proliferative
disease without atypia, atypical ductal hyperplasia, low-grade ductal carcinoma in situ
(DCIS), high-grade DCIS, and invasive carcinoma. The results showed that cyclin D1 was
significantly higher in proliferative disease than normal breast epithelium, and even higher
in DCIS than proliferative disease [52]. Additionally, another research group demonstrated
an association between high cyclin D1 gene expression and high-grade tumor development,
increased Ki-67 expression, and poorer survival in the ER-positive breast cancer group [53].

The majority of invasive lobular carcinomas showed cyclin D1 overexpression at the
protein levels, suggesting its role in the progression of invasive lobular carcinoma [54].
Another study showed that ER-positive patients with moderate cyclin D1 expression had
benefited from anti-hormonal therapy (tamoxifen), whereas those with high cyclin D1
expression had not benefited from tamoxifen, suggesting its role as a predictive marker for
tamoxifen resistance [55]. Further results suggest that the silencing of cyclin D1 expression
may reduce the development and progression of tamoxifen-resistant tumors [116]. Cisplatin
drug targets cyclin D1, and treatment of ER-positive MCF-7 breast cancer cells with cisplatin
increased cell death or growth arrest by decreasing the cyclin D in MCF-7 cells [117].
Using techniques fluorescent in situ hybridization (FISH) and IHC, researchers observed
that CCND1 had increased amplification in high-grade infiltrating ductal carcinoma in
comparison to low-grade infiltrate ductal carcinoma [56]. Cyclin D1 overexpression has
been found to have a strong correlation with receptor status, suggesting that cyclin D1
expression could be a biomarker for good prognoses [57,58].

Additionally, expression of cyclin D2 was found to be very rare in breast cancer
cases, in comparison to normal human mammary epithelial cells [47,59]; its role in cancer
is yet to be elucidated [133]. Cyclin D3 has also been reported to be overexpressed in
breast cancer samples, but there are limited research data on its relationship to disease
outcomes [118,133,134]. Furthermore, experimental evidence has also shown elevated
cyclin D1 protein levels and deposition of cyclin D3 in breast cancer samples [60]. Another
study identified that 64 breast cancer cases out of 82 had cyclin D1 gene amplification,
and 36 out of 86 cases had cyclin D3 gene amplification [62]. Expression of cyclin D1 was
evaluated in different molecular breast cancer subtypes, and results showed a stronger
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intensity of positive cyclin D1 staining in the ER positive/PR positive subtype than in triple-
negative breast cancer (TNBC) cases, and negative cyclin D1 staining was seen in human
epidermal growth factor receptor 2-positive (HER2-positive) molecular subtypes. Further,
TNBC cases with a low amount of cyclin D1 expression had higher tumor grade, tumor
stage, and more positive lymph nodes with lymphovascular invasion, proposing that cyclin
D1 expression may be a key factor to consider for aid in breast cancer management [61].
Lundberg et al. [135] determined CCND1 amplification and its association with worst
15-year survival with ER+/LN−/HER2−(1.66; 1.14–2.41), luminal A (HR = 1.68; 95% CI,
1.15–2.46), and luminal B (1.37; 1.01–1.86) breast cancer subtypes [135]. Overexpressed
cyclin D1 induced Dicer expression in luminal A and basal-like breast cancer subtypes [136].
In another study, lower levels of cyclin D led to a decrease in MDA-MB-231 cells’ motility
which resulted due to the decrease in phosphorylation of filamin A protein [137]. These
studies found that cyclin D1 can also contribute to cellular proliferation and migration
through non-canonical functions.

3.2. Cyclin A

Cyclin A protein forms complexes with both CDK1 and CDK2, which functions in
both the S to G2 phase transition and the G2 to M phase transition of the cell cycle [51].
In the S phase, the cyclin-A-CDK complexes phosphorylate the components of the DNA
replication machinery, subsequently initiating replication [51]. While in the mitosis phase,
cyclin A/CDK2 coordinates centrosomal and nuclear mitotic events. However, it is thought
to contribute to the stability of other cyclin molecules [51]. The increased expression of
cyclin A gene has been found in different types of human tumors, including breast cancer,
which suggests that cyclin A may potentially serve as a prognosis marker for the disease
(Tables 1 and 2). Studies have shown that microinjection of cyclin A into Xenopus oocytes
and mammalian cells stimulates the breast tumor epithelial cells and induce the transition
into M phase of the cell cycle [46,58,119,138,139]. A great number of tumors have shown
a strong statistical correlation between cyclin A gene amplification and cyclin A protein
levels [62]. Findings suggested that assessment of cyclin A and/or E2-promoter binding
factor 1 (E2F1) expression levels associated with Ki-67 might be a useful tool for improved
prognostic evaluation in negative lymph node breast cancer patients [63]. Another study
showed that cyclin A is an independent prognostic factor and predictor of both breast
cancer recurrence and response to tamoxifen therapy [64]. Lastly, overexpressed cyclin A
was observed to be significantly correlated with breast cancer patients with earlier relapse,
higher risk, and shorter overall survival rate, when compared to the breast cancer patients
with better prognoses. Therefore, cyclin A may potentially be an accurate marker for tumor
proliferation and prognosis in breast cancer [65].

3.3. Cyclin E

Cyclin E protein, a regulatory subunit for CDK-2, is thought to be a rate-limiting factor
for the G1 to S phase cell cycle transition [140]. Cyclin E protein and its associated kinase
(CDK2) experience well-regulated activation in normal cells. In actively-dividing tumor
epithelial cells, however, the cyclin E and CDK complex remains activated throughout
the cell cycle [141]. The deregulation in the expression of the cyclin E gene was found
responsible for breast cancer tumorigenesis [46,60,114]. Previous data have demonstrated
that higher levels of cyclin E gene amplification have been found in breast cancer tissues
(Table 1) [62]. Another study observed an 8-fold amplification of the cyclin E gene and a
64-fold overexpression of its mRNA in human breast cancer cells, which provides evidence
for aberrant cyclin E expression during tumorigenesis [120]. Further, a multivariate analysis
correlated an elevated cyclin E level with poor patient outcome and showed that patients
with elevated levels of cyclin E had a greater hazard ratio, as compared to those with
low levels of cyclin E [142]. In addition, a relation between cyclin E gene expression
and an ER-positive status was also observed in patients with breast cancer. In additional
studies [89–91], cyclin E expression was greater in the ER-negative group and correlated
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with increased risks of death and relapse, suggesting that cyclin E may be responsible for
ER-independent tumor growth. Similarly, cyclin E overexpression in breast cancer cells was
associated with ER-negative tumors, HER2-positive tumors, and high-grade tumors with
increased proliferation indexes [68,69]. A cohort study performed on 34 HER2-positive
patients subjected to trastuzumab (Herceptin)-based therapy observed that the cyclin E
gene copy number or mRNA overexpression was associated with diminished therapeutic
benefits and lower rates of progression-free survival, as compared to non-overexpressing
cyclin E patients [121]. Moreover, cyclin E expression was associated with a poor prognosis
and closely related with cyclin D1 and p27Kip1 expression [70]. Similarly, high expression
of cyclin E measured by IHC was a significant factor of poor prognosis and associated with
a higher risk of death in the node-positive breast cancer group, as illustrated in a separate
multivariate analysis [71].

3.4. Cyclin B

Two types of mammalian cyclin B regulate the G2-to-mitosis phase progression in the
cell cycle, which do so by forming complexes with CDK1 kinase [143]. The available data
suggest that breast cancer patients experience cyclin B gene amplification and overexpres-
sion at both the mRNA level and protein level (Tables 1 and 2) [62]. Its increased expression
has been correlated with a large tumor size, a high tumor grade, lymph node involvement,
an ER-negative/PR-negative status, and a HER2-positive status [74]. Its overexpression
has also been linked with younger age at diagnosis and higher expression levels of cyclin A,
cyclin E, and Ki-67 [144]. Both univariate and multivariate analyses significantly identified
an increased breast cancer death rate correlated with cyclin B1 overexpression, suggesting
that it serves as a remarkable prognostic factor [72].

A meta-analysis investigated the significance between cyclin B protein and clinico-
pathological characteristics in breast cancer patients. Observations showed that overex-
pressed cyclin B was associated with poorer rates in disease-free survival (DFS), disease-
specific survival (DSS), and overall survival (OS), along with a positive association with
lymphatic invasion [73]. Androic et al. [100] observed apoptosis induction and growth
reduction in different breast cancer cell lines, namely MCF-7, MDA-MB-231, BT-474, and
SK-BR-3 (Table 3), in the absence of cyclin B. The suppression of cyclin B via small interfer-
ing RNA (siRNA) caused G2/M cell cycle phase arrest in breast cancer cell lines [73,125].
The HER2-positive invasive breast cancer samples used for the determination of cyclin
B1 expression showed a direct correlation between positive cyclin B1 staining and higher
tumor grade, large tumor size, positive lymph node counts, younger age, and higher Ki-67
expression. Thus, due to its relation with an aggressive phenotype, cyclin B1 might be
considered a strong independent prognostic factor in breast cancer [74].

3.5. CDK2

Cyclin-dependent kinase 2 binds and forms complexes with cyclin E or cyclin A
proteins and exclusively promotes the G1 to S and G2 to M phase transition within the
cell cycle [145,146]. It has been observed that fulvestrant inhibited cyclin E-CDK2 activity,
which in turn promoted the arrest of MCF-7 cells in quiescence (G0) [147]. Similarly, the
findings suggest that the suppression of the cell-cycle progression through the G1 cell cycle
phase by pentagalloylglucose (5GG) treatment in MCF-7 cells was mediated by blocking
cyclin E/CDK2 activity [122].

4. Tumor Suppressive Components of Cell Cycle

4.1. p16(INK4A/MTS-1/CDKN2A)

The tumor suppressor p16, also known as INK4A/MTS-1/CDKN2A, has widespread
importance in oncology due to its CDK-inhibitory function [148]. The frequently occurring
SNP (single nucleotides polymorphism) mutations and deletions of the p16 gene in breast
cancer cells suggest an important role in tumorigenesis [149]. The p16 protein molecule
binds to and inactivates the cyclin D-CDK4/6 complexes, leads to subsequent Rb protein
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inactivation, and consequently results in cell cycle arrest [149]. Archived breast tumors
of different histological subtypes provided evidence that aberrant p16 gene expression
is the most common abnormality in human breast cancer (Table 1) [150]. Furthermore,
an abnormal expression of p16 was found in ER-negative, pre-menopause breast cancer
patients, in comparison to ER-positive patients. The abnormal p16 expression these re-
searchers observed was closely associated with a high proliferative index [108]. An earlier
study suggests that abnormal p16 expression may act as a predictor of poor response
to hormonal therapy [92]. Another study found p16 protein-positive expression in the
luminal A subtype of breast cancer patients, and higher expression was associated with
breast cancer progression from DCIS to invasive ductal carcinoma (IDC) [96]. Abou-Bakr
et al. [110] investigated the p16 expression in basal-like breast carcinoma grade III with
histopathological findings in line with IDC. Results suggested that the p16 protein demon-
strated high IHC intensity in basal-like carcinoma, which subsequently was associated with
brain and lung metastasis [97]. A study by Arima et al. [126] found low p16 expression in
resistant TNBC carcinoma [126]. Both p16-positive and p16-negative cells in the stromal
cells of invasive lobular carcinoma reflected high nodal involvement, early recurrence, and
metastatic propensity. Additionally, restoration of p16 expression in stromal fibroblasts
suppressed cancer cell migration and invasion. Thus, these findings proposed positive
stromal p16 expression as a treatment strategy to prevent nodal or distant metastasis [98].

4.2. p21 (WAF1/CIP1/SDI1/MDA-6)

The CDK-inhibitor p21 (also known as WAF1/CIP1/SDI1/MDA-6) activates the CDK4
and proliferating cell nuclear antigen, which results in G1 phase arrest [151]. Both in vivo and
in vitro experimental models demonstrated that overexpression of p21WAF1/CIP1 resulted
in G1 cell cycle phase arrest and effectively suppressed tumor growth (Tables 1 and 2) [151].
Data on lymph node-negative breast cancer patients suggested that detection of p21 indi-
cates the presence of a parameter that may act as a tumor suppressor and benefit patient
survival [75]. Another study identified p21-positive tumor cell nuclei in more than 30%
of the breast carcinomas, which was remarkably associated with a low histological grade
and node-negative status [76]. The findings strongly suggested that p21WAF1/CIP1 gene
expression might be used as a key prognostic biomarker for breast cancer, allowing therapy
options to be adjusted more appropriately for individual cancer patients [77]. Breast can-
cer mastectomy used for measuring p21WAF1/CIP1 expression showed its upregulation
in larger tumors in patients who presented with higher tumor dedifferentiation grades,
more lymph node metastases, and shorter disease-free survival rates [78]. Moreover, an
in vitro study where ER-positive or ER-negative breast cancer cell lines were immunos-
tained for evaluation of p21 found a direct correlation between p21WAF1/CIP1 and ER
expression [123,124].

In addition, p21WAF1/CIP1 also plays multifaceted roles in breast cancer. For in-
stance, p21WAF1/CIP1 expression induced cell invasion and had correlation with OS
and distant metastasis-free survival in breast cancer patients mediated via controlling
TGFβ/Smad signaling [152]. A study measured high p21WAF1/CIP1 levels in the cyto-
plasm of metastatic breast cancer cells where it was associated with elevated p53 levels and
poor prognoses [153]. Multiple studies identified that phosphorylation of p21WAF1/CIP1
by AKT1 disrupted its binding with proliferating cell nuclear antigen (PCNA) and induced
its cytoplasmic accumulation. Accumulated p21WAF1/CIP1 regulates the ERBB2-mediated
proliferation of breast cancer cells and breast carcinogenesis [154,155]. Further, downregula-
tion of p21WAF1/CIP1 promoted EMT, enhanced the cell viability and migration potential
in response to long non-coding RNA plasmacytoma variant translocation 1 (PVT1) in
distinct MDA-MB-231, MDA-BA-468 breast cancer cell lines [156]. Similarly, another study
using breast cancer mouse models has shown that invasion is accompanied by an up-
regulation of p21WAF1/CIP1, indicating its oncogenic role [157]. The overexpression of
p21WAF1/CIP1 has also been found to be associated with a poor response to tamoxifen
treatment in MCF-7 cells [158]. Similarly, Akt-dependent phosphorylated p21WAF1/CIP1
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enhanced doxorubicin resistance in SUM159 TNBC cells [159]. Another study demon-
strated that p21WAF1/CIP1 inhibited apoptosis in breast cancer. The overexpression of
p21WAF1/CIP1 in breast cancer decreased cell sensitivity to infrared-induced apoptosis
through inhibition of CDKs [160].

4.3. p27 (Kip1)

Tumor suppressor p27, an important regulator for the G1 to S transition in the cell cycle,
is known to coordinate the activation of the cyclin E-CDK2 complex with the accumulation
of cyclin D-CDK4, which initiates the exit of cells from the cell cycle in response to anti-
mitogenic signals [161]. The downregulation of p27 gene expression is strongly correlated
with higher tumor grade and phenotypes with lower tumor differentiation (Table 1) [79].
Reduced levels of p27 protein is also an indicator of poor clinical outcomes in a majority of
lymph node-negative breast cancer patients [79].

Multiple sources of evidence suggest that p27 induced G1 cell cycle phase arrest,
mediated by transforming growth factor-β (TGF-β), rapamycin, and cyclic adenosine
monophosphate (cAMP) [48,60,114,127]. Previous studies also demonstrated that high
expression levels of p27 in human breast cancer cells inversely correlated with the degree
of malignancy in the human breast [127]. Moreover, a high expression of p27 was noticed
in breast cancer patients, which was significantly correlated with an ER-positive status
and inversely associated with shorter survival [80]. A univariate Kaplan–Meier analysis
indicated that the decreased expression of p27 was significantly correlated with a worse
clinical course [81]. A flow cytometry study using resistant breast tumor cells demonstrated
a higher S-phase fraction and increased CDK2 activity in low p27-expressed cells, which
was reversed after an exogenous addition of p27 [128].

Immunostaining of breast tumor indicated that downregulation of p27 correlated
with HER2 gene overexpression in primary breast carcinomas, which may be significant in
selecting patients for HER2-positive/neu antibody therapy in the future [82]. A separate
study found that tamoxifen treatment caused MCF-7 cell cycle arrest due to an upregulation
of p27 levels [129]. Another evaluation of p27 expression observed that it was a significant
predictor for 5-year breast cancer survival, and that reduced p27 expression correlated with
a high histologic grade, an advanced TNM stage (tumor size, lymph node status, metastatic
status), and negative hormone receptor status [83,84]. A reduced expression of p27 was
also observed in docetaxel-resistant breast cancer cells (MCF-7 and MDA-MB-231 cell
lines) [130]. Another univariate analysis showed a remarkable relationship between low
p27 expression and increased tumor grade, nuclear pleomorphism, and mitosis, along with
decreased tubule formation in ER-negative and ductal/no special type tumor status [85].

High p27 expression independently predicted superior relapse-free survival and over-
all survival, and subsequently suggested its use as an independent predictor in hormonal
therapy response [86]. An immunohistochemically retrospective investigation of 216 breast
carcinomas found that p27-negative patients had a poorer prognosis than those in other
categories, highlighting that the examination of p27 expression may identify breast car-
cinoma patients who would benefit from adjuvant therapy [87]. Further, in the lymph
node-negative population, decreased p27 immunoreactivity was associated with higher tu-
mor grade, more HER2-positive overexpression, greater lymph node positive populations,
lower expression of thymidylate synthase, higher Ki-67 expression, and poorer disease-free
survival [88]. In hormonal receptor- positive carcinoma, lower p27Kip1 was correlated
with decreased overall survival [hazard ratio (HR) = 1.42; 95% confidence intervals (CI)
= 1.05 to 1.94; disease-free survival HR = 1.27; and 95% CI = 0.99 to 1.63], as compared to
carcinoma with higher p27Kip1 expression treated with adjuvant therapy (doxorubicin
and cyclophosphamide) [90]. An inverse correlation was also observed between p27Kip1
expression and the degree of breast tumor malignancy [162]. Breast cancer patients in
Taiwan were evaluated for the expression of p27Kip1, and both univariate and multivariate
analyses showed that lower p27Kip1 expression correlated with OS in ER/PR positive
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tumors. Therefore, p27Kip1 may be considered an independent prognosis marker for
breast cancer in Taiwan [91].

Another meta-analysis study showed a significant association between high p27
expression and OS, DFS, and RFS in lymph node-negative and lymph node-positive breast
cancer patients [163]. In addition, Austrian Breast and Colorectal Cancer Study Group Trial
06 enrolled early-stage breast cancer patients with an ER/PR hormonal-positive status
for evaluation of p27Kip1 expression and observed its impact on the clinicopathological
features of women receiving adjuvant tamoxifen for 5 years. Observations confirmed that
high p27Kip1 expression was significantly associated with longer disease-free survival
(0.22; 95% CI, 0.11–0.42; p < 0.001) and overall survival (0.39; 95% CI, 0.21–0.72; p = 0.002)
as compared to women with low p27 expression [164].

4.4. p53 (Wild Type)

Tumor suppressor p53 protein plays a key role in coordinating the response of cells to
several stress conditions, including oncogenic activation, hypoxia, and DNA damage [165].
In response to mitogenic stress, p53 activates apoptosis in normal cells. This same ac-
tivation of apoptosis by p53 has also been observed in anticancer therapy response. A
mutated version of p53 protein that does not respond appropriately during oncogenic stress
allows cell transformation, resulting in tumor initiation [165]. After immunohistochemical
evaluation of p53 expression in primary breast cancer specimens, it was assessed that
p53 overexpression was associated with an advanced-stage tumor, metastatic spread, and
lower concentrations of progesterone receptors (Table 1) [89]. An increased cytoplasmic
accumulation of p53 was observed in breast cancer patients as well. These patient sam-
ples demonstrated high proliferative activity with median Ki-67 fractions increased by
up to 75%, along with a 74% increase in median S-phase fraction compared to the control
group [93].

Utilizing invasive ductal carcinoma samples, Yang et al. (2013) [143] calculated DFS
and its correlation with p53 expression. The Cox regression and multivariate analysis
showed that p53 expression acted as a predictive factor of DFS [100]. Additionally, several
studies also associated positive p53 expression with worsened prognoses. For instance, a
Kaplan–Meier analysis of TNBC invasive ductal carcinoma samples showed that a positive
p53 expression was correlated with worse overall survival (79.6% vs. 89.6%, log-rank test
p = 0.025) and the patients had a 2.2 times higher mortality risk than that of p53-negative
patients (HR: 2.222; 95% CI: 1.147–4.308) [102]. Similarly, p53 overexpression tested by IHC
on modified radical mastectomy samples obtained from TNBC patients also showed lower
overall survival rates (p = 0.021, log-rank test) compared to the patient group with low p53
expression. Moreover, the multivariate analysis proposed p53 overexpression as having
the strongest prognostic significance in TNBC patients (<50 years) [103].

In a retrospective study of a large number of luminal/HER2-negative breast cancer
patients, the data demonstrated that a p53 expression of ≥50% (present in 9% patients)
was associated with shorter disease-free survival, in comparison to patients with p53
expression of <50%. Therefore, p53 overexpression was classified as a prognostic marker
for unfavorable characteristics [104]. Another study performed on ER-positive and ER-
negative invasive breast cancer determined an association of p53 overexpression with ER
status. Results showed that in ER-negative breast tumors, a higher p53 expression was
associated with DFS and OS than in ER-positive breast tumors [105].

Expression of the p53 gene was also evaluated in all breast cancer subtypes, i.e., lumi-
nal A, luminal B, HER2-positive, TNBC, and basal-like, and the findings suggested that
p53 had a higher expression within HER2-positive and TNBC subtypes than in luminal A
and luminal B subtypes. The overexpression of p53 in HER2-positive and TNBC subtypes
also had significance in early-onset, high-grade tumors, and an increased proliferative
index [106]. In invasive breast carcinoma grade II and III samples, positive p53 expression
was significantly related with increased tumor grade (p < 0.006), lymphovascular invasion
(p < 0.003), and lymphocytic infiltration (p < 0.004). These results indicate that p53 overex-

81



Pharmaceutics 2021, 13, 569

pression is a marker for a poor prognosis and a compromised immune response in more
aggressive breast cancer types [107].

Better overall survival was observed in p53-overexpressed TNBC cases than in p53-
negative TNBC patients who underwent neoadjuvant chemotherapy [108]. Another study
concluded that p53 overexpression was inversely correlated with ER/PR expression and
positively correlated with HER2-positive overexpression in high-grade tumors with nodal
metastasis [109]. In a randomized stage II clinical trial on lymph node-positive patients
who received four cycles of cyclophosphamide and one dose of doxorubicin adjuvant
therapy, epithelial p53 expression was evaluated (using monoclonal antibodies DO7 and
1801). After univariate analysis, this study stated that positive p53 IHC was associated
with worse OS and RFS in lymph node-positive patients [110].

4.5. p53 (Mutant)

A study performed by Marchetti et al. [154] found an “Arg72Pro” p53 variant in 23% of
primary breast cancer patients. The patients positive for the Arg72Pro variant had relapsed
within 10 months of the median DFS, compared to those that showed a wild-type p53
status [111]. Lenora W.M. et al. [155] also found a higher nuclear expression of mutant p53
using PAb1801 monoclonal antibody in young breast cancer patients. Kaplan–Meier curves
and a log-rank test analysis correlated mutant p53 expression with a poor prognosis among
distinct ethnic populations. Similarly, TNBC patients with abnormal mRNA expression of
mutant p53 in a separate study were more likely to experience less 5-year reoccurrence-free
survival. Mutant p53, therefore, may be considered a potential prognostic marker in TNBC
patients [113].

5. Future Perspectives

Aside from great improvements in diagnostic tools and the increased availability of
multiple therapeutic options, breast cancer cure rates remain poor. In the GLOBOCAN-2018
report, 2.1 million new breast cancer cases (11% of all total cancer types) were diagnosed in
185 countries [166]. In India, 144,000 breast cancer cases with a 5-year prevalence of 396,000
and 70,000 deaths were reported in 2012 [166,167]. As per the GLOBOCAN-2018 report,
162,000 breast cancer cases (27.7% of all new cancers), a 5-year prevalence of 405,000 breast
cancer cases, and 87,000 deaths were observed in the Indian population [166]. Knowledge
of reliable biomarkers related to disease prognosis and therapy decisions can improve
cancer management. In this regard, the oncogenic and tumor suppressor components of
the cell cycle may serve as such markers. Data from the multiple studies provided above
support this notation.

Although these markers are detectable by expression-profiling experiments, the lack
of reproductivity of the described results from various studies delays their use in the
clinical setting. In addition to technique sensitivity issues, the non-reproducibility of
the results might be due to the variation in sample selection methods or variations in
study designs. Studies having a smaller number of patients, different-aged patients,
varying tumor grades, varying tumor sizes or metastatic potential, and different patient
ethnicities can also lead to non-reproducible results. Therefore, larger-scale validation
studies involving greater demographic, ethnic, and clinicopathological variabilities are
required in the future, before we can apply their suggestive use in patient management.
High throughput technologies, such as next-generation RNA sequencing [168–170] and
single-cell RNA sequencing [171,172], give results with high coverage and depth, and cover
potential sensitivity issues. The use of these technologies may help to identify reliable
biomarkers for cancer management. Thus, the data presented in the review article propose
the use of cell cycle components as biomarkers in breast cancer management.

6. Conclusions

Previous experimental studies have described several oncogenic and tumor-suppressive
genes involved in cell cycle regulation and progression among various subtypes of hu-
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man breast cancer. It is well-established that multiple genetic alterations are required for
tumorigenesis, yet continued research regarding the specific and sequential mechanisms
involved—and how they affect clinical outcomes—may continue to guide new therapeutic
strategies for more effective cancer treatments. Current research supports the notion that
these regulatory cell cycle genes are useful prognostic biomarkers in breast cancer tumori-
genesis, and the clinical relevance of these suggestive biomarkers has been established by
several studies, as described above. The accurate measurement of cell cycle component ex-
pression and their correlation with clinical symptoms and prognoses may provide valuable
insight for the future of both breast cancer management and anti-cancer therapeutics.
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5GG Pentagalloylglucose
ABCSG Austrian breast and colorectal cancer study group
AC Adenocarcinoma
c-AMP Cyclic adenosine monophosphate
CCND1 Cyclin D1
CDC2 kinase Cell division control 2 kinase
CDKs Cyclin-dependent kinases
CI Confidence interval
DC Ductal carcinoma
DCIS Ductal carcinoma in situ
DFS Disease-free survival
DSS Disease-specific survival
E2F1 E2 promoter factor 1
ER Estrogen receptor
FISH Fluorescent in situ hybridization
GLOBOCAN Global cancer observatory
HDAC3 Histone deacetylase 3
HER2+ Human epidermal growth factor receptor2+
HR Hazard ratio
IDC Invasive ductal carcinoma
IHC Immunohistochemistry
ILC Invasive lobular carcinoma
LA Luminal A
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MU Mutation
NBE Normal breast epithelium
ND Not decided
OS Overall survival
PD Proliferative disease
PR Progesterone receptor
Rb Retinoblastoma
RFS Recurrence free survival
siRNA Small interfering RNA
TGF-β Transforming growth factor-β
TNBC Triple negative breast cancer
WT Wild type
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Abstract: Mitosis represents a promising target to block cancer cell proliferation. Classical antimi-

totics, mainly microtubule-targeting agents (MTAs), such as taxanes and vinca alkaloids, are amongst

the most successful anticancer drugs. By disrupting microtubules, they activate the spindle assembly

checkpoint (SAC), which induces a prolonged delay in mitosis, expected to induce cell death. How-

ever, resistance, toxicity, and slippage limit the MTA’s effectiveness. With the desire to overcome some

of the MTA’s limitations, mitotic and SAC components have attracted great interest as promising

microtubule-independent targets, leading to the so-called second-generation antimitotics (SGAs).

The identification of inhibitors against most of these targets, and the promising outcomes achieved

in preclinical assays, has sparked the interest of academia and industry. Many of these inhibitors

have entered clinical trials; however, they exhibited limited efficacy as monotherapy, and failed to go

beyond phase II trials. Combination therapies are emerging as promising strategies to give a second

chance to these SGAs. Here, an updated view of the SGAs that reached clinical trials is here provided,

together with future research directions, focusing on inhibitors that target the SAC components.

Keywords: cancer; antimitotics; mitotic slippage; spindle assembly checkpoint; clinical trials

1. Introduction

The cell cycle is a tightly regulated process in which a parental cell gives rise to two ge-
netically identical daughter cells. Cell cycle progression is under the control of the family of
serine/threonine kinases cyclin-dependent kinases (Cdk 1, 2, 4, and 6) and their regulatory
subunits cyclins (A, B, D, and E). While Cdks’ concentration is constant throughout the cell
cycle, their activation depends on the oscillation of cyclin levels at different phases of the
cell cycle [1]. The cell cycle is divided into two phases, interphase and mitosis. Interphase
is a time of synthesis and growth, occurring according to the consecutive phases G1, S, and
G2, during which the DNA is replicated. Mitosis consists of five active phases: prophase,
prometaphase, metaphase, anaphase, and telophase, followed by cytokinesis. During
prophase, chromosomes start to condense and the centrosomes start to migrate to the
opposite sides of the mitotic cell. After nuclear envelope breakdown (NEBD), at the onset
of prometaphase, microtubules emanating from centrosomes grow to assemble the mitotic
spindle and capture the chromosomes by attaching to their kinetochores. Chromosomes
then align at the spindle equator, forming the metaphase plate. When all chromosomes are
bipolarly attached to spindle microtubules, sister chromatids are separated and segregate
at the anaphase. The nuclear envelope reassembles at the telophase and the cytoplasm
divides (cytokinesis), giving rise to two genetically equal daughter cells (Figure 1a,b).
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Figure 1. Targeting mitosis for cancer treatment. (a,b) Representation of G2 interphase and the stages of mitosis. A de-
scription of the main cellular changes at each stage is presented. The progression throughout mitosis is monitored by the 
spindle assembly checkpoint activity (SAC ON and SAC OFF). (c) Activity of mitotic proteins during G2 and mitotic 
phases. MPS1, Aurora B, and PLK1 kinases are involved in several processes, being activated from G2 of interphase to 
telophase/cytokinesis. Aurora A and Eg-5 proteins ensure proper bipolar spindle shape, remaining activated from G2 to 
metaphase. CENP-E is required for accurate kinetochore–microtubule attachments, operating from prometaphase to met-
aphase. (d) SAC modulation by targeting mitotic proteins. MPS1 and Aurora B inhibition leads to SAC override, followed 
by massive chromosome missegregation and cell death. PLK1, Aurora A and Eg-5 inhibition induces spindle defects, while 
CENP-E inhibition promotes chromosome misalignment, leading to SAC activation, which in turn arrests cells in mitosis. 
Under mitotic arrest, the cell undergoes death or alternative pathways, namely G1 arrest/senescence, or continues cycling. 
(e) Second-generation antimitotics in clinical trials. Summary of antimitotic drug targets in different phases of clinical 
trials and current status. Created in BioRender. 

A successful mitosis relies on equal chromosome segregation at the transition from 
metaphase to anaphase. Kinetochore–microtubule attachment defects lead to the mis-
segregation of chromosomes resulting in genome instability, a hallmark of cancer [2,3]. 
Fortunately, the fidelity of chromosome segregation is ensured by the spindle assembly 

Figure 1. Targeting mitosis for cancer treatment. (a,b) Representation of G2 interphase and the stages of mitosis. A
description of the main cellular changes at each stage is presented. The progression throughout mitosis is monitored by
the spindle assembly checkpoint activity (SAC ON and SAC OFF). (c) Activity of mitotic proteins during G2 and mitotic
phases. MPS1, Aurora B, and PLK1 kinases are involved in several processes, being activated from G2 of interphase to
telophase/cytokinesis. Aurora A and Eg-5 proteins ensure proper bipolar spindle shape, remaining activated from G2
to metaphase. CENP-E is required for accurate kinetochore–microtubule attachments, operating from prometaphase to
metaphase. (d) SAC modulation by targeting mitotic proteins. MPS1 and Aurora B inhibition leads to SAC override,
followed by massive chromosome missegregation and cell death. PLK1, Aurora A and Eg-5 inhibition induces spindle
defects, while CENP-E inhibition promotes chromosome misalignment, leading to SAC activation, which in turn arrests
cells in mitosis. Under mitotic arrest, the cell undergoes death or alternative pathways, namely G1 arrest/senescence, or
continues cycling. (e) Second-generation antimitotics in clinical trials. Summary of antimitotic drug targets in different
phases of clinical trials and current status. Created in BioRender.

A successful mitosis relies on equal chromosome segregation at the transition from
metaphase to anaphase. Kinetochore–microtubule attachment defects lead to the missegrega-
tion of chromosomes resulting in genome instability, a hallmark of cancer [2,3]. Fortunately,
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the fidelity of chromosome segregation is ensured by the spindle assembly checkpoint (SAC)
(Figure 2). The SAC consists of a protein network that delays the anaphase in the presence of
erroneous kinetochore–microtubule attachments or the absence of attachments [4]. SAC ac-
tivation is mediated by the orderly orchestrated recruitment to the unattached kinetochores
of the SAC proteins monopolar spindle 1 (Mps1), Aurora kinase B, budding uninhibited
by benomyl 1 (Bub1), and mitotic arrest deficiency 1 (Mad1). Consequently, the mitotic
checkpoint complex (MCC) is assembled, which is formed by Mad2, Bub1-related 1 (BubR1),
Bub3 and Cdc20. By sequestering Cdc20, the MCC inhibits the ultimate target of SAC, the
anaphase promoting complex/cyclosome (APC/C), an E3 ubiquitin ligase. When all kineto-
chores are correctly attached to microtubules, the SAC is turned off and APC/C becomes
active, targeting securin and cyclin B for proteolysis. The degradation of securin releases
the protease separase, which thus cleaves the cohesin rings, allowing sister chromatids to
separate, whereas the proteolysis of cyclin B triggers mitotic exit [4].

Figure 2. Spindle assembly checkpoint mechanism. In response to unattached or improperly attached kinetochores
(Prometaphase), the SAC is turned ON and promotes the assembly of the mitotic checkpoint complex (MCC), made
of Mad2, Bub3, BubR1 and Cdc20. At these kinetochores, MPS1 recruits Bub3, Bub1 and BubR1. The MCC inhibits
the activity of anaphase-promoting complex/cyclosome (APC/C), leading to the stabilization of separase/securin and
CDK1/cyclin B complexes, and consequent mitotic arrest. The Aurora B kinase (Aur B), associated with centromere
heterochromatin, promotes proper kinetochore–microtubule attachments. Once all chromosomes are properly attached to
spindle microtubules and are aligned at the metaphase plate (metaphase), the SAC is turned OFF, through MCC disassembly,
and consequently Cdc20 can bind and activates the APC/C, resulting in the ubiquitylation (ub) of cyclin B and securin
mitotic substracts. In turn, separase can cleave cohesins to promote sister chromatid separation (anaphase), while Cdk1
inactivation promotes exit from mitosis. Created in BioRender.

Based on the uncontrolled proliferation of many cancers, anticancer drugs have been
developed to block the cell cycle, particularly mitosis. In this review, we will briefly
discuss the current antimitotic approaches, and focus on the new generation of promising
antimitotics that have reached clinical trials, with particular emphasis on their clinical
efficacy. These so-called second-generation antimitotics (SGAs) target the mitotic kinases
and spindle motor proteins. Possible research directions will be discussed.
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2. Limitations of Current Microtubule-Targeting Agents

Microtubule-targeting agents (MTAs) are the main current antimitotic drugs in the
clinic, and are widely used for the treatment of several cancers [5]. MTAs are divided into
two groups, based on their action mechanism: microtubule destabilizers, such as the vinca
alkaloids, that inhibit microtubule polymerization; and microtubule stabilizers, such as
taxanes, that enhance microtubule polymerization [6]. Both classes impair a functional
mitotic spindle, leading to SAC activation and subsequent mitotic arrest, which usually
results in cell death by apoptosis [7]. However, other outcomes are possible after MTA
treatment. After a prolonged mitotic arrest, cells may exit mitosis without undergoing
cytokinesis, originating tetraploid cells, a process known as mitotic slippage, which results
from a constant and slow degradation of cyclin B even when SAC is on [8]. The slipped cells
can follow three possible fates: become senescent, undergo post-mitotic death, or continue
dividing [9]. Therefore, mitotic slippage, together with efflux pumps, mutations in tubulin
genes, and deficient apoptotic signaling, represent the main reasons for the therapeutic
failure of MTAs [10]. Additionally, MTAs treatment is also frequently associated with
neurological and myeloid toxicity [10].

3. Second-Generation Antimitotics in Clinical Trials

Due to the aforementioned limitation of MTAs, alternative approaches to directly
targeting microtubules were developed to block cells in mitosis. These new strategies
consist of inhibiting the activity of mitotic proteins, especially kinases and motor proteins,
that play crucial roles in different processes during mitosis, such as mitotic entry, spindle
assembly, chromosome congression, or SAC regulation. The inhibition of these proteins is
made possible through small molecules or small interfering RNAs (siRNAs), known as the
second-generation antimitotics (SGAs), with promising outcomes in preclinical assays [11].
Here, we will focus on those SGAs that reached clinical trials, namely, inhibitors of Mps1,
polo-like kinase 1 (Plk1), Aurora kinases, Eg-5, and centromeric protein E (CENP-E), review
their clinical outcomes, and provide future research directions.

3.1. Mps1

Mps1, also known as TKK, is a dual-specificity protein kinase phosphorylating ser-
ine/threonine and tyrosine residues [12]. Mps1 is recruited early in mitosis to unattached
kinetochores, where it is responsible for SAC activation through the recruitment of sev-
eral SAC components to kinetochores and subsequent MCC formation [13]. It has also
been involved in DNA damage checkpoint response, chromosome alignment, meiosis,
cytokinesis, centrosome duplication, and error-correction of kinetochore–microtubule
attachment [14–16]. Mps1 is overexpressed in various tumors, correlating with poor prog-
nosis [17]. The inhibition of Mps1 activity compromises the SAC, which leads to premature
mitotic exit, resulting in massive aberrant chromosome segregation and subsequent cell
death [18,19]. Furthermore, inhibition of Mps1 has been shown to sensitize cancer cells to
Paclitaxel [18,20]. Hence, Mps1 became an attractive target for cancer therapy, and a variety
of small molecules that inhibit Mps1 have been developed. As with most kinases, Mps1
inhibitors are ATP competitive molecules. So far, five Mps1 inhibitors have been approved
to begin clinical trials, namely, BOS 172722, BAY 1217389, BAY1161909, CFI-402257 and S
81694. Six phase I/II studies have been undertaken: two have been completed, one has
been terminated, two are recruiting participants and another one is ongoing (Figure 1 and
Table 1).

3.1.1. BAY 1217389 and BAY1161909

BAY 1217389, an Imidazopyridazine, and BAY1161909, a Triazolopyridine, inhibit
Mps1 with an IC50 of 0.34 nM and 0.63 nM, respectively, in vitro [21]. Both compounds were
developed by Bayer and showed similar behavior in vivo, with modest efficacy as single
agents. However, both compounds demonstrate synergistic effects when combined with
Paclitaxel on the growth inhibition of human tumor xenografts in immunocompromised
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mice [21]. In the clinical trial involving BAY1161909 (NCT02138812) for the treatment of
advanced solid malignancies, in a combinational treatment with 75 mg/m2 and 90 mg/m2

of Paclitaxel, five (14%) and four (14%) partial responses (PRs) were reported, respec-
tively [22]. However, Bayer decided to interrupt clinical trials with BAY1161909 in favor
of BAY 1217389, which was being developed in parallel. The BAY 1217389 phase I study
(NCT02366949) in combination with Paclitaxel was completed in March 2018, but the
outcomes are not available yet.

3.1.2. S 81694

S 81694 inhibits Mps1 with an IC50 of 3 nM in vitro, and was first discovered by
Nerviano Medical Sciences (NMS-P153), and thereafter acquired and further developed by
Servier [23]. S 81694 pre-clinical studies demonstrated that triple-negative breast cancer
cell lines were particularly sensitive to S 81694 and, in an MDA-MB-231 xenograft and
orthotopic model of tumor regression, the curing of animals and metastasis reduction were
observed [24]. A phase I/II trial with S 81694 (NCT03411161) for the treatment of breast
cancer was completed in June of 2020, the outcomes of which are not published yet.

3.1.3. BOS 172722

BOS 172722 is a pyrido[3,4-d]pyrimidine, developed by Boston Pharmaceuticals, and
was shown to inhibit Mps1 with an IC50 of 11 nM, in vitro [25]. It exhibited modest ef-
ficacy as a monotherapy in xenograft studies, but exerted strong synergistic effects in
combination with Paclitaxel in triple-negative breast cancer (TNBC) cell lines [26]. A
phase I trial (NCT03328494) is currently ongoing with patients with advanced nonhemato-
logic malignancies.

3.1.4. CFI-402257

CFI-402257, a pyrazolo[1,5-a]pyrimidine, is a potent Mps1 inhibitor with an IC50
of 1.2 nM in vitro, and it induced tumor regression in murine colon and lung cancer
models [27,28]. Currently, two phase I/II trials are recruiting participants: one for the
treatment of advanced solid tumors, including breast cancer, as a monotherapy and in
combination with Fulvestrant (NCT02792465), and one in combination with Paclitaxel for
breast cancer (NCT03568422).

Based on the promising results of in vivo preclinical studies that have demonstrated a
synergistic effect between Mps1 inhibitors and taxanes, all small molecules that entered
clinical trials were combined with Paclitaxel. However, it is too early to draw a conclusion
on the clinical efficacy and safety of these combinations, as only the outcomes of BAY
1161909 have been published to date. Nevertheless, in this trial, the combinational treat-
ment was generally well tolerated, with the most common AEs being gastrointestinal and
hematological. Objective responses were observed with BAY 1161909. The rationale behind
these combinations is interesting: silencing the SAC by Mps1 inhibition leads to premature
mitotic exit with chromosome missegregation, while the affecting of microtubule dynamics
by the taxanes further enhances chromosome misalignment and chromosome misseg-
regation, culminating in massive cell death [20]. Inhibition of Mps1 also demonstrated
a synergic effect with cisplatin in malignant mesothelioma cisplatin-resistant cell lines
in vitro. Therefore, it will be interesting to evaluate the clinical efficacy of Mps1 inhibitors
combined with anti-cancer drugs other than taxanes, in particular with platinum-based
agents [29]. It should be noted that all clinical trials enrolled patients with solid tumors.
Recently, the inhibition of Mps1 was shown to induce apoptosis in multiple myeloma
cell lines, but further research is required to evaluate the potential effectiveness of Mps1
inhibitors in hematological tumors [30].
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3.2. Plk1

Plk1 is a cell cycle-regulating serine/threonine kinase implicated in centrosome matu-
ration and separation, mitotic entry, spindle assembly, kinetochore–microtubule attachment,
the SAC, DNA damage checkpoint activation, and cytokinesis [31–33]. Knockdown or
inhibition through small molecules of Plk1 leads to monopolar spindle formation, G2/M
arrest, and polyploidy, which ultimately leads to cell death [34–36]. Plk1 is overexpressed
in several tumors, associated with poor prognosis, and has been associated with resistance
to chemotherapeutics such as Doxorubicin, Gemcitabine, and Paclitaxel [37,38]. Taken
together, these facts led to the development of several small molecules that target Plk1
for cancer therapy. Nine Plk1 inhibitors have already entered clinical trials: CYC 140,
GSK461364, TAK-960, NMS-1286937 (Onvansertib), BI 6727 (Volasertib), BI 2536, Rigosertib,
MK-1496, and lipid nanoparticles carrying the siRNA TKM-080301 (Figure 1 and Table 2).
Seventy-nine phase I/II clinical trials with solid and hematological tumor patients have
been initiated: fifty-two completed, five ongoing, fifteen terminated/withdrawn, and seven
are recruiting participants. Additionally, three phase III studies with metastatic pancreatic
adenocarcinoma and myelodysplastic syndrome (MDS) patients have been completed, and
two studies with acute myeloid leukemia (AML) and MDS patients are ongoing.

3.2.1. BI 2536 and BI6727 (Volasertib)

BI 2536 and Volasertib are two similar molecules developed by Boehringer Ingelheim.
BI2536 is a potent ATP-competitive Plk1 inhibitor with an IC50 of 0.83 nM in vitro [39].
Several studies have been undertaken with this compound. Overall, the most com-
mon AEs were neutropenia and leukopenia. PR were reported in non-small-cell lung
cancer patients as monotherapy (2.1%, NCT00376623) and in combination with peme-
trexed (5.2%, NCT02211833), and in pancreatic cancer patients (2.3%, NCT00710710) as a
monotherapy [40–42]. Nevertheless, the greatest efficacy was observed in AML patients
(NCT00701766), in which two complete remissions (CRs, 3.7%) and three PRs (5.5%) were
reported, and in non-Hodgkin’s lymphoma patients (NCT00243087), also as monotherapy,
in which three CR (17.7%) and one PR (5.9%) were achieved [43,44]. However, clinical trials
with BI 2536 have been terminated as single agent, and the second-generation inhibitor
Volasertib has been chosen for further clinical development.

Volasertib is a dihydropteridinone derivative that inhibits the Plk1 with an IC50 of
0.84 nM in vitro [45]. The first-in-human trial of Volasertib was initiated in 2005 against
solid tumors as monotherapy (NCT02273388) [46]. The most common AEs were predomi-
nately hematological, and the main dose-limiting toxicities (DLT) were thrombocytopenia,
neutropenia, and febrile neutropenia. The MTD was established as 400 mg. However,
due to overall tolerability, 300 mg was set as the recommended dose for further devel-
opment [46]. Three PRs (4.6%) were reported in patients with melanoma, ovarian and
urothelial cancer, and 40% of patients had the best response of SD [46]. Since then, at least
twenty-four more phase I/II trials (twelve completed, six withdrawn, four terminated and
two ongoing) have begun against solid and hematological tumors. Several PRs have been
reported with Volasertib as a single agent or in combination with other drugs against many
solid tumors. In two phase I trials with Volasertib as the single agent against solid tumors,
three PRs (3.3%) were reported in patients with melanoma, ureteral cancer (NCT00969553),
and gastric cancer (6.7%, NCT01348347) [47,48]. Based on this phase I result of Volasertib
as a monotherapy, two phase II trials were conducted in patients with urothelial cancer
(NCT01023958) and platinum-resistant/refractory ovarian cancer (NCT01121406). In the
study with urothelial cancer patients, seven PRs (14%) were reported and 26% of patients
had SD. The safety profile was considered acceptable, but Volasertib demonstrated insuf-
ficient antitumor activity for further evaluation as a monotherapy in these patients [49].
Additionally, in the trial with platinum-resistant/refractory ovarian cancer patients, seven
PRs (13%) were reported and 44.4% of patients had SD. The expression of Plk1 was evalu-
ated in 47.3% of patients, but the results demonstrated no relationship between Plk1 levels
and Volasertib response. In this regard, it was suggested that further clinical development
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of Volasertib as a single agent in these patients should only be performed after biomarker
analysis, in order to select patients with higher chances of response [50]. Another phase
II trial was conducted in patients with non-small-cell lung cancer treated with Volasertib
as a single agent, in combination with pemetrexed, or pemetrexed alone (NCT00824408).
The combinational regimen did not increase toxicity compared to pemetrexed as a single
agent. Three PRs (8.1%) were reported with Volasertib as a single agent, and ten (21.3%)
in the combinational arm; however, the combination treatment did not demonstrate an
efficacy improvement [51]. More objective responses were reported in other studies with
solid tumor patients treated with Volasertib in combination with several drugs. In a phase
I trial in combination with Nintedanib (NCT01022853), one CR (3.3%) in a breast cancer
patient and one PR (3.3%) in a patient with non-small-cell lung cancer were reported [52].
In another phase I study in combination with Afatinib (NCT01206816), two PRs (3.3%)
were observed in patients with non-small-cell lung cancer and head and neck cancer of the
tongue [53]. Additionally, in a phase I trial, Volasertib was combined with platinum agents
(Cisplatin or Carboplatin, NCT00969761); two PRs (6.7%) were reported with Volasertib
plus cisplatin in patients with follicular dendritic reticulum cell carcinoma of the palatine
tonsil and follicular dendritic reticulum cell retroperitoneal sarcoma, and two additional
PRs (6.5%) were also reported with Volasertib plus Carboplatin in patients with non-small-
cell lung cancer and hypopharynx carcinoma [54]. Still, the best response was achieved in
patients with AML, in which three CRs (15.8%) and another three CRs with incomplete
blood count remission (15.8%, CRi) were reported as monotherapy (NCT01662505) [55].
In this trial, the MTD was established as 450 mg, administered intravenously on days 1
and 15 in a 28-day cycle, and grade 3 or higher AEs were mainly hematological (neutrope-
nia and thrombocytopenia). However, the safety profile was considered acceptable and
could be managed through the supportive care of granulocyte colony-stimulating factor
(G-CSF) [55]. These results prompted the use of Volasertib in a phase II (NCT00804856) and
a phase III (NCT01721876) trial against AML, both in combination with cytarabine, which
are currently ongoing.

3.2.2. ON 01910.Na (Rigosertib)

Rigosertib inhibits Plk1 with an IC50 of 9 nM in vitro [56]. At least thirty-two phase
I/II trials have begun (twenty-four completed, one terminated, two withdrawn, three
planned/recruiting participants and two ongoing) as monotherapy and in combinational
treatments against solid and hematological tumors. Three PRs (9.3%) were reported in
Hodgkin lymphoma, thymic cancer and pancreatic ductal adenocarcinoma patients in
combination with Gemcitabine (NCT01125891) [57]. These led Rigosertib to a phase III
trial against pancreatic adenocarcinoma in combination with Gemcitabine (NCT01360853),
which was completed in 2015. In this study the best response was PR in 19% of patients,
and SD in 50% of patients; however, the combinational treatment did not demonstrate an
improvement in survival compared to Gemcitabine as a single agent [58]. Nevertheless,
the phase I/II outcomes in patients with myelodysplastic syndrome (MDS) were the most
promising, and Rigosertib was approved for three phase III trials as monotherapy. One is
ongoing (NCT02562443), and two have been completed (NCT01241500 and NCT01928537),
in which the best overall response was marrow complete remission (mCR) in 20% and
22% of patients, respectively [59,60]. Additionally, in a phase I/II trial in combination
with Azacitidine in patients with MDS (NCT01926587), two CRs (12.5%) were reported
and the phase II trial is ongoing [61]. Currently, two phase I/II trials with Rigosertib as
monotherapy are planned, recruiting participants against recessive dystrophic epidermoly-
sis bullosa (NCT03786237 and NCT04177498), and also a phase I study in patients with
non-small-cell lung cancer with Rigosertib in combination with nivolumab is recruiting
participants (NCT04263090).
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3.2.3. GSK461364

GSK461364 is a thiophene amide that inhibits Plk1 with an IC50 of 7 nM in vitro, and
it was developed by GlaxoSmithKline [62]. GSK461364 entered a phase I trial for the
treatment of advanced solid malignancies as monotherapy (NCT00536835). No objective
responses were reported, and only six stable diseases (SD, 15%) were observed in patients
with esophageal, endometrial carcinoma, and ovarian cancers, all treated with doses at
or above the MTD [63]. The most common AEs were infusion site reactions and phlebitis,
and due to the high incidence of venous thromboembolism (20%) no further development
is planned.

3.2.4. MK-1496

MK-1496, developed by Merck Sharp & Dohme Corp., has completed a phase I trial as
monotherapy for the treatment of advanced solid tumors in 2009 (NCT00880568). The MTD
was determined as 80 mg/m2, and reversible hematotoxicity was the main side effect [64].
Two PRs (11.8%) were reported in patients with parotid gland carcinoma and small-cell
lung cancer, but no further development is planned for MK-1496.

3.2.5. TAK-960

TAK-960, developed by Millennium Pharmaceuticals, inhibits Plk1 with an IC50 of
2 nM in vitro [65]. TAK-960 has demonstrated substantial antitumor activity in various hu-
man cancer models [66]. A phase I trial was started in 2010 with TAK-960 as monotherapy
for the treatment of advanced nonhematologic malignancies (NCT01179399), but has been
terminated early due to lack of efficacy, and further development has been halted.

3.2.6. NMS-1286937 (Onvansertib)

Onvansertib, from Nerviano Medical Sciences, is another potent Plk1 inhibitor with
an IC50 of 2 nM in vitro [67]. In a phase I trial as monotherapy, the best response was SD
(26%) in patients with colorectal cancer, pancreatic carcinoma with a K-RAS mutation, head
and neck squamous cell carcinoma, and basal cell carcinoma (NCT01014429) [68]. Despite
the lack of efficacy as a monotherapy, three phase I/II studies are currently recruiting
participants: one for AML in combination with decitabine or cytarabine (NCT03303339),
one for metastatic prostate cancer in combination with FOLFIRI (folinic acid, fluorouracil,
and irinotecan) and bevacizumab (NCT03829410), and one for metastatic colorectal cancer
with a KRAS mutation in combination with abiraterone and prednisone (NCT03414034).

3.2.7. TKM-080301

TKM-080301 is distinctive among the anti-Plk1 since it is a lipid nanoparticle formula-
tion of an siRNA targeting the Plk1 gene transcript. Phase I/II studies on TKM-080301 as
monotherapy in patients with advanced hepatocellular carcinomas (HCC, NCT02191878),
adrenocortical cancer (ACC, NCT01262235) and other solid tumors (NCT01437007) were
completed. TKM-080301 was generally well tolerated, but did not demonstrate clinical
antitumor activity against HCC. However, it showed a better response against ACC with a
PR (12.5%) reported, and further clinical evaluation is warranted [69,70].

3.2.8. CYC 140

CYC 140, from Cyclacel Pharmaceuticals, inhibits Plk1 with an IC50 of 3 nM in vitro,
and has demonstrated antitumor activity in human tumor xenografts at non-toxic doses [71].
CYC 140 is the most recent Plk1 inhibitor in clinical trials, and a phase I study using
it against hematological malignancies as monotherapy is currently recruiting partici-
pants (NCT03884829).
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The AEs associated with Plk1 inhibitors were mainly hematological, namely, neu-
tropenia and thrombocytopenia, but the safety profile of most molecules was considered
acceptable and manageable. The efficacy outcomes in patients with solid tumors were
modest, either as monotherapy or in combinational treatments. Inhibition of Plk1 has been
suggested to be more effective in tumors with high levels of Plk1 and mutated p53, thus
selection of patients with these tumor characteristics may improve the clinical outcomes of
Plk1 inhibitors against solid tumors [74,75]. Interestingly, better responses were achieved in
patients with hematological tumors, especially against AML and MDS, with Volasertib and
Rigosertib, respectively, representing the most promising molecules among Plk1 inhibitors.
Both inhibitors have demonstrated antitumor activity as a monotherapy, which was im-
proved when combined with other chemotherapeutic drugs. Therefore, future efforts
should focus on combinational treatments in order to increase efficacy while reducing
drug dosage, DLTs, and development of resistance. Additionally, further investigation of
biomarkers that predict small molecule efficiency towards inhibiting Plk1 is needed.

4. Aurora Kinases

Aurora kinases A, B, and C (AurA, AurB, and AurC) are a family of serine/threonine
kinases that play critical functions during mitosis. AurA is implicated in centrosome matu-
ration and separation, cytokinesis, and bipolar spindle assembly, whereas AurB is involved
in chromosome condensation and alignment, kinetochore–microtubule attachments, SAC
activation, and cytokinesis [76,77]. All Aurora family members are overexpressed in several
tumors, and have been related to improving the survival and proliferation of tumor cells [77].
The inhibition of AurA and AurB results in cell death through different mechanisms. AurB
inhibition leads to defects in kinetochore–microtubule attachments that override the SAC,
resulting in extensive aneuploidy and cell death [78,79]. In contrast, inhibition of AurA
provokes a shortened and disorganized microtubule spindle, inducing a transient SAC
activation and subsequent mitotic arrest, followed by mitotic exit and apoptosis [80,81]. For
these reasons, Aurora kinases were seen as attractive targets for cancer therapy. Therefore,
several small molecules with broad-spectrum inhibition activity against Aurora kinases
have been developed in pre-clinical studies, known as pan-Aurora inhibitors. Twelve com-
pounds have reached clinical trials: VX-680 (Tozasertib), CYC 116, PHA739358 (Danusertib),
SNS-314 Mesylate, PF-03814735, AS703569 (Cenisertib), TAK-901, ABT-348 (Ilorasertib),
AMG-900, GSK1070916 (NIM-900), AT9283, and BI-847325 (Figure 1 and Table 3).

4.1. Pan-Aurora Inhibitors

4.1.1. ABT-348 (Ilorasertib)

Ilorasertib was reported to inhibit AurA with an IC50 of 120 nM, AurB with an IC50
of 7 nM, and AurC with an IC50 of 1nM, in vitro, and is also able to inhibit the VEGF [82].
At least four phase I/II trials have been initiated with Ilorasertib against solid and hema-
tological tumors. A phase I trial was conducted with patients with solid tumors in which
Ilorasertib was administered as single agent, or in combination with Docetaxel or Carbo-
platin (NCT01110486). However, only the outcomes as monotherapy were published. In
total, 10% of patients experienced a total of ten DLTs, and the study was terminated by
strategic decision of the sponsor without establishment of MTD. Nevertheless, two PRs
(2.4%) were reported in patients with basal cell carcinoma and adenocarcinoma [83]. In a
phase I trial in patients with hematological tumors, Ilorasertib was administered in combi-
nation with Azacitidine (NCT01110473). The DLTs observed were pancreatitis, acute kidney
injury, and hypertension. Among the fifty-two patients, twelve had SD as the best response,
and three objective responses (CR, CRi, and PR) were reported in patients with AML [84].
Currently, a phase II trial is ongoing with Ilorasertib as a single agent (NCT02478320).

4.1.2. AS703569/MSC1992371A (Cenisertib)

Cenisertib displays a broad inhibitory activity against a number of kinases, including
AurA and B [85]. A phase I trial using it as monotherapy was conducted in patients with
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solid tumors (NCT00391521). Neutropenia, febrile neutropenia, and thrombocytopenia
were the most common DLTs observed, and no objective responses were observed [86].
In another phase I trial with patients with solid tumors, Cenisertib was administered in
combination with Gemcitabine (NCT01097512). The MTD was 37 mg/m2 of Cenisertib
with the standard 1000 mg/m2 of Gemcitabine, and neutropenia was the main DLT re-
ported. The best response observed was two PRs (3%) in patients with non-small-cell
lung cancer and hepatocellular carcinoma [87]. A phase I trial was also conducted with
patients with hematological malignancies with Cenisertib as single agent in two schedules
(NCT01080664). In the first schedule, Cenisertib was given on days 1–3 and 8–10, and in
the second schedule on days 1–6, both in a 21-day cycle. The MTDs were established as
37 mg/m2 and 28 mg/m2 for the first and second schedules, respectively. The DLTs re-
ported were severe neutropenia with infection and sepsis, mucositis, and diarrhea. Overall,
two CRs (2.7%) were observed in patients with AML, and a CRi (1.3%) was reported in a
patient with acute lymphoid leukemia with Philadelphia chromosome [88].

4.1.3. VX-680 (Tozasertib)

Tozasertib, also known as VX-680 or MK-0457, was developed by Merck Sharp &
Dohme Corp., and was shown to inhibit AurA with an IC50 of 0.6 nM, AurB with an IC50 of
18 nM, and AurC with an IC50 of 4.6 nM, in vitro [89]. Tozasertib has entered five trials as
monotherapy against solid and hematological tumors, and in combination with Dasatinib
in patients with chronic myeloid leukemia and Philadelphia chromosome-positive acute
lymphoblastic leukemia (NCT00500006). In the first-in-human study in patients with
solid tumors (NCT02532868), the MTD was identified as 64 mg/m2, and Tozasertib was
generally well tolerated, with neutropenia and a herpes zoster reactivation being the DLTs
observed. No objective responses were reported, and twelve patients (44.4%) had SD as
best response [90]. The best response to Tozasertib treatment was observed in a trial with
patients with leukemia (NCT00111683), in which a CR (1.3%) was reported in a patient
with chronic myeloid leukemia [91].

4.1.4. BI-847325

BI-847325, from Boehringer Ingelheim, is a potent inhibitor of all Aurora family
members as well as MEK1/2 kinases [92]. A phase I study with BI-847325 as the single agent
in patients with solid tumors was initiated in 2011 (NCT01324830). The DLTs observed
were primarily hematological (neutropenia, febrile neutropenia, and thrombocytopenia)
and gastrointestinal (vomiting and diarrhea). In total, 45% of patients had SD as the best
response, and one PR (1.4%) was reported in a patient with squamous cell carcinoma of the
esophagus [93].

4.1.5. AT9283

AT9283, from Astex Pharmaceuticals, inhibits AurA and AurB with an IC50 of 3 nM
in vitro. Additionally, AT9283 was also found to inhibit other kinases including JAK2, Flt3,
and Abl (T315I) [94]. At least five trials have been completed with AT9283 as monotherapy.
A phase I trial in patients with solid tumors or non-Hodgkin’s lymphoma was started in
2007 (NCT00443976). The MTD was determined to be 47 mg/m2/day, and febrile neu-
tropenia and wound infection were the DLTs observed. Four patients (12.5%) achieved SD
as best response and one PR (3.1%) was reported in a patient with squamous cell carcinoma
of the anal canal [95]. In a phase II trial with patients with leukemia or myelofibrosis
(NCT00522990), the MTD was established as 324 mg/m2/72h, and tolerability was strongly
dose-dependent. No CR or PR were observed [96]. A phase I trial was conducted in chil-
dren and adolescents with solid tumors (NCT00985868). The MTD was 18.5 mg/m2/day,
and the most common DLTs observed were neutropenia and febrile neutropenia. The
best response reported was a PR (4.3%) in a patient with central nervous system-primitive
neuroectodermal tumor [97].
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4.1.6. AMG-900

AMG-900, developed by Amgen, inhibits Aurora A, B, and C in vitro, with IC50 values of
5 nM, 4 nM, and 1 nM, respectively [98]. The first-in-human trial of AMG-900 was conducted
in patients with solid tumors (NCT00858377). The MTD was 25 mg/day, and neutropenia was
the most common DLT observed. Consequently, G-CSF support was included in treatment
regimen, and the MTD was established as a higher dose of 40 mg/day. In total, 56% of the
patients had SD and one PR (2.4%) was reported in a patient with clear-cell endometrial
cancer [99]. In a phase I trial against AML (NCT01380756) with AMG-900 as monotherapy,
the most common AEs were nausea, diarrhea, and febrile neutropenia. Three patients had a
best response of CRi (9%) and no other responses were observed [100].

4.1.7. PHA739358 (Danusertib)

Danusertib is a pyrrolo-pyrazole developed by Nerviano Medical Sciences, and in-
hibits AurA with an IC50 of 13 nM, AurB with an IC50 of 79 nM, and AurC with an IC50
of 61 nM, in vitro [101]. A phase II trial in patients with multiple myeloma was termi-
nated earlier due to low recruitment rate (NCT00872300). Another phase II trial with
Danusertib as single agent against metastatic hormone-refractory prostate cancer was
completed (NCT00766324). Danusertib was generally well tolerated with neutropenia and
fatigue being the most common AEs observed. No objective responses were observed, and
21 (25.9%) patients achieved SD as the best response [102].

4.1.8. SNS-314 Mesylate

SNS-314 Mesylate, from Sunesis Pharmaceuticals, inhibits AurA with an IC50 of 9 nM,
AurB with an IC50 of 31 nM, and AurC with an IC50 of 3 nM, in vitro [103]. SNS-314
Mesylate entered a phase I trial (NCT00519662) in patients with solid tumors as a single
agent. It was generally well tolerated, with nausea, fatigue, vomiting, constipation, and
pain being the most AEs commonly observed. In total, 18.8% of patients had SD as the best
response, and no objective responses were reported [104].

4.1.9. TAK-901

TAK-901 was developed by Millennium Pharmaceuticals (Takeda) and inhibits AurA
and B in vitro, with IC50 values of 21 nM and 15 nM, respectively [105]. TAK-901 en-
tered two phase I trials for solid and hematological malignancies (NCT00935844 and
NCT00807677). Both trials were completed but no data are available yet.

4.1.10. CYC116

CYC116, from Cyclacel Pharmaceuticals, inhibits AurA with a Ki of 8 nM and AurB
with a Ki of 9.2 nM, and showed antitumor activity in vivo [106]. CYC116 entered a phase
I trial in patients with solid tumors as monotherapy (NCT00560716); however, the study
was terminated early by sponsor decision.

4.1.11. GSK1070916 (NIM-900)

GSK1070916, also known as NIM-900, is a potent Aurora B and C inhibitor, with
IC50 values of 5 nM and 6.5 nM, respectively, in vitro [107]. A phase I trial in patients
with advanced solid tumors was completed in 2013 with GSK1070916 as monotherapy
(NCT01118611), but the outcomes are not published yet.

4.1.12. PF-03814735

PF-03814735, developed by Pfizer, is a potent Aurora A and B inhibitor with IC50
values of 0.8 nM and 5 nM, respectively, in vitro [108]. PF-03814735 entered a phase I
trial against solid tumors as a single agent (NCT00424632). The DLTs observed were neu-
tropenia, febrile neutropenia, increase in aspartate amino transferase, and left ventricular
dysfunction. No objective responses were reported, with 35.5% of patients achieving SD as
the best response [109].
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4.2. Aurora B inhibitors

In addition to inhibitors with a broad-spectrum for Aurora kinases, several small
molecules have been developed with selectivity to each Aurora family member. Four
AurB-specific inhibitors (Chiauranib, AZD1152 or Barasertib, BI-811283, and BI-831266)
have entered clinical trials for the treatment of solid and hematological tumors (Figure 1
and Table 4).

4.2.1. AZD1152 (Barasertib)

Barasertib, from AstraZeneca, is a potent AurB inhibitor with an IC50 of 0.37 nM
in vitro [111]. Barasertib entered at least ten clinical trials for the treatment of solid and
hematological tumors. A phase I trial as single agent was conducted in patients with solid
tumors (NCT00338182). Fatigue, neutropenia, and nausea were the most common AEs,
and neutropenia was the main DLT observed. No objective responses were reported, and
26.5% of patients had SD as the best response [112]. In another phase I trial with patients
with solid tumors (NCT00497731), the outcomes were similar to the previous study, in
which neutropenia was the main DLT observed and the best response reported was SD
in 25.5% of patients [113]. Despite the lack of efficacy in solid tumors, Barasertib demon-
strated better antitumor activity in patients with AML. In a phase I/II trial (NCT00497991)
using it as a single agent, the MTD was established as 1200 mg, with febrile neutrope-
nia and stomatitis/mucosal inflammation being the most common AEs observed. Six-
teen (25%) objective responses were observed, including three CRs, six CRi, and seven
PRs [114]. Furthermore, additional responses (CR, CRi, or PR) were reported in other
trials (NCT00530699, NCT00952588, and NCT01019161) with Barasertib as a single agent
in patients with AML [115–117]. Another phase I trial was conducted in AML patients in
combination with low doses of Cytarabine (NCT00926731). The MTD was established as
1000 mg of Barasertib and 400 mg of Cytarabine, with the most common AEs being febrile
neutropenia, nausea, diarrhea, peripheral edema, and stomatitis. Ten patients (45%) had
a response to treatment, including six CR, two CRi, and two PRs [118]. A phase I/II trial
with AML patients is currently recruiting participants with Barasertib as a single agent,
or in combination with Venetoclax and Azacitidine (NCT03217838). A phase II trial was
also conducted with patients with diffuse large B-cell lymphoma (NCT01354392) with
Barasertib as a single agent. Patients received up to six cycles of 800 mg of Barasertib
starting on day 1 of the 21-day cycle, and G-CSF support was added to the regimen if
grade 3 or higher neutropenia occurred. The most common AEs were neutropenia, nausea,
diarrhea, anemia, fatigue, and mucositis. In total, 33% of patients had SD and three PRs
(20%) were reported [119].

4.2.2. BI-831266

BI-831266 inhibits AurB with an IC50 of 42 nM in vitro and has demonstrated antitu-
mor activity in murine xenograft tumor models [120]. A phase I trial as monotherapy was
conducted with patients with solid tumors (NCT00756223). The most common AEs were
fatigue, neutropenia, and alopecia, with febrile neutropenia being the only DLT observed.
In total, 16% of patients had SD, and one PR (4%) was reported in a patient with cervical
cancer [121].

4.2.3. BI-811283

BI-811283 is another small molecule developed by Boehringer Ingelheim that inhibits
AurB with an IC50 of 9 nM in vitro [122]. A phase I study with patients with solid tumors
was completed with BI-811283 as a single agent (NCT00701324). The DLTs observed
were mainly hematological, including neutropenia and thrombocytopenia. No objective
responses were reported, and 37% of patients had SD as the best response [123]. Better
results were observed in a phase II trial with BI-811283 in combination with a low dose
of cytarabine in AML patients (NCT00632749). MTD was established as 100 mg of BI-
811283, with anemia, nausea, pyrexia, and febrile neutropenia being the most common
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AEs observed. In total, 14% of patients showed treatment responses, including seven CR,
one CRi, and one PR [124].

4.2.4. Chiauranib

Chiauranib, developed by Chipscreen Biosciences, is a potent AurB inhibitor with
an IC50 of 9 nM in vitro. Chiauranib also exerts an inhibitory activity against VEGF
receptors and the colony-stimulating receptor 1 (CSF-1R), and is the most recent AurB
inhibitor tested in trials [125]. A phase I trial monotherapy was conducted with patients
with solid tumors (NCT02122809). Chiauranib was generally well tolerated, with fatigue,
proteinuria, hematuria, hypothyroidism, hypertriglyceridemia, and hypertension being the
most common AEs observed. No objective responses were observed, with 66.7% of patients
achieving SD as best response [126]. Currently, a phase II trial is ongoing with ovarian
cancer patients (NCT03901118), and another three phase I/II studies are planned, recruiting
participants with hepatocellular carcinoma (NCT03245190), non-Hodgkin’s lymphoma
(NCT03974243), and small-cell lung cancer (NCT03216343).

4.3. Aurora A inhibitors

Inhibitors with selectivity to AurA were also developed. In fact, more AurA inhibitors
have reached clinical trials than AurB inhibitors, including MLN8237 (Alisertib), LY3295668
(Erbumine), TAS-119, ENMD-2076, MK-5108/VX-689, KW-2449, and MLN8054. At least
seventy-three trials involving these compounds have been initiated for the treatment of
solid and hematological tumors (Figure 1 and Table 5).

4.3.1. MLN8237 (Alisertib)

Alisertib is a potent oral AurA inhibitor with an IC50 of 1.2 nM in vitro [127]. Alis-
ertib has been extensively tested in clinical trials, with at least fifty-four trials initiated
as monotherapy, and in several combinational treatments against solid and hematologi-
cal tumors.

The first-in-human trial was conducted in patients with solid tumors with Alisertib
as a single agent (NCT00500903). Patients were administered orally with Alisertib for
7, 14, or 21 consecutive days, followed by a 14-day recovery period. MTD was estab-
lished as 50 mg twice a day for 7 consecutive days, and the main DLTs observed were
neutropenia and thrombocytopenia. Alisertib was generally well tolerated, with 38% of
patients achieving SD as the best response, and one PR (1.1%) was reported in a patient
with platinum- and radiation-refractory ovarian cancer lasting for more than one year [128].
These results prompted the undertaking of more trials with Alisertib as a single agent in
patients with solid tumors. Objective responses were reported. In a phase II trial in patients
with ovarian, fallopian tube, or peritoneal carcinoma (NCT00853307), two (6%) PRs were
reported in patients with ovarian carcinoma [129]. In two phase II trials in patients with
metastatic sarcoma (NCT01653028) and metastatic castrate-resistant and neuroendocrine
prostate cancer (NCT01799278), two PRs in each study (2.7% and 3.3%, respectively) were
reported [130,131]. Additionally, several studies tested the combination of Alisertib with
taxane drugs (Paclitaxel and Docetaxel) in patients with solid tumors. A phase I/II trial was
conducted in patients with breast or ovarian carcinoma, who received Alisertib in combina-
tion with Paclitaxel or Paclitaxel alone (NCT01091428). The MTD was established as 10 mg
of Alisertib twice a day plus 80 mg/m2 of Paclitaxel. Febrile neutropenia, neutropenia,
stomatitis, and diarrhea were the DLTs observed, although this combination has demon-
strated a manageable safety profile. Seven CRs (11%) and 23 PRs (37%) were reported in
the combinational treatment schedule, representing a 10% improvement in the ORR, in
comparison to Paclitaxel as single agent (30% vs. 20%) [132]. More objective responses with
Alisertib in combination with Paclitaxel were also reported in other solid tumors. For in-
stance, in a phase II trial for the treatment of small-cell lung cancer (NCT02038647), nineteen
PRs (21%) and one CR were reported (1.1%), and in a phase II with urothelial cancer patients
(NCT02109328), two PRs (9.1%) were observed [133,134]. The efficacy outcomes of a phase
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I trial which combined Alisertib with Docetaxel in solid tumor patients (NCT01094288)
were similar to those for the combination with Paclitaxel, in which seven PRs (25%) were
reported in patients with angiosarcoma and castration-resistant prostate cancer, and a CR
(3,6%) was observed in a patient with bladder cancer [135]. Furthermore, additional PRs in
patients with solid tumors were reported with Alisertib in combination with other drugs,
such as Pazopanib against breast cancer and mesothelioma (7%, NCT01639911), Irinotecan
and Temozolomide against neuroblastoma (12.5%, NCT01601535), Oxaliplatin, Leucovorin,
and Fluorouracil against colorectal cancer (8.3%, NCT02319018), and Fulvestrant against
lobular ER+/PR+/HER2-breast cancer (22.2%, NCT02219789) [136–139]. Currently, several
phase I/II trials are ongoing, namely, with lung cancer and mesothelioma patients treated
with Alisertib as single agent (NCT02293005), with solid tumor patients in combination
with Gemcitabine (NCT01924260), with breast cancer patients in combination with Pa-
clitaxel (NCT02187991), and with solid tumor and breast cancer patients in combination
with MLN0128 (NCT02719691). Additionally, other trials are recruiting participants for
the treatment of head and neck squamous cell carcinoma and malignant solid neoplasm
with Alisertib in combination with Pembrolizumab (NCT04555837), and non-small-cell
lung cancer (NCT04479306) and EGFR-mutant lung cancer (NCT04085315) with Alisertib
in combination with Pembrolizumab.

The clinical trial results of Alisertib against hematological tumors were also very
promising. A phase I monotherapy study was conducted (NCT00697346). The recom-
mended phase II dose was 50 mg twice a day for 7 days, followed by a recovery period
of 14 days, in a 21-day cycle. The DLTs observed were mainly hematological, including
neutropenia, febrile neutropenia, and thrombocytopenia, with 9% of patients who had
their treatment discontinued due to AEs. However, Alisertib was generally well toler-
ated at the recommended phase II dose. In total, 27.6% of patients had SD as the best
response, and six PRs (12.8%) were reported in patients with follicular lymphoma, multiple
myeloma, peripheral T-cell lymphoma, and diffuse large B-cell lymphoma [140]. These
results encouraged the use of Alisertib in a phase II study in patients with T-cell lymphoma
as monotherapy (NCT01466881). Patients received the recommended phase II dose estab-
lished in the previous study. The most common grade 3 or higher AEs were neutropenia,
anemia, and thrombocytopenia. In total, 18.9% of patients had SD, and the best responses
observed were two CRs (5.4%) and seven PRs (18.9%) [141]. Based on the efficacy results
observed in this study, a phase III trial (NCT01482962) was conducted in patients with
peripheral T-cell lymphoma, in which Alisertib efficacy as a single agent was evaluated
and compared to a comparator (Pralatrexate, Gemcitabine, or Romidepsin). Despite the
ORR with Alisertib being 33% (18 CRs and 16 PRs), it was not statistically significantly
superior to the comparator arm [142]. However, objective responses were reported in
other hematological tumors too. In a phase II trial with non-Hodgkin lymphoma patients
treated with Alisertib as a single agent (NCT00807495), 10% of patients had CR and 17%
had PR [143]. In a phase I/II trial conducted in patients with non-Hodgkin lymphomas
(NCT01397825), treated with Alisertib in combination with Rituximab or with Rituximab
plus Vincristine, 38% ORR was observed, including seven CRs and seven PRs [144]. Addi-
tionally, six PRs (23%) were observed in a phase I/II trial with multiple myeloma patients
(NCT01034553) treated with Alisertib in combination with Bortezomib [145]. In a phase II
trial in patients with AML (NCT02560025), treated with Alisertib combined with induc-
tion chemotherapy (Daunorubicin or Idarubicin plus Cytarabine), 51% of patients had
CR and five CRi (13%) were also reported [146]. Currently, a phase I trial is ongoing in
patients with non-Hodgkin lymphomas, with Alisertib in combination with Bortezomib
and Rituximab (NCT01695941).
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Alisertib was also evaluated in children with solid and hematological tumors. A
phase I trial was conducted in pediatric patients with solid tumors, with Alisertib as
single agent (NCT02444884). Neutropenia was the most common DLT observed, and the
MTD was established as 80 mg/m2 once daily for 7 days followed by 2 weeks rest in a
21-day cycle. In total, 18% of patients had SD and one PR (3%) was reported in a patient
with hepatoblastoma [147]. A phase II trial combined Alisertib with Paclitaxel in patients
with solid tumors or leukemia (NCT01154816). The most common AEs were neutropenia,
anemia, leukopenia, and thrombocytopenia. One CR (0.7%) and two PRs (1.5%) were
observed in patients with neuroblastoma and another patient with Wilms tumor also had
a CR [148]. Currently, a phase II trial using Alisertib as a single agent against rhabdoid
tumor is recruiting participants (NCT02114229).

4.3.2. ENMD-2076

ENMD-2076 is an orally administered AurA inhibitor with an IC50 of 14 nM, and is
also capable of inhibiting multiple tyrosine kinases in vitro [149]. ENMD-2076 entered eight
phase I/II trials for the treatment of solid and hematological tumors, all as monotherapy.
The first-in-human trial was conducted in patients with solid tumors (NCT00658671). MTD
was established as 160 mg/m2, and the DLTs observed were neutropenia and hypertension.
In total, 85% of patients achieved SD as the best response, and two PRs (3%) were reported
in patients with platinum-refractory/resistant ovarian cancer [150]. These results prompted
the conduction of two phase II studies with ENMD-2076 in patients with ovarian cancer.
Overall, ENMD-2076 was well tolerated, with hypertension and diarrhea being the most
common AEs in both studies. In the first trial (NCT01104675), with patients with platinum-
refractory/resistant ovarian cancer, the majority of patients (52%) had progressive diseases,
although five PRs (8%) were reported [151], whereas in the other study (NCT01914510),
with patients with clear-cell ovarian cancer, 55% of patients achieved SD and two PRs (7.9%)
were observed [152]. Additional objective responses were also observed in other tumors. A
phase II trial was conducted in patients with soft tissue sarcoma (NCT01719744), in which
35% of patients had SD and two PRs (9%) were reported in patients with angiosarcoma
and undifferentiated pleomorphic sarcoma [153]. In a phase II trial with triple-negative
breast cancer patients (NCT01639248), 38.9% of patients had SD and two PRs (5.2%) were
reported [154]. Furthermore, in a phase II trial with fibrolamellar carcinoma patients
(NCT02234986), one PR (3%) was reported and 57% of patients had SD [155]. Additionally,
ENMD-2076 entered two trials against hematological tumors. A phase I trial with patients
with AML or chronic myelomonocytic leukemia was completed in 2011 (NCT00904787).
MTD was established as 225 mg once a day, with typhilis, fatigue, syncope, and QTc
prolongation being the DLTs observed. The best response was observed in three patients
who had CRi (19%) [156].

4.3.3. LY3295668 (Erbumine)

LY3295668 is a potent AurA inhibitor with an IC50 of 1.12 nM in vitro, and it has
demonstrated antitumor activity in xenograft cancer models [80]. LY3295668 is the most
recently tested inhibitor in clinical trials, with two trials completed. The first-in-human trial
with LY3295668 as monotherapy was conducted in patients with solid tumors (NCT03092934).
MTD was 25 mg twice a day, with diarrhea, corneal deposits, and mucositis being the DLTs
observed. The best response was SD achieved in 69% of patients [157]. The other phase
I/II study, with metastatic breast cancer patients, was completed in 2020; the results are yet
to be announced (NCT03955939). Currently, a phase I trial is ongoing for the treatment of
small-cell lung cancer (NCT03898791) with LY3295668 as monotherapy, and another phase
I study with LY3295668 in combination with Topotecan and Cyclophosphamide in patients
with neuroblastoma is recruiting participants (NCT04106219).
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4.3.4. MLN8054

MLN8054, from Millennium Pharmaceuticals, inhibits AurA with an IC50 of 4 nM
in vitro [158]. The first-in-human trial was conducted with patients with solid tumors
(NCT00249301), in which MLN8054 was given orally for 7, 14, or 21 days, followed by a
14-day recovery period. The MTD was 60 mg, with the most common DLT observed being
somnolence. No objective responses were observed, and 15% of patients had SD as the best
response [159]. In another phase I trial with patients with solid tumors (NCT00652158), the
efficacy outcomes were similar, in which the best response observed was SD [160].

4.3.5. MK-5108 (VX-689)

MK-5108, from Merck Sharp & Dohme, is a highly potent AurA inhibitor with an
IC50 of 0.064 nM in vitro [161]. A phase I trial was conducted in patients with solid tu-
mors, in which MK-5108 was given as single agent and in combination with Docetaxel
(NCT00543387). Its MTD as a single agent was not established because no patients experi-
enced a DLT, whereas the MTD of the combinational treatment was 300 mg/day. Overall,
the drug-related AEs were mainly blood and lymphatic system disorders. No objective
responses were reported with MK-5108 as a single agent. However, a PR (5.9%) was
observed in a patient who received 450mg/day and a standard dose of Docetaxel [162].

4.3.6. TAS-119

TAS-119, developed by Taiho Oncology, is a potent AurA inhibitor with an IC50
of 1 nM in vitro [163]. The first-in-human phase I study with TAS-119 as monotherapy
was conducted in patients with solid tumors (NCT02448589). The MTD was established
as 250 mg twice a day, with fatigue, pain, and diarrhea being the most common AEs
observed. No objective responses were observed, and 35% of patients had SD as the best
response [164]. In a phase I trial for the treatment of solid tumors, TAS-119 was given in
combination with Paclitaxel (NCT02134067). The MTD was established as 80 mg/m2 of
Paclitaxel with 75 mg of TAS-119 twice a day. Neutropenia and elevated AST were the
DLTs observed. In total, 45% of patients had SD, and four PRs (15.4%) were reported in
patients with ovarian/fallopian tube cancers [165].

4.3.7. KW-2449

KW-2449, developed by Kyowa Kirin Pharmaceutical Development, is a multikinase
inhibitor, active against AurA with an IC50 of 48 nM in vitro [166]. KW-2449 entered two
phase I trials with patients with hematological tumors. However, both were terminated due
to a suboptimal dosing schedule and failure to identify a tolerable dose that had potential
efficacy (NCT00346632 and NCT00779480).
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In summary, considering all Aurora inhibitors, either those with broad-spectrum or
with selective activity, the AEs observed were mainly hematological, primarily neutropenia,
which was manageable through G-CSF support. As to pan-Aurora inhibitors, the major-
ity of small molecules were used as monotherapy and demonstrated a poor or modest
efficacy in solid and hematological tumors, except for the clinical trials with Cenisertib
and Tozasertib, in which CRs were reported in patients with leukemia. CRs in leukemia
patients were also observed with Ilorasertib in combination with Azacitidine. Similar
efficacy results were observed with the AurB-selective inhibitors. The best responses were
achieved in patients with AML with Barasertib as monotherapy and in combination with
Cytarabine, while in patients with solid tumors, all inhibitors showed modest efficacy.
AurA inhibitors have demonstrated better responses in patients with solid tumors compar-
atively to AurB and pan-Aurora inhibitors, especially with Alisertib. Even so, the efficacy
outcomes of AurA inhibitors were better in hematological tumors than in solid tumors.
There is a substantial debate as to whether it is more efficient to inhibit AurA, AurB, or
both simultaneously. A pre-clinical study in pancreatic cancer cells has pointed to AurA
as a better target than AurB [168]. However, another pre-clinical study has demonstrated
that colon cancer cells were more sensitive to AurB inhibition compared to AurA [78]. In
fact, the molecule with better efficacy outcomes in trials was the AurA inhibitor Alisertib,
but both strategies have demonstrated antitumor activity, especially against hematological
tumors. Perhaps, some tumors may be more sensitive to inhibition of one of the two
kinases, but further studies are required to address this question. An important aspect of
Aurora kinase inhibition is the existence of biomarkers that permit access to its cellular
activity, such as histone H3 phosphorylation or autophosphorylation on T288 of AurA,
enabling one to verify whether the inhibitors are efficiently targeting the kinases [169]. In
sum, either AurA or AurB inhibition seem to be sustainable approaches for cancer therapy
that could be improved in combination with other drugs.

5. CENP-E Kinesin

Centromere-associated protein E (CENP-E) is a plus end-directed motor protein that
plays a crucial role in cytokinesis, chromosome congression and alignment, and in SAC
signaling through modulation of BubR1 function [170–172]. Inhibition of CENP-E results
in mitotic arrest due to unaligned chromosomes, which activates the SAC and has demon-
strated antitumor activity in human cancer models [173–175]. Some CENP-E inhibitors
have been tested in pre-clinical studies, but only one small molecule, GSK923295, has
reached clinical trials (Figure 1 and Table 6). GSK923295 is an allosteric inhibitor of CENP-
E with an IC50 of 1.6 nM in vitro [176]. In the phase I trial (NCT00504790), the MTD
was established as 190 mg/m2 [177]. GSK923295 was generally well tolerated; the most
common AEs were fatigue, diarrhea, and decreased appetite. Five patients (12.8%) experi-
enced DLTs such as increase in aspartate aminotransferase (AST), fatigue, hypoxia, and
hypokalemia [177]. Antitumor activity was modest, and the best response was one PR (3%)
in a patient with urothelial carcinoma treated with a dose above the MTD (250 mg/m2),
and 33% had SD [177]. More studies are needed to overcome the challenges of using the
CENP-E inhibition approach, in order to develop novel CENP-E inhibitors and to test
combinational treatments with other drugs for possible synergistic effects.

Table 6. CENP-E inhibitors in clinical trials 1.

Compound Clinical Trials Current Status Conditions Interventions Outcomes 2 Ref.

GSK923295
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GSK923295

NCT00504790 
Phase I 

Completed 
Refractory Cancer Monotherapy 

Best response was PR for 
urothelial carcinoma 

[177]

1 Data collected from clinicaltrials.gov. 2 PR, partial response. 

6. Eg-5 Kinesin 
Eg-5 kinesin is a plus end-directed motor protein that plays a critical role in bipolar 

spindle assembly [178,179]. The inhibition of Eg-5 results in monopolar spindles, which 
leads to SAC activation and mitotic arrest, and has demonstrated antitumor activity in 
human xenografts models [180–182]. Together with its overexpression in several tumors, 
this makes Eg-5 an attractive target for cancer therapy [183–186]. Conversely to the kinesin 
CENP-E, ten Eg-5 inhibitors have reached clinical trials: 4SC-205, ARRY-520 (Filanesib), 
AZD4877, MK-0731, SB-715992 (Ispinesib), LY2523355 (Litronesib), SB-743921, EMD 
534085, ARQ 621, and ALN-VSP02 (Figure 1 and Table 7). Forty-five phase I/II trials 
against solid and hematological tumors, in monotherapy or in combinational treatments, 
have been completed or terminated. 

6.1. SB-715992 (Ispinesib) and SB-743921 
Ispinesib, developed by Cytokinetics and GlaxoSmithKline, was the first Eg-5 inhib-

itor to enter clinical trials. Thirteen studies have been completed or terminated as mono-
therapy against solid and hematological tumors, and three phase I/II trials in combination 
with Docetaxel (NCT00169520), Capecitabine (NCT00119171), and Carboplatin 
(NCT00136578) against solid tumors have also been completed [187–189]. In the phase I 
study in combination with Docetaxel, the MTD was established as 10 mg/m2 of Ispinesib 
and 60 mg/m2 of Docetaxel; prolonged neutropenia and febrile neutropenia were the DLTs 
observed, although the safety profile was considered acceptable and manageable [187]. 
Similar results were obtained with Carboplatin and Capecitabine, in which the best re-
sponse was SD, and the DLTs observed were thrombocytopenia and neutropenia, respec-
tively [188,189]. The efficacy outcomes with Ispinesib as monotherapy in patients with 
liver cancer (NCT00095992), metastatic prostate cancer (NCT00096499), recurrent or met-
astatic squamous cell carcinoma of the head and neck (NCT00095628), melanoma 
(NCT00095953), and metastatic kidney cancer (NCT00354250) were also disappointing, 
with SD being the best response [190–194]. Better results, although modest, were reported 
from trials against ovarian cancer (NCT00097409) and breast cancer (NCT00607841), in 
which PRs were observed in 5% and 6.7% of patients, respectively [195,196]. Additionally, 
a phase I trial on pediatric patients with relapsed or refractory solid tumors has also been 
initiated with Ispinesib as monotherapy (NCT00363272). Similarly to the previous studies, 
Ispinesib was well tolerated, but no objective responses were observed, and only three 
SDs (12.5%) were reported [197]. 

Meanwhile, another small molecule derived from Ispinesib, SB-743921, was discov-
ered, which exhibited a five-fold increase in potency against Eg-5 compared to Ispinesib, 
and reached two phase I/II trials, both already completed [198]. In the first-in-human trial 
(NCT00136513) in patients with solid tumors as monotherapy, the MTD was established 
as 4 mg/m2, and neutropenia was the most common DLT registered. Six patients (15%) 

NCT00504790
Phase I

Completed
Refractory

Cancer
Monotherapy

Best response
was PR for
urothelial
carcinoma

[177]

1 Data collected from clinicaltrials.gov. 2 PR, partial response.
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6. Eg-5 Kinesin

Eg-5 kinesin is a plus end-directed motor protein that plays a critical role in bipolar
spindle assembly [178,179]. The inhibition of Eg-5 results in monopolar spindles, which
leads to SAC activation and mitotic arrest, and has demonstrated antitumor activity in
human xenografts models [180–182]. Together with its overexpression in several tumors,
this makes Eg-5 an attractive target for cancer therapy [183–186]. Conversely to the kinesin
CENP-E, ten Eg-5 inhibitors have reached clinical trials: 4SC-205, ARRY-520 (Filanesib),
AZD4877, MK-0731, SB-715992 (Ispinesib), LY2523355 (Litronesib), SB-743921, EMD 534085,
ARQ 621, and ALN-VSP02 (Figure 1 and Table 7). Forty-five phase I/II trials against solid
and hematological tumors, in monotherapy or in combinational treatments, have been
completed or terminated.

6.1. SB-715992 (Ispinesib) and SB-743921

Ispinesib, developed by Cytokinetics and GlaxoSmithKline, was the first Eg-5 in-
hibitor to enter clinical trials. Thirteen studies have been completed or terminated as
monotherapy against solid and hematological tumors, and three phase I/II trials in com-
bination with Docetaxel (NCT00169520), Capecitabine (NCT00119171), and Carboplatin
(NCT00136578) against solid tumors have also been completed [187–189]. In the phase I
study in combination with Docetaxel, the MTD was established as 10 mg/m2 of Ispine-
sib and 60 mg/m2 of Docetaxel; prolonged neutropenia and febrile neutropenia were
the DLTs observed, although the safety profile was considered acceptable and manage-
able [187]. Similar results were obtained with Carboplatin and Capecitabine, in which the
best response was SD, and the DLTs observed were thrombocytopenia and neutropenia,
respectively [188,189]. The efficacy outcomes with Ispinesib as monotherapy in patients
with liver cancer (NCT00095992), metastatic prostate cancer (NCT00096499), recurrent
or metastatic squamous cell carcinoma of the head and neck (NCT00095628), melanoma
(NCT00095953), and metastatic kidney cancer (NCT00354250) were also disappointing,
with SD being the best response [190–194]. Better results, although modest, were reported
from trials against ovarian cancer (NCT00097409) and breast cancer (NCT00607841), in
which PRs were observed in 5% and 6.7% of patients, respectively [195,196]. Additionally,
a phase I trial on pediatric patients with relapsed or refractory solid tumors has also been
initiated with Ispinesib as monotherapy (NCT00363272). Similarly to the previous studies,
Ispinesib was well tolerated, but no objective responses were observed, and only three SDs
(12.5%) were reported [197].

Meanwhile, another small molecule derived from Ispinesib, SB-743921, was discov-
ered, which exhibited a five-fold increase in potency against Eg-5 compared to Ispinesib,
and reached two phase I/II trials, both already completed [198]. In the first-in-human trial
(NCT00136513) in patients with solid tumors as monotherapy, the MTD was established
as 4 mg/m2, and neutropenia was the most common DLT registered. Six patients (15%)
showed SD as the best response and a PR was reported in a patient (2.3%) with cholangio-
carcinoma [199]. In another phase I/II trial with non-Hodgkin lymphoma and Hodgkin
lymphoma patients (NCT00343564), it was reported that DLT and MTD were significantly
increased when SB-743921 was co-administered with G-CSF [200]. In this study, four PRs
(7.1%) were reported: in three patients with Hodgkin lymphoma, and in one patient with
non-Hodgkin lymphoma [200].

6.2. ARRY-250 (Filanesib)

Filanesib is a potent Eg-5 inhibitor with an IC50 of 6 nM in vitro [201]. Eight phase
I/II studies have been completed in patients with solid and hematological tumors. In the
phase I trial (NCT00462358) with patients with solid tumors as monotherapy or with G-CSF
support (Filgrastim), the MTD was defined as 1.25 mg/m2 without prophylactic Filgrastim,
and as 1.60 mg/m2 in combination with Filgrastim [202]. Filanesib was observed to cause
myelosuppression, with the most common treatment-related AEs being febrile neutrope-
nia, neutropenia, leukopenia, and thrombocytopenia [202]. No objective responses were
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reported and 18% of patients achieved SD as best response [202]. In another monotherapy
phase I/II trial in AML patients (NCT00637052), hematological toxicities were the most
common AEs. SD was observed in 10% of patients and one PR (3%) was reported [203].
The most promising outcomes were reported in patients with multiple myeloma. The first
phase I/II trial with patients with multiple myeloma started in 2009 (NCT00821249) to
assess the safety profile and efficacy of Filanesib. Based on the myelosuppression reported
in previous studies, G-CSF (Filgrastim) was added to the treatment regimen during phase I
and II [204]. In phase II, patients were treated with Filanesib as monotherapy (including G-
CSF support), or in combination with low doses of Dexamethasone. As a single agent, 39%
of patients had SD and five PRs (16%) were reported, whereas in combination with Dexam-
ethasone, 41% of patients achieved SD and eight PRs (15%) were observed [204]. These
results prompted the use of Filanesib in more trials in patients with multiple myeloma
in combination with the proteasome inhibitors Bortezomib and Carfilzomib. In a phase
I trial (NCT01248923), Filanesib was administrated in combination with Bortezomib and
Dexamethasone (including G-CSF support). The safety profile was considered favorable
and the hematological toxicities were manageable through G-CSF support [205]. The
overall response rate (ORR) was 20%, including one CR (2%) and ten PRs (18%) [205]. In
another phase I trial (NCT01372540), Filanesib was administrated in combination with
Carfilzomib and Dexamethasone, and G-CSF support was also included. Overall, no
CR was reported, although twenty-three PRs (37%) were observed [206]. Additionally,
in another phase I/II trial (NCT02384083), Filanesib was combined with Pomalidomide
and Dexamethasone, and G-CSF support was also included. Despite the G-CSF support,
more than 60% of the patients developed grade 3/4 neutropenia; nevertheless, the efficacy
results were promising with an ORR of 51%, including two CRs (4%) and twenty-one PRs
(47%) [207]. Considering these good results, Filanesib will likely enter a phase III trial
against multiple myeloma.

6.3. ALN-VSP02

ALN-VSP02 is unique among the anti-Eg-5 as it is an siRNA lipid nanoparticle formu-
lation targeting the expression of Eg-5 and vascular endothelial growth factor (VEGF) [208].
Two phase I trials were completed with patients with solid tumors as monotherapy
(NCT01158079 and NCT00882180). Patients were enrolled sequentially on one of seven
dose levels, ranging from 0.1 to 1.5 mg/kg. ALN-VSP02 demonstrated a safety profile at
multiple doses, with fatigue, asthenia, nausea, vomiting, and fever being the most common
AEs. The best response was a CR (2.7%) observed in a patient with endometrial cancer
with multiple hepatic metastases [209].

6.4. Litronesib

Litronesib, developed by Kyowa Kirin and Eli Lilly and Company, was demon-
strated to inhibit Eg-5 with an IC50 of 26 nM in vitro [210]. At least seven phase I/II
trials were completed, involving solid tumor patients treated with Litronesib as monother-
apy or with G-CSF support (Pegfilgrastim and Filgrastim). Generally, the efficacy results
were disappointing. In two phase I trials in advanced tumor patients (NCT01214629
and NCT01214642), Litronesib was administrated as single agent or in combination with
Pegfilgrastim. In the first-in-human study with Litronesib (NCT01214629), the MTD was
4 mg/m2 for Litronesib without G-CSF support, and 6 mg/m2 with Pegfilgrastim. Neu-
tropenia and leukopenia were the most common AEs observed. In total, 26% of patients
had SD as the best response, and two PRs (3.7%) were reported in patients with platinum-
sensitive ovarian carcinoma and neuroendocrine carcinoma [211], whereas in the other trial
(NCT01214642), the safety profile was similar, but no objective responses were observed,
with 36.5% of patients achieving SD as the best response [211]. Additionally, another
study with Litronesib as monotherapy in patients with solid tumors was initiated in 2011
(NCT01358019). Again, the best response was SD observed in two patients (16.7%) [212].
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No further development is planned for this Eg-5 inhibitor, since Kyowa Kirin and Eli Lilly
and Company decided to discontinue Litronesib.

6.5. EMD 534085

EMD 534085 was developed by Merck-KGaA and was shown to inhibit Eg-5 with an
IC50 of 8 nM in vitro [213]. EMD 534085 entered a phase I trial in patients with solid tumors
or lymphoma as a single agent. The MTD was defined as 108 mg/m2 and neutropenia
was the most common DLT observed. No objective responses were reported, with 52% of
patients achieving SD [214]. No further development is planned with this inhibitor.

6.6. SC-205

4SC-205, developed by 4SC, has entered a phase I study against advanced malignancies
as monotherapy (NCT01065025). Patients received 4SC-205 once a week or twice weekly. The
MTD was defined as 150 mg/m2 (once weekly) and 75 mg/m2 (twice weekly). Neutropenia
was the most common DLT, similarly to the results obtained with the other Eg-5 inhibitors.
No CR or PR were reported, and 28% of patients had SD as the best response [215].

6.7. AZD4877

AZD4877, from AstraZeneca, inhibits Eg-5 with an IC50 of 2 nM in vitro, and has
entered six phase I/II trials against solid and hematological tumors [216]. Overall, the
results were disappointing. In the phase I trials in solid tumor patients (NCT00613652 and
NCT00389389), neutropenia was the most common DLT [217,218]. No objective responses
were observed, with 31% and 27% of patients achieving SD, respectively [217,218]. Other tri-
als with AML (NCT00486265) and urothelial cancer (NCT00661609) patients demonstrated
similar efficacy. In the phase I trial, all AML patients had treatment failure, whereas in the
phase II study with urothelial cancer patients, 18% of patients had SD, and no objective
responses were reported [219,220]. No further development is planned for AZ4877.

6.8. ARQ 621

ARQ 621, from ArQule, demonstrated a broad spectrum toxicity against a panel of
human cancer cell lines [221]. In 2009, ARQ 621 entered a phase I trial with solid tumor
patients as monotherapy (NCT00825487). ARQ 621 appeared to be well tolerated at a dose
of 280 mg/m2, with the most common AEs being fatigue, nausea, and anemia. No objective
responses were observed, with 12.5% of patients achieving SD as the best response [222].
No further development is planned for this compound.

6.9. MK-0731

MK-0731, developed by Merck Sharp & Dohme, inhibits Eg-5 with an IC50 of 2.2 nM
in vitro [223]. MK-0731 has entered a phase I trial against advanced solid tumors as
monotherapy in 2005 (NCT00104364). The MTD was determined as 17 mg/m2, neutropenia
being the major DLT observed [224]. No objective responses were reported and only four
patients (4.3%) achieved SD [224]. Development of MK-0731 has been halted.

The safety outcomes of the Eg-5 inhibitors were similar to those of Mps1, Plk1, and
Aurora kinase inhibitors, with neutropenia as the most common AE. Generally, Eg-5 inhibitors
exhibited poor or modest efficacy in patients with solid tumors, either as monotherapy or in
combinational treatments, except for a CR observed with ALN-VSP02 as a single agent in a
patient with endometrial cancer with multiple hepatic metastases. The most promising efficacy
results were achieved with Filanesib in multiple myeloma patients, especially when combined
with the proteasome inhibitors Bortezomib and Carfilzomib. It is expected that Filanesib will
enter phase III trials. One possible explanation for the promising results of Filanesib is its better
pharmacokinetic profile, primarily a higher half-life compared to the other Eg-5 inhibitors. More
studies must be performed to assess which drugs demonstrate synergistic effects with Eg-5
inhibitors, as well as to identify novel and more potent inhibitors with a better pharmacokinetic
profile, in order to improve the efficacy of the Eg-5 inhibition-based therapeutic approach.
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7. Conclusions and Perspectives

MTAs were the first class of antimitotics that demonstrated clinical benefits in cancer
patients. However, several tumors have developed resistance, which, together with the
neurological and myeloid toxicity provoked by these agents, has led to the search for and
development of alternative approaches to block mitosis. Our increased knowledge on
mitotic events has provided an opportunity to identify key mitotic proteins that could
be targeted for cancer therapy. As described in this review, several inhibitors, known as
second-generation antimitotics (SGAs), were identified for Mps1, Aurora kinases, Plk1,
Eg-5, and, to a lesser extent, CENP-E, and these have reached clinical trials.

Among all SGAs tested, the most promising molecules are (i) the Plk1 inhibitors
Volasertib and Rigosertib, which demonstrated good efficacy results in AML and MDS
patients, respectively; (ii) the AurB inhibitor Barasertib for patients with AML; (iii) the
AurA inhibitor Alisertib, which has demonstrated antitumor activity against several solid
and hematological tumors; (iv) the pan-Aurora inhibitors Ilorasertib and Cenisertib for
patients with AML; and (v) the Eg-5 inhibitor Filanesib for patients with multiple myeloma.
However, many AEs were reported. The most common AEs associated with these SGAs
were hematological, primarily neutropenia. These results were somehow expected given
the high proliferation rate of the bone marrow cells [226]. In the same line of thought,
better responses were achieved in patients with hematological tumors than in those with
solid cancers, in concordance with the lower proliferation rate observed in solid tumors,
compared to hematological cancers [226].

Until now, no small molecule has been approved for clinical use, and MTAs still remain
the antimitotic agents with the best therapeutic benefit. While SGAs target individual
proteins, MTAs destabilize the huge microtubule/cytoskeleton network involved in the
dynamics of several proteins and organelles, thereby indirectly affecting their function.
This could be a plausible explanation for the MTAs’ therapeutic success, compared to SGAs.
Interestingly, better responses were achieved in combinational treatments than with SGAs
as monotherapy. Several studies reported the synergistic effects of different SGAs with
many drugs such as MTAs or platinum-based agents. Therefore, combinational treatment
represents a solid strategy for achieving better therapeutic effectiveness, while decreasing
drug dosage and minimizing AEs and resistance.

From an SAC response point of view, the SGAs are divided into two groups [11,227].
The mitotic blockers, which include the inhibitors of CENP-E, Eg-5, and Plk1, activate the
SAC, thereby inducing a prolonged mitotic delay that is expected to culminate in cell death.
The mitotic drivers, which include the inhibitors of Mps1 and Aurora B kinase, override the
SAC and induce premature mitotic exit with extensive chromosome missegregation, result-
ing in chromosome aberrations that are incompatible with the cell viability of daughter cells.
Thus, it seems reasonable to use both approaches for cancer therapy. Yet, some challenges
need to be overcome. There is profound inter- and an intra-variability in terms of cell fates
following the prolonged mitotic arrest of cancer cells treated with mitotic blockers [228].
Prolonged mitotic arrest can result in cell death in mitosis, or mitotic slippage (also known
as checkpoint adaptation), in which cells exit mitosis without cell division and return to the
interphase as tetraploid cells. These cells can undergo cell cycle arrest, die, or re-replicate
their genomes and endocycle [228]. Slippage is one of the resistance mechanisms against
antimitotic drugs.

On the other hand, mitotic drivers can fuel genomic instability. In case of the incom-
plete inhibition of mitotic driver targets, which is more likely to occur in vivo than in vitro,
chromosome segregation errors may be generated below the threshold required to kill
cancer cells, which, theoretically, increases genomic instability, thereby fueling malignancy.
This may explain the general failure of both mitotic blockers and mitotic drivers in clin-
ical trials when used as monotherapy. Nonetheless, despite their poor clinical activity
as single agents, SGAs may be valuable for synthetic lethal combinations intended to
selectively target cancer cells, thus decreasing the risk of mitotic slippage, while enhancing
the therapeutic window.

123



Pharmaceutics 2021, 13, 1011

SGAs exhibited promising antitumor activity in pre-clinical studies, but failed in clini-
cal trials. A possible reason for this differential antitumor activity is that two-dimensional
(2D) cultures lack cell–cell contacts and a natural tumor microenvironment, which are
important in tumor signaling and drug response [229]. Using preclinical models that better
mimic the tumor microenvironment, such as patient-derived 3D tumors, should increase
the predictive value of pre-clinical antimitotic research, helping in anticipating clinical
outcomes [230].

The most common AEs observed in patients treated with SGA were related to hemato-
logic dysfunction. The development of drug-delivery systems could be a valuable approach
to overcome this issue, facilitating better targeting towards cancer cells and in-tumor drug
retention, while increasing the therapeutic window [231].

Patients with the same tumor type respond differently to the same agents, probably
due to different genetic and/or epigenetic modifications that alter the sensitivity to a
specific drug [232,233]. Thus, patient stratification using predictive biomarkers, together
with an in-depth understanding of the mechanisms by which SGAs kill cancer cells, should
pave the way to their effective clinical use.
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Abstract: The efficacy of antimitotics is limited by slippage, whereby treated cells arrested in mitosis

exit mitosis without cell division and, eventually, escape apoptosis, constituting a serious resistance

mechanism to antimitotics. Strategies to overcome slippage should potentiate the cancer cell killing

activity of these antimitotics. Such strategies should accelerate cell death in mitosis before slippage.

Here, we undertook a mechanistic analysis to test whether the apoptosis activator Navitoclax poten-

tiates apoptosis triggered by the antimitotic BI2536, a potent inhibitor of Polo-like kinase 1 (PLK1)

with the goal of overcoming slippage. We found that cancer cells in 2D cultures treated with BI2536

alone accumulate in mitosis, but a significant fraction of arrested cells undergo slippage and survive.

Remarkably, combining BI2536 with Navitoclax dramatically reduces slippage, shifting the cell fate to

accelerated death in mitosis. The results are confirmed in 3D spheroids, a preclinical system that mim-

ics in vivo tumor drug responses. Importantly, in 3D spheroids, the effect of the BI2536/Navitoclax

combination requires a lower therapeutic dosage of each drug, underlying its potential to improve

the therapeutic index. Our results highlight the relevance of apoptosis potentiators to circumvent

slippage associated with antimitotics. The combination of BI2536 with Navitoclax shows in vitro

synergy/additive effect, which warrants further clinical research.

Keywords: PLK1; BI2536; Navitoclax; slippage; antimitotics; cancer therapy; mitosis; apoptosis

1. Introduction

Lung cancer is the leading cause of cancer-related mortality worldwide, being one of
the major challenges to public health [1]. Non-small cell lung cancer (NSCLC) remains the
most common lung cancer type, corresponding to 85% of all lung cancer cases [2]. Most
NSCLC patients have advanced disease at diagnosis. Platinum-based chemotherapy dou-
blet, including antimicrotubule agents (e.g., paclitaxel/carboplatin and docetaxel/cisplatin),
is the standard of care for first-line treatment of advanced NSCLC [3–5]. However, only par-
tial responses were achieved with this approach in 30% to 40% of patients [6]. Thus, there
is a strong interest in developing more efficacious and safer therapies, thereby improving
health management.
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The classic antimitotic agents, known as microtubule-targeting agents (MTAs), have
been widely used for cancer therapy and remain one of the most successful approaches [7].
MTAs impair a functional mitotic spindle by binding to β-tubulin subunits, leading to spin-
dle assembly checkpoint (SAC) activation and consequent mitotic arrest, which is expected
to result in cancer cell death by apoptosis [8]. The SAC is a surveillance mechanism that
ensures correct chromosome segregation by monitoring kinetochore–microtubule attach-
ments and chromosome alignment at the metaphase plate [9,10]. SAC operates through
the assembly of the mitotic checkpoint complex (MCC) at unattached kinetochores, which
diffuses throughout the cell and inhibits the anaphase-promoting complex/cyclosome
(APC/C), a ubiquitin ligase that targets securin and cyclin B for proteasomal degradation,
resulting in mitotic arrest [11]. When all chromosomes are correctly attached to micro-
tubules, emanating from opposite spindle poles, and aligned at the cell equator, the SAC is
silenced, leading to APC/C activation and mitosis progression [9,10].

Despite the therapeutic success of MTAs against several tumor types, including lung
cancer, they face some challenges that compromise their efficacy, namely resistance mech-
anisms developed by tumor cells and the associated toxicity, mainly neurological, gas-
trointestinal, and myeloid [12,13]. To overcome these drawbacks, the development of
alternative strategies to block cells in mitosis without directly targeting microtubules has
been gaining more attention. These new approaches consist of inhibiting proteins that play
crucial roles during mitosis, especially kinases and kinesins, through small molecules or
small interfering RNAs (siRNA), known as second-generation antimitotics (SGAs) [8,14].
One of the targeted proteins is the Polo-like kinase 1 (PLK1), which participates in several
mitotic events, including mitotic entry, spindle assembly, kinetochore–microtubule attach-
ment, SAC signaling, and cytokinesis [15]. Several PLK1 inhibitors have been developed
that exhibited promising antitumor activity in preclinical models; however, they failed in
human clinical trials as monotherapy, stressing the need for the development of strategies
to improve their efficacy [14,16,17].

Tumor cells display many cell fate variations after exposure to antimitotic agents,
including PLK1 inhibitors [18,19]. Consequently, tumor cells arrested in mitosis could die
in mitosis by apoptosis, undergo unequal cell division generating aneuploid daughter cells,
or undertake slippage whereby cells exit mitosis without dividing. Slippage occurs due
to the slow and gradual degradation of cyclin B even when SAC is on, triggering mitotic
exit. What dictates whether the cell dies in mitosis or undergoes slippage is the rate of
cyclin B degradation versus the accumulation rate of the apoptotic signal [20]. According
to these two competitive network models, if cyclin B levels reach the mitotic exit threshold
before the levels of death signals reach the threshold to trigger apoptosis, slippage occurs.
Conversely, if death signals reach the threshold to trigger cell death before cyclin B levels
fall below the threshold that dictates mitotic exit, cells die in mitosis [19]. Slipped cells can
follow three different pathways: they can undergo post slippage death, become senescent,
or continue dividing, fueling tumor growth [8,19,21]. Therefore, slippage has been pointed
out to be a major resistance mechanism to antimitotics [20].

The efficacy of chemotherapeutics that induce mitotic arrest relies on the intrinsic
(or mitochondrial) apoptosis response of the treated cancer cells [22]. The Bcl2 family is
essential for this intrinsic apoptosis and consists of three groups of proteins, including
anti-apoptotic proteins (BCL-2, BCL-W, BCL-XL, and MCL-1), pro-apoptotic proteins (BAX
and BAK), and BH3-only proteins (e.g., BAD, BIK, BIM, BID, and NOXA) [22]. BH3 only
members inhibit the anti-apoptotic BCL-2-like proteins (pro-survivals), thereby enabling
activation of the pro-apoptotic effectors BAX and BAK, necessary for the mitochondrial
pathway of apoptosis, through mitochondrial outer membrane permeabilization. BH3
mimetics have been developed as novel anticancer agents and have shown promise in pre-
clinical studies and clinical trials, particularly in patients with lymphoid malignancies [23].

Since antimitotics, including those that target PLK1, rely on apoptosis to kill cancer
cells and given the aforementioned two competitive networks that determine whether
mitosis-arrested cells will die or undergo slippage, here, we investigated whether the inhi-
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bition of the anti-apoptotic BCL-2 family members can enhance cell death during mitotic
arrest caused by a PLK1 inhibitor and, thus, identify a relevant strategy to improve the effi-
cacy of PLK1 targeting, when it is combined with targeted apoptosis potentiators. For this
purpose, we used BI2536, a highly selective and potent inhibitor of PLK1, and Navitoclax,
a BCL-2 family inhibitor with high affinity toward BCL-2 anti-apoptotic proteins, including
BCL-2, BCL-W, and BCL-XL [24–27]. The strategy was tested on cancer cells in 2D cultures
and also in a three-dimensional (3D) cancer model used as a preclinical system to mimic
physiologic drug responses. The cellular mechanism by which Navitoclax enhances cancer
cell killing by the antimitotic BI2536 was also investigated.

2. Materials and Methods

2.1. Compounds

BI2536, Navitoclax, Volasertib, and ABT-737 (MedChem Express, Shanghai, China)
were reconstituted in sterile dimethyl sulfoxide (DMSO, Sigma-Aldrich Co., Ltd., St. Louis,
MO, USA) to a stock concentration of 10 mM. To avoid physicochemical changes and
to maintain their integrity and activity, the drugs were stored as small volume aliquots
at −20 ◦C. On the day of the experiment, all compounds were diluted in fresh culture
medium at desired concentrations.

2.2. Cell Lines and Culture Conditions

NCI-H460 (Non-Small Cell Lung Cancer) cell line was obtained from the European
Collection of Cell Culture and was grown in RPMI-1640 culture medium (Roswell Park
Memorial Institute, Biochrom, Buffalo, NY, USA) supplemented with 5% heat-inactivated
fetal bovine serum (FBS, Biochrom, Berlin, Germany). A549 (Human Lung Adenocarcinoma
Epithelial Cells) were obtained from American Type Culture Collection, and HPAEpiC
(Human Pulmonary Alveolar Epithelial Cells) was obtained from ScienCell Research Lab-
oratories; both cell lines were grown in DMEM medium (Dulbecco’s Modified Eagle’s,
Biochrom), supplemented with 10% heat-inactivated FBS and 1% of non-essential amino
acids (Sigma-Aldrich Co., Ltd.). Cell lines were cultured in 25 cm2 cell culture flasks (VWR)
with complete respective growth culture medium and maintained in a humidified incubator
at 37 ◦C with 5% CO2 (Hera Cell, Heraeus, Hanau, Germany).

2.3. RNA Isolation and Real-Time PCR Analysis

Total RNA was isolated using the PureZOLTM RNA Isolation Reagent (Bio-Rad Labo-
ratories, Inc. Hercules, Hercules, CA, USA) according to the manufacturer’s instructions
and quantified through spectrophotometry (NanoDrop 2000, Thermo Scientific, Waltham,
MA, USA). cDNA was synthesized using the iScriptTM cDNA Synthesis Kit (Bio-Rad,
Hercules, CA, USA) according to the supplier’s instructions, and was amplified using
iQTM SYBR Green Supermix Kit (Bio-Rad) on iQ Thermal Cycler (Bio-Rad), according to
the following program: initial denaturing step at 95.0 ◦C for 3 min; 40 cycles at 94.0 ◦C
for 20 s; 54.0 ◦C for 30 s and 72.0 ◦C for 30 s. The primers, used at a final concentra-
tion of 10 µM, were: PLK1: forward 5′-CCCCTCACAGTCCTCAATAA-3′ and reverse 5′-
TGTCCGAATAGTCCACCC-3′; GAPDH: forward 5′-ACAGTCAGCCGCATCTTC-3′ and re-
verse 5′- GCCCAATACGACCAAATCC-3′; Actin: forward 5′-AATCTGGCACCACACCTTCTA-
3′ and reverse 5′-ATAGCACAGCCTGGATAGCAA-3′. Experiments were performed in
triplicate, and the data were acquired using CFX ManagerTM Software (version 1.0, Bio-
Rad). The results were analyzed according to ∆CT and normalized against Actin and
GAPDH expression levels, which were used as control templates. A fold value of mRNA
level ≥ or ≤1.5 relative to that of normal cells was considered as over- or underexpres-
sion, respectively.

2.4. MTT Assay

The cell viability was determined by tetrazolium salt 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) assay. Briefly, A549 and NCI-H460 cells were seeded
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in 96-well plates at a density of 0.05 × 106 cells/well. After 24 h, the culture medium was
replaced with fresh medium containing 2-fold serial dilutions of BI2536, or Navitoclax, or
Volasertib, or ABT-737 ranging from 0 to 16,000 nM. Then, 48 hours later, the medium was
replaced with 200 µL of fresh medium, and then 20 µL of tetrazolium salt MTT (5 mg/mL
PBS) was added to each well. Following 4 h of incubation at 37 ◦C under darkness, the
resulting formazan crystals were solubilized in 100 µL of DMSO. The optical density of
the solubilized MTT formazan product was measured at 570 nm using a microplate reader
(Biotek Synergy 2, Winooski, VT, USA) coupled with Gen5 software (version 1.07.5, Biotek,
Winooski, VT, USA). The percentage of cell viability was expressed as a mean ± standard
deviation relative to the control group from three independent experiments performed
in triplicate. The mean 50% inhibition concentration (IC50) values were calculated using
GraphPad Prism version 8 (GraphPad software Inc., San Diego, CA, USA). To analyze
the combination treatment effects, a dual-drug crosswise concentration matrix was made
for each combination, using concentrations ranging from 0 to 250 nM. The results were
analyzed by Combenefit Software (version 2.021, Cancer Research UK Cambridge Institute,
Cambridge, UK).

2.5. Mitotic Index Determination

A total of 9.0 × 104 A549 and NCI-H460 tumor cells were plated in 6-well plates with
complete culture medium and allowed to adhere for 24 h. Then, cells were treated with
BI2536 (125 nM for A549 and 62.5 nM for NCI-H460) and Navitoclax (62.5 nM for A549 and
125 nM for NCI-H460), alone or in combination, for 24 h. A549 cells were also treated with
62.5 nM of Volasertib and/or 125 nM of ABT-737. Cells treated with 1 µM of Nocodazole
(Sigma-Aldrich Co., Ltd.) were used as a positive control. Additionally, DMSO-treated cells,
up to 0.25% concentration, were included as compound solvent control. The mitotic index
(MI) was determined by cell-rounding under phase-contrast microscopy using a Nikon TE
2000-U microscope (Nikon, Tokyo, Japan), coupled to a DXM1200F digital camera with
Nikon ACT-1 software (Melville, NY, USA). At least 3000 cells were counted from random
microscope fields. MI (%) was determined as the ratio between the number of mitotic cells
and the total number of cells × 100.

2.6. Flow Cytometry Analysis for Apoptosis Detection

Cells from 2D cultures were treated as described for mitotic index determination. After
24 h of treatment, A549 floating and adherent cells were collected and processed with the
“Annexin V-FITC Apoptosis Detection Kit” (eBioscience), according to the manufacturer’s
instructions. Fluorescence was assessed by BD Accuri™ C6 Plus Flow cytometer (BD
Biosciences), and data were analyzed with BD Accuri TM C6 Plus software (version 1.0.27.1,
San Jose, CA, USA). At least 20,000 events per sample were collected.

To analyze apoptotic cell death in 3D cultures, 48 h after exposure to BI2536 and/or
Navitoclax, or to Volasertib and/or ABT-737, alone or in combination, approximately
32 spheroids were collected from a 96-well ultra-low attachment plate and transferred
to a 15 mL centrifuge tube. After precipitation of the spheroids, the supernatants were
carefully removed and washed with PBS. Then, 200 µL of trypsin (GIBCO, Invitrogen) was
added, and the cells were incubated at 37 ◦C for 25 min to ensure complete dissociation
of spheroids into single cells. Finally, 500 µL of culture medium was added, and the cell
suspension was centrifuged at 1000 rpm for 4 min and washed with PBS. The samples were
treated with “Annexin V-FITC Apoptosis Detection Kit” according to the manufacturer’s
instructions. At least 20,000 events per sample were collected.

2.7. Death Fluorometric TUNEL Assay

A total of 9.0 × 104 of A549 cells were grown on poly-L-lysine-coated coverslips for
24 h, and cells were treated as described for mitotic index determination. Immediately after
the treatment, cells were fixed in 4% paraformaldehyde (w/v, Sigma-Aldrich Co., Ltd.) in
PBS for 10 min. Then, cells were washed in PBS and permeabilized with 0.2% (v/v) Triton
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X-100 (Sigma-Aldrich Co., Ltd.) in PBS for 5 min. The DeadEnd Fluorometric TUNEL Sys-
tem (Promega, Madison, WI, USA) was used according to the manufacturer’s instructions.
The 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich Co., Ltd.) was used to stain DNA
at 2 µg/mL in Vectashield mounting medium (Vector, Newark, CA, USA). Images were
acquired with an Axio Observer Z.1 SD microscope (Carl Zeiss, Oberkochen, Germany),
with the Plan Apochromatic 63×/NA 1.4 objective, coupled to an AxioCam MR3. The im-
ages were then processed using ImageJ (version 1.51, Rasband, W.S., ImageJ, U.S. National
Institutes of Health, Bethesda, MD, USA). TUNEL-positive cells were counted from a total
of approximately 500 cells from 10 random fields under a fluorescence microscope. Then,
the apoptotic index (the percentage of positively TUNEL-stained cells over the total of cells)
was determined.

2.8. Live-Cell Imaging

For live-cell imaging experiments, 9.0 × 104 A549 cells were plated onto LabTek II
chambered cover glass (Nunc) with complete culture medium and maintained for 24 h
at 37 ◦C with 5% CO2. Then, cells were treated with 125 nM of BI2536, or with 62.5 nM
of Navitoclax, or with a combination of both compounds. A differential interference
contrast (DIC) optics, with a 63× objective on an Axio Observer Z.1 SD inverted microscope,
equipped with an incubation chamber with a temperature of 37 ◦C in a 5% CO2 atmosphere,
was used to capture images at 5 min intervals up to 48 h. The time-lapse images were
used to generate movies using ImageJ software (version 1.51). Cell fate was followed since
the first mitosis. Dead cells were classified as death in mitosis (DiM), when cells died in
mitosis; as post-mitotic death (PMD), when cells died after complete cell division; or as post
slippage death (PSD), when cells died following mitotic exit without cell division. Cells that
exited mitosis without dying and survived were classified as post slippage survival (PSS).

2.9. 3D Spheroid Formation and Drug Treatment

A549 cells were seeded at 4000 cells/well into the 96-well ultra-low attachment plates
(Corning 7007, Fisher Scientific, Pittsburgh, PA, USA) in order to promote the self-assembly
of cells into three-dimensional (3D) cellular spheroids. After 4 days, the spheroids were
treated with BI2536 and Navitoclax, or with Volasertib and ABT-737, in a dual-drug cross-
wise concentration matrix, using concentrations ranging from 0 to 16,000 nM. Then, 48 h
later, 3D spheroids viability and apoptosis were determined.

2.10. CellTiter-Glo Viability Assay

Spheroid viability, based on ATP measurement, was determined by CellTiter-Glo
3D cell viability assay (Promega) according to the manufacturer’s instructions. Briefly,
A549 spheroids in 96-well ultra-low attachment culture plate were exposed for 48 h to
BI2536 and/or Navitoclax, or to Volasertib and/or ABT-737. Then, they were transferred
separately into single wells of a 96-well opaque culture plate (Fisher Scientific), and after
exposure to CellTiter-Glo® 3D reagent for 10 min, the luminescence signal was measured
using a microplate reader. The results were expressed as the percentage of cell viability
relative to the control group. The BI25365, Navitoclax, Volasertib, and ABT-737 IC50 values
were calculated using GraphPad Prism version 8.

2.11. Statistical Analysis

Statistical analysis was performed using one-way ANOVA followed by the Tukey’s
post-test or unpaired t-test in GraphPad Prism version 8. Experiments were performed
in triplicate, and the data expressed as the mean ± standard deviation (SD). p-values of
* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 defined the level of statistical significance.
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3. Results

3.1. PLK1 Is Upregulated in Lung Cancer Cells

To assess the relevance of PLK1 as a potential target for cancer therapy, we analyzed its
expression in A549 and NCI-H460 non-small cell lung cancer (NSCLC) cell lines (Figure 1).
Analysis of PLK1 mRNA levels by qRT-PCR demonstrated that PLK1 was overexpressed in
both cancer cell lines tested when compared to the non-tumor cell line HPAEpiC. There was
a 3.3 ± 0.3 and 3.4 ± 0.6-fold increase in PLK1 expression in A549 and NCI-H460 cell lines,
respectively, compared to the lung non-tumor cell line. These results are in concordance
with previous studies that reported a PLK1 overexpression in NSCLC, highlighting the
relevance of PLK1 targeting [28,29].

Figure 1. PLK1 is overexpressed in NSCLC cell lines. (a) Relative mRNA expression of PLK1 was de-

termined by qRT-PCR in NCI-H460 and A549 cancer cell lines, and compared to non-tumor HPAEpiC

cell line, showing PLK1 overexpression in tumor cell lines with statistical relevance of *** p < 0.001 by

unpaired t-test from three independent experiments. (b) Representative 1% agarose gel image of PCR

products is shown. MM-molecular marker; bp-base pair; NTC-Non-Template Control.

3.2. Navitoclax Enhances the Antiproliferative Effect of BI2536-Mediated PLK1 Inhibition in Lung
Cancer Cells

To explore the antiproliferative effect of PLK1 inhibition in combination with an apop-
totic potentiator, we first determined the concentration of the PLK1 inhibitor BI2536 and
the BH3-mimetic Navitoclax, able to cause 50% cell viability inhibition (IC50), after 48 h
exposure, in the two lung cancer cell lines, A549 and NCI-H460. Figure 2a,b summarizes the
IC50 values of the single agents on both cell lines. BI2536 showed dose-dependent antipro-
liferative effects on both cell lines, with an IC50 of 104.20 ± 17.32 nM and 92.99 ± 21.15 nM
for A549 and NCI-H460 cells, respectively (Figure 2c,d). Navitoclax had little antitumor
effect on both cancer cell lines, showing cytotoxicity only at concentrations higher than
13,000 nM (Figure 2c,d). Remarkably, in all the BI2536/Navitoclax combinations tested,
cell viability was severely affected, and in many cases, the decrease associated with the
dual-drug combination was higher than the sum of the decrease induced by each of the
matching single-agent treatments (Figure 2c,d). Interestingly, such a potentially synergistic
effect was also observed with the combinations where the concentrations of the single
agents were low, which is very relevant, from a therapeutic perspective, to minimize toxic-
ity and side effects reported in clinical trials for both drugs [14,30]. Based on these results,
synergy matrices were created (Figure 2e,f). The synergy matrix of A549 showed that
125 nM BI2536 was the first concentration where synergism was detected in combination
with 62.5 nM Navitoclax. The synergy matrix of NCI-H460 showed that 62.5 nM BI2536
was the first concentration where synergism was detected in combination with 125 nM
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Navitoclax. We selected these synergy points for subsequent experiments to investigate the
cellular mechanistic underlying the enhanced cytotoxicity of the combinations.
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Figure 2. BI2536/Navitoclax combination exacerbates cytotoxicity of lung cancer cells.

Dose−response curve of BI2536 and Navitoclax in A549 (a) and NCI−H460 (b) cell lines. Cell

viability (%) of mono or dual−drug combinations after 48 h of treatment in A549 (c) and NCI−H460

(d) cells, from four independent experiments, as determined by MTT assay. Synergy scores calculated

by the Bliss model of Combenefit software with statistical relevance of * p < 0.05 in A549 (e) and

NCI-H460 (f).

3.3. Combining BI2536-Mediated PLK1 Inhibition with Navitoclax Overcomes Slippage and Shifts
the Cancer Cell Fate to Accelerated Death in Mitosis

In order to unveil the cellular mechanistic associated with the enhanced antiprolifera-
tive effect induced by BI2536 in combination with Navitoclax, A549 and NCI-H460 cells
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were treated for 24 h with the above combinations with single agents or with medium or
DMSO (controls) and then examined by phase-contrast microscopy. For BI2536 single treat-
ment, and as expected, we observed an accumulation of bright and round cells reminiscent
of cells arrested in mitosis, similarly to Nocodazole, a known antimitotic agent, used here
as a positive control (Figure 3a,c). This observation was confirmed by the calculation of
the mitotic index (MI), which was significantly increased in both BI2536-treated cancer
cell lines (75.4 ± 8.0% and 89.6 ± 4.1% in A549 and NCI-H460, respectively) compared
to untreated (17.1 ± 0.2%% and 3.3 ± 1.4% for A549 and NCI-H460 cells, respectively)
and DMSO-treated cells (16.9 ± 1.0% and 8.3 ± 1.8% for A549 and NCI-H460 cells, respec-
tively) (Figure 3b,d). Treatment with Navitoclax alone did not affect normal cell cycling,
apart from a few dead cells. As mitosis is not supposed to be affected by Navitoclax, the
increase in the mitotic index observed in the BI2536/Navitoclax combinations should be
attributed to BI2536. This result confirms the previously reported antimitotic activity of
BI2536-mediated PLK1 inhibition, thereby validating the use of PLK1 inhibitor in our study
for the subsequent studies to unveil the cellular mechanistic of the enhanced cell toxicity in
combination with Navitoclax.

treated with up to 0.25% DMSO (compound solvent) and 1μM Nocodazole (antimitotic ag

’

Figure 3. BI2536, but not Navitoclax, induces mitotic arrest of lung cancer cells. Representative

phase-contrast microscopy images of untreated BI2536 (125 nM in A549 and 62.5 nM in NCI-H460),

and Navitoclax (62.5 nM in A549 and 125 nM in NCI-H460) co-treated cells, for 24 h, showing

accumulation of rounded and bright cells (mitotic cells) in A549 (a) and NCI-H460 (c) cell lines. Cells
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treated with up to 0.25% DMSO (compound solvent) and 1µM Nocodazole (antimitotic agent) were

used as controls. Mitotic index graph showing accumulation of A549 (b) and NCI-H460 (d) mitotic

cells with statistical relevance of *** p < 0.001 and **** p < 0.0001 by one-way ANOVA with Tukey’s

multiple comparisons test from three independent experiments. Bar, 100 µm. Data were expressed as

mean ± SD.

Antimitotic agents induce prolonged mitotic arrest through activation of the SAC [31].
Then, treated cells either die in mitotic arrest or slip out of mitosis, without cell division, into
an abnormal G1 state in which they may die, arrest in a tetraploid G1 state, or continue to
proliferate [19]. Slippage is a major mechanism contributing to drug resistance [20]. There-
fore, an ideal strategy should shift the fate of antimitotic-treated cells to death instead of
slippage. To this end, we analyzed the cell fates after treatment with the BI2536/Navitoclax
combination, taking advantage of time-lapse microscopy, which allows monitoring the
spatiotemporal dynamics of live cells (Figure 4a).

 

way ANOVA with Tukey’s multiple co

way ANOVA with Tukey’s 

Figure 4. Navitoclax prevents slippage and accelerates cell death in mitosis in lung cancer cells

treated with BI2536. (a) Representative time-lapse sequences of untreated, BI2536-, Navitoclax- and

BI2536/Navitoclax-treated cells. Untreated (n = 27) and Navitoclax-treated cells (n = 25) under-

take mitosis for about 30 min. BI2536-treated cells (n = 38) arrest in mitosis during several hours

(918.2 ± 263.5 min) and die in mitosis (top) or undergo slippage followed by death (bottom) or remain

alive (middle). BI2536/Navitoclax-treated cells (n = 34) spend less time in mitosis (558.3 ± 232.0 min)
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than BI2526-treated cells. Numbers indicate time in 00 h:00 min. (b) Quantification of mitosis duration

in the different treatments, as determined by time-lapse microscopy, with statistical relevance of

**** p < 0.0001 by one-way ANOVA with Tukey’s multiple comparisons test. Each dot represents one

cell. (c) Quantification of cell fate under the indicated treatments. Percentage of cells undergoing

death in mitosis (DiM), post-mitotic death (PMD), post slippage death (PSD), cells that remain alive

after slippage (post slippage survival, PSS), and cells with normal cycling, with statistical relevance

of **** p < 0.0001 (DiM) and #### p < 0.0001 (Slippage [PSD +PSS]) by two-way ANOVA with Tukey’s

multiple comparisons test. The error bars represent mean ± SD of three independent experiments.

A549 tumor cells were treated with BI2536 and Navitoclax, alone or in combination,
and each cell was followed over 48 h live-cell time-lapse analysis. As expected, BI2536-
treated cells lasted in mitosis for several hours (918.2 ± 263.5 min) (Figure 4b), while
untreated and Navitoclax-treated cells undertook mitosis for about 30 min (30.5 ± 7.3 min
and 36.0 ± 14.1 min, respectively) (Figure 4b, Video S1 and Video S2, respectively). Interest-
ingly, the addition of Navitoclax to BI2536-treated cells shortened the duration of mitotic
arrest (558.2 ± 232.0 min) as compared to cells treated with BI2536 only, suggesting that
the time from mitotic arrest to death was shortened (Figure 4b). Concerning cell fates, all
Navitoclax-treated cells were able to divide normally, indicating that Navitoclax alone is
not toxic to tumor cells, at least at the concentration used (Figure 4c and Video S2). As
to BI2536-treated cells, different fates were observed: 22.9 ± 19.8% died in mitosis (DiM),
and 77.1 ± 18.8% underwent slippage, of which 64.8 ± 31.3% died after slippage (post
slippage death, PSD) and 35.2 ± 31.3% survived (post slippage survival, PSS) during the
recorded time (Figure 4c, Video S3, Video S5, and Video S4, respectively). In cells treated
with the BI2536/Navitoclax combination, 76.4 ± 2.0% of cells died in mitosis (Figure 4c and
Video S6), 5.9 ± 0.5% of cells divided but died in the following interphase (post-mitotic
death, PMD), and, remarkably, only 17.7 ± 1.5% underwent slippage (of which 83.3 ± 23.6%
PSD and 16.7 ± 23.6% PSS) (Figure 4c). Taken together, the results show that combining
BI2536-mediated PLK1 inhibition with an apoptosis potentiator minimizes slippage and,
thus, drug resistance by shifting the cell fate to accelerated death in mitosis, likely through
accelerating the accumulation of apoptotic signals.

Cell death in the BI2536/Navitoclax combination was mainly by apoptosis, as re-
vealed both by Annexin V/PI and TUNEL assays (Figure 5). Indeed, flow cytometry
analysis of Annexin V/PI-stained cells showed that the percentage of apoptotic cells in
the BI2536/Navitoclax combination was significantly higher than that of BI2536-only treat-
ment (44.9 ± 4.3% vs. 29.8 ± 2.7%, respectively), being residual in untreated, DMSO- or
Navitoclax-treated cells (1.6 ± 0.7%, 5.4 ± 2.4%, and 2.3 ± 0.6%, respectively). This result
was corroborated by the TUNEL assay (Figure 5c,d).

3.4. Co-Treatment with BI2536 and Navitoclax Decrease 3D Cancer Spheroid Viability

Three-dimensional (3D) spheroid cell cultures exhibit several characteristics of in vivo
tumor tissues, such as cell–cell interaction, hypoxia, pH gradient, drug penetration, re-
sponse and resistance, and production/deposition of extracellular matrix [32]. Therefore,
the spheroids can be used to closely mimic a solid in vivo tumor. We, thus, established
spheroids of A549 cells and evaluated the cytotoxic activity of 48 h BI2536 treatment, indi-
vidually or in combination with Navitoclax, by CellTiter-Glo assay (Figure 6). Both BI2536
and Navitoclax showed dose-dependent antiproliferative effects on A549 spheroids, with
an IC50 of 8173.0 ± 448.3 nM and 6478.0 ± 97.58 nM (Figure 6a,b). The BI2536 IC50 was
much higher than its corresponding IC50 in the 2D cultures, probably due to the aforemen-
tioned characteristics of the 3D cultures. We also performed a spheroid viability matrix
containing 16 different combinations at concentrations of 0, 4000, 8000, and 16,000 nM of
BI2536 and Navitoclax (Figure 6c). In all the BI2536/Navitoclax combinations tested, cell
viability was severely affected, being the decrease at least equal to the sum of the decrease
induced by each of the matching single-agent treatments (Figure 6d). Interestingly, we
still observed an additive effect of the BI2536/Navitoclax combination when spheroids
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were treated with 4000 nM concentration of each agent, a concentration much lower than
the respective IC50 (33.95 ± 2.3% viability with the combination, 67.4 ± 4.2% with BI2536,
and 57.4 ± 1.3% with Navitoclax). From macroscopic observations, the spheroids of A549
cells treated with BI2536 or Navitoclax individual agents were loosely compacted and
partially fragmented, with many cells that lost adhesion to the spheroid surface, indicative
of cytotoxicity, as compared to the intact control spheroids (Figure 6e). This phenotype
was exacerbated after treatment with the BI2536/Navitoclax combinations, leading to even
more flattened and loosely compacted spheroids. Annexin V/PI co-staining followed
by flow cytometry analysis showed exacerbation of cell death by apoptosis in spheroids
treated with BI2536/Navitoclax combinations, even at concentrations as low as 1/32 or
1/16 × IC50 of each agent (Figure 6f,g).

  <     <  
ANOVA with Tukey’s multiple comparisons test. (
after 48 hours’ treatment, revealed by TUNEL assay to detect DNA fragmentation (green). DNA 

Figure 5. Combination of BI2536 and Navitoclax potentiates cancer cell death by apoptosis. (a,b) Flow

cytometry analysis of apoptosis, in A549 cell line, by Annexin V/PI co-staining, after 48 h treatment.
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The quadrants Q were defined as Q1 = live (Annexin V- and PI-negative), Q2 = early stage of apoptosis

(Annexin V-positive/PI-negative), Q3 = late stage of apoptosis (Annexin V- and PI-positive), and Q4

= necrosis (Annexin V-negative/PI-positive). (b,d) Quantification of A549 (b) Annexin V-positive

cells are shown with statistical relevance of *** p < 0.001 and **** p < 0.0001 by one-way ANOVA

with Tukey’s multiple comparisons test. (c) Representative images of A549 apoptotic cells after 48

hours’ treatment, revealed by TUNEL assay to detect DNA fragmentation (green). DNA (blue) was

stained with DAPI. Bar, 5 µm. (d) Quantification of A549 TUNEL-positive cells. **** p < 0.0001, by

one-way ANOVA with Tukey’s multiple comparisons test. The error bars represent mean ± SD of

three independent experiments.
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Figure 6. BI2536/Navitoclax combination potentiates 3D spheroid cytotoxicity and cell death.

Dose−response curve of BI2536 (a) and Navitoclax (b) in A549 spheroids. (c) Cell viability (%)

of single or dual−drug combinations after 48 h of treatment, using the Combenefit software pack-

age. (d) The combinatory therapy significantly reduced the 3D spheroid viability at the indicated

concentrations. (e) Representative images of A549 3D spheroids at days 0 and 2 post-treatment

with mono− or BI2536/Navitoclax combinations (100 µm). Representative cytograms (f) and quan-

tification (g) of Annexin V−positive cells are shown for A549 cancer cell line. The quadrants Q

were defined as Q1 = live (Annexin V− and PI−negative), Q2 = early stage of apoptosis (An-

nexin V−positive/PI−negative), Q3 = late stage of apoptosis (Annexin V− and PI−positive), and

Q4 = necrosis (Annexin V−negative/PI−positive). Data represent the mean ± SD, one-way ANOVA

followed by Tukey’s multiple comparisons test, * p < 0.05; ** p < 0.01; *** p < 0.001 and **** p < 0.0001.

148



Pharmaceutics 2022, 14, 1209

Overall, and similarly to the effect on 2D cancer cultures, combining the antimitotic
BI2536 with the apoptosis activator Navitoclax potentiates cancer cell death in a model
that mimics a solid in vivo tumor. The required cytotoxic concentration of BI2536 is higher
for 3D cancer cultures, but a lower therapeutic dosage of each individual drug is required
in the combination regimen. Such BI2536/Navitoclax combination therapy may be able
to prevent the toxic effects on non-cancer cells while simultaneously producing cytotoxic
effects on cancer cells.

4. Discussion

Inhibition of PLK1 has been extensively explored as a therapeutic strategy against
cancer [33–36]. Several PLK1 inhibitors entered clinical trials and globally demonstrated
poor efficacy [14]. Mitotic slippage has been pointed out as one of the reasons for the
therapeutic failure of antimitotic agents, including PLK1 inhibitors [18,20,37]. In this study,
we showed that the efficacy of the PLK1 inhibitor BI2536 was significantly improved when
combined with Navitoclax, an inhibitor of the anti-apoptotic proteins of the BCL-2 family,
as a strategy to overcome slippage and accelerate apoptosis. Similar results were observed
when alternative small molecule inhibitors of PLK and BCL-2 family members, namely
Volasertib and ABT-737, respectively, were used; therefore, excluding potential off-target
effects (Figures S1 and S2).

Since what dictates whether cells die in mitosis or undergo slippage in response to
antimitotic agents is the relative rate of cyclin B degradation and the accumulation of death
signals, our results suggest that Navitoclax favors the accumulation of death signals in
cancer cells arrested in mitosis by BI2536, thereby, accelerating apoptosis in these cells,
before slippage occurs. These results are in agreement with previous studies that reported
increased cell death when apoptosis was targeted in cells treated with paclitaxel or an
inhibitor of kinesin-5 in 2D cultures [38–41]. Therefore, targeting apoptosis could be a
general strategy to increase the antitumor efficacy of antimitotics. This is particularly
relevant given that many cancers develop resistance to antimitotics, exhibit deficient SAC
or acquire resistance apoptosis [42,43]. For instance, patients whose ovarian tumor tissue
expresses high BCL-XL levels are less sensitive to taxane treatment, highlighting further
the relevance of the addition of BCL-XL inhibitors, such as Navitoclax, to improve taxane-
based therapy [44]. Importantly, we showed that the BI2536/Navitoclax combination
enhances tumor cell death by apoptosis at concentrations significantly lower than their
respective IC50. Thus, the combination provides an opportunity to reduce the dosage
of both compounds, which is expected to minimize their toxicity and other side effects.
At the same time, this result is particularly relevant to overcoming possible resistance to
Navitoclax. Indeed, the anti-apoptotic BCL-2 and BCL-XL are frequently expressed at high
levels in a variety of cancers, and also in NCI-H460 and A549, which may contribute to
chemoresistance of cancer cells [45–47].

Navitoclax, as a single agent, has demonstrated limited outcomes in clinical trials
on particular cancer types, namely acute lymphocytic leukemia (ALL) and advanced
small cell lung cancer (SCLC), probably due to different expression levels of the BCL-2
family proteins, being thrombocytopenia and neutropenia the most adverse events [48,49].
Compared to its potent antitumor efficacy in preclinical studies, the efficacy of BI2536 as a
single agent in clinical studies was moderate, namely in patients with NSCLC, advanced
exocrine adenocarcinoma of the pancreas, and different types of lymphoma [14,50,51]. In
this context, the synergistic efficacy, at low doses, demonstrated by the BI2536/Navitoclax
combination in the present study is encouraging and highlights its potential to overcome
the disappointing outcomes and adverse effects reported for both compounds in clinical
trials as monotherapy.

3D cell cultures have been widely used due to their capacity to reproduce the in vivo
tumor microenvironment, including oxygen and nutrient gradients, cell heterogeneity, gene
expression, and cell-to-cell and cell-to-extracellular matrix interactions [32,52]. To validate
the findings observed in 2D monolayer cell cultures, 3D models were used as an alternative
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to recapitulate the real tumor. We showed that the BI2536/Navitoclax combination was also
significantly cytotoxic to 3D spheroids, even at lower concentrations of the single agents.
This suggests that our strategy to overcome slippage subsequent to antimitotic treatment
could be applied to the complex environment of the real tumor, with an efficacy that is
similar to that observed in 2D monolayer cultures, presumably with reduced toxicity to
non-cancer cells. A previous study also demonstrated that the combination of Navitoclax
with Carfilzomib (a proteasome inhibitor) potentiated apoptotic induction in 3D spheroids
of pancreatic tumor cells (PANC1) [53].

Our results present, however, some limitations that deserve to be addressed. The
3D spheroid cell cultures used in this study consisted of an avascular system, with only
lung tumor cells, while the tumor microenvironment encompasses other cell types such
as tumor-associated fibroblasts, immune, and endothelial cells, which affect drug effi-
cacy [32]. Therefore, further research with heterotypic and vascular spheroids, as well as
with xenograft models of human lung cancer, is required to validate the synergistic inter-
action between BI2536 and Navitoclax in an environment that is close to the real in vivo
tumor. PLK1 is overexpressed in several cancers, including NSCLC [54]. Notwithstanding,
it remains to be elucidated if these cancers are more sensitive to PLK1 inhibition than
cancers with normal expression levels of PLK1. In the same line of thought, it remains to be
addressed whether the efficacy of the combinational treatment is determined by the expres-
sion levels of the anti-apoptotic proteins (BCL-2, BCL-XL, BCL-W, and MCL-1). Answering
these questions should clarify whether the expression levels of the anti-apoptotic proteins
and PLK1 can be used to help clinicians to select those cancer patients who may benefit
from combination treatments.

In conclusion, we showed that the efficacy of the antimitotic BI2536 could be improved,
either in 2D or 3D culture systems, if apoptosis is accelerated by the use of an apoptosis
potentiator such as Navitoclax to prevent slippage (Figure 7). This finding is relevant as it
gives BI2536, which previously entered clinical trials but unsuccessfully, a second chance to
be used to fight cancer, hopefully with successful outcomes.

PLK1BI2536 Mitotic arrest

SlippageApoptosisNavitoclax
BCL-2

BCL-XL
BCL-W 

+

Figure 7. Model for the effects of the combination of PLK1 inhibition and Navitoclax in human

lung cancer cells. Cancer cells arrested in mitosis under individual treatment with PLK1 inhibitor

BI2536 can die in mitosis by apoptosis, or exit mitosis by slippage, the most frequent cell fate (larger

dashed line). The addition of Navitoclax (+), an inhibitor of the indicated BCL-2 family members, can

synergistically potentiate BI2536-mediated apoptosis during the mitotic arrest and, thus, prevents

mitotic slippage, highlighting the therapeutic potential of targeting PLK1 in combination with an

apoptotic inducer. Black and red lines represent the BI2536 and Navitoclax effects, respectively.

Supplementary Materials: The following supporting information can be downloaded at: https:

//www.mdpi.com/article/10.3390/pharmaceutics14061209/s1. Video S1: Time-lapse imaging (DIC

microscopy) of a normal mitosis in untreated A549 cell, time is shown in hours:minutes, available

online at https://youtu.be/vlTdWvAr16U. Video S2: Time-lapse imaging (DIC microscopy) of a

A549 cell treated with Navitoclax undergoing a normal mitosis, time is shown in hours:minutes,
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available online at https://youtu.be/zZSR-kfCzfQ. Video S3: Time-lapse imaging (DIC microscopy)

of a A549 cell treated with BI2536 undergoing death in mitosis after spending more than 13 h

in mitosis, time is shown in hours:minutes, available online at https://youtu.be/EjwSWnHe0_s.

Video S4: Time-lapse imaging (DIC microscopy) of a A549 cell treated with BI2536 undergoing

slippage and remaining alive, time is shown in hours:minutes, available online at https://youtu.

be/EjLqOKQ4cHo. Video S5: Time-lapse imaging (DIC microscopy) of a A549 cell treated with

BI2536 undergoing slippage followed by death, time is shown in hours:minutes, available online

at https://youtu.be/nARMNfPHCXY. Video S6: Time-lapse imaging (DIC microscopy) of a A549

cell treated with BI2536 and Navitoclax undergoing cell death in mitosis after arresting in mitosis

for less than 3 h, time is shown in hours:minutes, available online at https://youtu.be/2q1wI-J47j0.

Figure S1: Volasertib/ABT-737 combination exacerbates cytotoxicity of lung cancer cells. Dose-

response curve of Volasertib and ABT-737 in A549 cell line (a). Cell viability (%) of mono or dual-drug

combinations after 48 hours of treatment in A549 cells (b), from two independent experiments, as

determined by MTT assay. Synergy scores calculated by the Bliss model of Combenefit software

with statistical relevance of * p < 0.05 in A549 cells (c). Volasertib, but not ABT-737, induces mitotic

arrest of lung cancer cells. Representative phase contrast microscopy images of untreated, Volasertib

(62.5 nM), and ABT-737 (125 nM) co-treated cells, for 24 h, showing accumulation of rounded and

bright cells (mitotic cells). Cells treated with up to 0.25% DMSO (compound solvent), and 1 µM

Nocodazole (antimitotic agent) were used as controls (d). Mitotic index graph showing accumulation

of A549 mitotic cells (e) with statistical relevance of **** p < 0.0001 by one-way ANOVA with Tukey’s

multiple comparisons test from three independent experiments. Bar, 10 µm. Data were expressed as

mean ± SD; Figure S2: Volasertib/ABT-737 combination potentiates 3D spheroid cytotoxicity and

cell death. Dose-response curve of Volasertib (a) and ABT-737 (b) in A549 spheroids. (c) Cell viability

(%) of single or dual-drug combinations after 48 hours of treatment, using the Combenefit software

package. (d) The combinatory therapy reduced significantly the 3D spheroid viability at the indicated

concentrations. (e) Representative images of A549 3D spheroids at days 0 and 2 post-treatment with

mono- or Volasertib/ABT-737 combinations (100 µm). Representative cytograms (f) and quantification

(g) of Annexin V-positive cells are shown for A549 cancer cell line. The quadrants Q were defined

as Q1 = live (Annexin V- and PI-negative), Q2 = early stage of apoptosis (Annexin V-positive/PI-

negative), Q3 = late stage of apoptosis (Annexin V- and PI-positive) and Q4 = necrosis (Annexin

V-negative/PI-positive). Data represent the mean ± SD, One-way ANOVA followed by Tukey’s

multiple comparisons test, * p < 0.05; *** p < 0.001 and **** p < 0.0001.
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Abstract: The BUB3 protein plays a key role in the activation of the spindle assembly checkpoint

(SAC), a ubiquitous surveillance mechanism that ensures the fidelity of chromosome segregation in

mitosis and, consequently, prevents chromosome mis-segregation and aneuploidy. Besides its role

in SAC signaling, BUB3 regulates chromosome attachment to the spindle microtubules. It is also

involved in telomere replication and maintenance. Deficiency of the BUB3 gene has been closely

linked to premature aging. Upregulation of the BUB3 gene has been found in a variety of human

cancers and is associated with poor prognoses. Here, we review the structure and functions of BUB3

in mitosis, its expression in cancer and association with survival prognoses, and its potential as an

anticancer target.

Keywords: BUB3; spindle assembly checkpoint; mitosis; cancer; senescence; anticancer target

1. Introduction

BUB3 belongs to the conserved budding uninhibited by benomyl (BUB) protein family,
which is known to function in the spindle assembly checkpoint (SAC) pathway, from yeast
to mammals [1,2]. The SAC monitors and ensures appropriate attachments of spindle
microtubules to kinetochores, delaying anaphase onset until all chromosomes have been
attached to the mitotic spindle in a bi-oriented manner, thereby preventing chromosome
mis-segregation and aneuploidy, a driving force of tumorigenesis [1,2]. BUB3 is also
involved in establishing kinetochore–microtubule attachment [3–6]. It recruits BUBR1 to
kinetochores to form functional complexes which, together with MAD2 and CDC20, form
the mitotic checkpoint complex (MCC), in charge of inhibiting the anaphase-promoting
complex (APC) [7]. When all kinetochores are attached to microtubules and aligned at the
metaphase plate, the MCC is dissociated, and no more MCC is formed, which releases
the SAC to promote exit from mitosis. Besides its role in SAC signaling, BUB3 has been
implicated in proper telomere replication and maintenance, as well as in the regulation of
aging [8–10]. In addition, a number of studies have reported deregulated expression of the
BUB3 gene in human cancers; however, its role in carcinogenesis is still controversial [11–13].
Here, we reviewed BUB3′s functions in cell cycle progression, its roles in human cancers,
and its potential as a target for cancer treatment.

2. The Structure of BUB3 and Its Functions in Mitosis

BUB3 belongs to a series of genes (BUB1, BUB2, BUB3, MAD1, MAD2, MAD3, and
MPS1) identified in a genetic screen in the budding yeast Saccharomyces cerevisiae that
failed to arrest in response to spindle damage [14–16]. Mutants of these genes prematurely
exit mitosis in the presence of microtubule-depolymerizing drugs, thereby accumulating
severe mitotic errors. Functional orthologs of these genes were also identified in higher
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eukaryotes, including humans [17–20]. After nuclear envelope breakdown at the prophase
to prometaphase transition, each of the two kinetochores formed at the centromeric regions
of paired sister chromatids initiates attachment to spindle microtubules, with the goal of
achieving bi-orientation with sister kinetochores oriented toward opposite poles of the
spindle. However, in response to unattached kinetochores, the SAC is activated, through
hierarchical recruitment of SAC proteins, including MAD1, MAD2, BUB3, BUBR1, and
CENP-E, at the unattached kinetochores [21,22]. Consequently, MAD2, BUBR1, and BUB3
form a complex with CDC20, known as the mitotic checkpoint complex (MCC) [7] (Figure 1).
This way, CDC20 is sequestered and prevented from activating the anaphase-promoting
complex/cyclosome (APC/C), which is a ubiquitin E3 ligase that promotes proteolysis
of securin and cyclin B and subsequent mitotic exit. Proper bipolar attachments of all
chromosomes to the mitotic spindle leads to SAC inactivation, allowing CDC20 release and
APC/C activation, which promotes anaphase entry.

–

–

–

Figure 1. Spindle assembly checkpoint mechanism. In response to unattached or improperly at-

tached kinetochores (prometaphase), the SAC is turned ON and promotes the assembly of the

mitotic checkpoint complex (MCC), made of MAD2, BUB3, BUBR1 and CDC20. At these kineto-

chores, the SAC kinase MPS1 recruits BUB3, BUB1 and BUBR1. The MCC inhibits the activity of

anaphase-promoting complex/cyclosome (APC/C), leading to the stabilization of separase/securin

and CDK1/cyclin B complexes and, consequently, mitotic arrest. The Aurora B kinase (AUR B),

associated with centromere heterochromatin, promotes proper kinetochore–microtubule attachments.

Once all chromosomes are properly attached to spindle microtubules and are aligned at metaphase

plate (metaphase), the SAC is turned OFF, through MCC disassembly, and, consequently, CDC20

can bind and activate the APC/C, resulting in ubiquitylation (ub) of cyclin B and securin mitotic

subtracts. In turn, separase can cleave cohesins to promote sister chromatid separation (anaphase),

while CDK1 inactivation promotes exit from mitosis. Reprinted from [23], MDPI 2021.

BUB3 is a fundamental piece in SAC activation. At the molecular level, BUB3 is a
WD40-repeat protein with a seven-blade β-propeller structure forming a symmetric circular
wall around a central pore, giving it a donut-like shape [24–26] (Figure 2A–D). BUB3
binds to phosphorylated MELT repeats (Met-Glu-Leu-Thr(P)) on the outer kinetochore
subunit Knl1 (also known as Spc7, BLINKIN, CASC5 in different organisms), resulting
in the recruitment of its binding partners BUBR1 and BUB1 to kinetochores [27–30]. The
BUB3–BUB1 and BUB3–BUBR1 interactions involve the BUB3 central pore region and
the respective Gle2 binding sequence (GLEBS) motif of BUBR1/BUB1 (Figure 2E) [31].
Specifically, the interaction of BUB3 with the BUBR1 GLEBS motif is essential for the
integrity of the human MCC, as mutations that disrupt this interaction interface result in
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SAC deficiency and chromosome instability in yeast and human cells [24,32]. Interestingly,
specific disruption of endogenous BUBR1–BUB3 complexes in cancer cells phenocopies
the effects observed in gene-targeting experiments [33]. Besides its role in SAC signaling,
BUB3 promotes the establishment of correct kinetochore–microtubule (K-MT) attachments,
in concert with BUB1 and BUBR1, probably through an antagonistic interaction between
BUB3 and the motor protein dynein [5,6,34,35]. For this purpose, BuGZ, a GLEBS domain-
containing and kinetochore-binding protein, interacts with and stabilizes BUB3 to facilitate
its kinetochore targeting and function in K-MT attachment [36]. This interaction was
disrupted when the highly conserved EE to AA of the BuGZ GLEBS motif was mutated
(see the outlined EE in Figure 2E) [37].The specific contribution of each BUB protein in
the regulation of K-MT attachments remains difficult to assign, given the dependency of
BUB1 and BUBR1 on BUB3 for kinetochore localization [6]. We previously addressed the
specific contribution of BUB3 to K-MT attachment in human cells, and compared it to that
of BUB1 and BUBR1, using an RNA interference (RNAi) approach and high-resolution
microscopy [5,6]. We found that BUB3-depleted cells exhibited microtubules running past
the kinetochore pairs, similarly to BUB1-depleted cells, suggesting side-on binding to the
walls of microtubules. In addition, chromosome alignment defects in the BUB3/BUB1
double depletion were worse than in BUB3 and BUB1 single RNAi, which is expected for
proteins with specific and parallel functions in KT-MT regulation, suggesting a cooperative
role. In contrast, BUBR1-depleted cells exhibited misaligned chromosomes, which, despite
being detached from microtubules, have kinetochore pairs parallel to the spindle axis,
suggesting that BubR1 is involved in K-MT stability rather than in microtubule binding.
Thus, in our view, BUB1 and BUB3 seem to regulate the switching from lateral to end-on
attachment, while BUBR1 is required for stabilization of K-MT attachments.

helices α1 and α2. (
stranded β

Figure 2. Top overview of Bub3 bound to GLEBS motif determined in yeast. (A) Top view of Bub3

bound to the GLEBS motif from Mad3 (BUBR1 in higher eukaryotes). The GLEBS peptide is colored
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in gray and lies along the top face of the propeller. N and C termini are labeled, and breaks in

main-chain density are denoted with asterisks (*). (B) Top view of Bub3 bound to GLEBS motif

from Bub1. Overall, the structures are quite similar, except that the Bub1 GLEBS motif has a shorter

loop between helices α1 and α2. (C,D) Side views of Bub3 bound to Mad3/BUBR1 (C) and Bub1

(D) GLEBS motifs. The three-stranded β-sheet that includes the DA loop between blades 5 and

6 of Bub3 projects leftward in these views. Numbers indicate blades. Reprinted with permission

from [24]. Copyright 2021, National Academy of Sciences, U.S.A. (E) The conserved GLEBS motif

in BUB1 and BUBR1 that binds BUB3; alignment of GLEBS motifs from hNUP98, scMad3, scBub1,

hBUBR1, mBUB1, and hBuGZ; the completely conserved amino acids, EE, are boxed. Reprinted with

permission from [37]. Copyright 2022, Elsevier.

3. BUB3 in Aging

BUB3 shares extensive sequence homology with each of the four WD repeat motifs,
and over the entire length of the RAE1 protein, indicative of functional similarity [31,38].
While BUB3 functions in the SAC pathway, RAE1 (also called Gle2 or mrnp41) is involved in
mRNA export in interphase [38–42]. Binding to RAE1 is mediated by a GLEBS motif present
in the nucleoporin Nup98 [41]. Strikingly, RAE1 also binds to the GLEBS motif of BUB1 [43].
The discovery that BUB3 also binds to the GLEBS motifs of the SAC proteins BUB1 and
BUBR1 has led to the hypothesis that RAE1 might have a role as an SAC protein [43].
Homologous recombination-mediated mouse Rae1 gene disruption showed that the loss
of a single Rae1 allele causes a SAC defect and chromosome mis-segregation. Besides the
34% identity and 52% similarity of the human RAE1 and BUB3, Bub3 haploinsufficient
cells exhibit a strikingly similar mitotic phenotype, suggesting that RAE1 and BUB3 are
functionally analogous, namely, by playing a specific or perhaps a redundant role in BUB1
targeting to unattached kinetochores and subsequent SAC activation [26,44]. Interestingly,
double Rae1/Bub3 haploinsufficiency causes a much more severe chromosomal instability
phenotype than single haploinsufficiencies, suggesting a cooperative role of RAE1 and
BUB3 in regulating the SAC activities to prevent chromosomal mis-segregation [44]. Long-
term phenotype analysis showed a reduced lifespan of mice harboring the combined Bub3
and Rae1 haploinsufficiency, with phenotypes associated with aging appearing early in
double haploinsufficient mice, while mice with single Bub3 or Rae1 haploinsufficiency were
viable and had a normal appearance [9,10,44]. Aneuploidy in single haploinsufficient Bub3
or Rae1 mice increased dramatically with age, and increased further in double Bub3/Rae1
haploinsufficient mice [10,44,45]. Curiously, mice with single or combined disruption of
Bub3 and Rae1 were not predisposed to spontaneous tumorigenesis. Instead, Bub3/Rae1
haploinsufficiency caused early onset of cellular senescence, which was due to SAC weak-
ening, rather than to aneuploidy itself. Since the age-associated phenotypes exhibited
by haploinsufficient Bub3/Rae1 mice also occur in very old wild-type mice, then Rae1
and Bub3 were proposed to accelerate the aging process. Molecularly, haploinsufficient
Bub3/Rae1 mice embryonic fibroblasts (MEFs) accumulate high levels of cellular senescence
inductors, including p16, p19, p21, and p53, but, surprisingly, no major signs of apoptosis,
suggesting that haploinsufficiency of Bub3 and Rae1 accelerates aging through induction of
cellular senescence [9,10,44,45]. Significantly, and similarly to haploinsufficient Bub3/Rae1
mice, hypomorphic BubR1 mice develop several aging-associated phenotypes at a very
young age, including cataracts, lordokyphosis, loss of subcutaneous fat, and impaired
wound healing [46]. However, hypomorphic BubR1 mice had a much earlier onset of
aging phenotypes, with many more senescent cells, than haploinsufficient Bub3/Rae1 mice,
indicating that the rate of premature aging is correlated with the level of induction of
senescence. Therefore, in addition to oncogenic transformation, accelerated aging seems to
be another major biological manifestation of a weakened SAC [10,46]. What determines if
it is oncogenic transformation or accelerated aging that will take place in a deficient SAC
background is unknown. It might depend on the extent of SAC deficiency and/or SAC
component depletion.
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4. BUB3 in Cancer

Defects in SAC activity lead to chromosome mis-segregation, which is thought to be
responsible, at least in part, for aneuploidy generation in human malignancies [1,47–50].
SAC deficiency is often associated with deregulated SAC genes [1,48,50]. We examined
the expression of BUB3 in various human cancer types. To this end, BUB3 gene expression
and clinical data for 35 cancer types retrieved from the UALCAN data portal (http://
ualcan.path.uab.edu/index.html, accessed on 24 December 2021) were analyzed [51]. BUB3
transcript levels were compared between cancers and normal tissue in 18 cancer types;
17 cancer types were excluded from the analysis due to lack of normal samples. We found
BUB3 to be significantly overexpressed in cancers compared to normal tissue in 16 of the
18 cancer types analyzed (Table 1).

Table 1. Comparison of BUB3 expression between cancers and normal tissue.

Cancer Type Fold Change 1 p Value 2

Bladder urothelial carcinoma 1.68 1.68 × 10−12

Breast invasive carcinoma 1.79 1.11 × 10−16

Cervical squamous cell
carcinoma

2.24 3.72 × 10−3

Cholangiocarcinoma 3.96 5.06 × 10−14

Colon adenocarcinoma 1.51 1.62 × 10−12

Esophageal carcinoma 2.62 3.50 × 10−8

Glioblastoma multiforme 1.43 2.73 × 10−1

Head and neck squamous cell
carcinoma

1.82 <1 × 10−12

Kidney chromophobe 0.38 <1 × 10−12

Liver hepatocellular
carcinoma

2.16 <1 × 10−12

Lung adenocarcinoma 1.51 <1 × 10−12

Lung squamous cell
carcinoma

1.86 <1 × 10−12

Prostate adenocarcinoma 1.11 6.02 × 10−3

Rectum adenocacinoma 1.43 1.62 × 10−12

Sarcoma 2.00 1.36 × 10−1

Stomach adenocarcinomna 2.17 1.62 × 10−12

Thyroid carcinoma 0.93 3.43 × 10−9

Uterine corpus endometrial
carcinoma

1.43 <1 × 10−12

1 Mean BUB3 expression in cancers/mean BUB3 expression in normal tissue; 2 Student’s t test, p value < 0.05.

BUB3 protein levels are also elevated in a wide variety of human cancers compared
to normal tissue (Figure 3). We analyzed BUB3 protein levels in TP53-mutant cancers,
as TP53-dependent SAC has been described [52–54]. TP53 is a transcription factor that
acts as a tumor suppressor by inducing cell cycle arrest, cellular senescence, or apoptosis
in response to cellular stresses, such as hypoxia, DNA and spindle damage [55]. TP53
gene mutations are universal across cancer types, and this contributes to human cancers in
different ways [56]. The TP53 pathway regulates the expression of a network of genes that
are targeted to respond to a variety of intrinsic and extrinsic stress signals to ensure, among
other things, accurate DNA replication, chromosome segregation, and cell division [57].
Interestingly, in most of the cancer types analyzed, BUB3 levels are significantly higher
in TP53-mutant cancers than in TP53-wild-type cancers, suggesting that wild-type TP53
represses BUB3 gene expression in physiological conditions, and that the TP53–BUB3
pathway may play an important role in carcinogenesis (Figure 3).
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Figure 3. Pan-cancer view of expression of BUB3 protein across cancers. (Upper panel) Comparison

between normal (blue) and primary tumors (red); (lower panel) Comparison between TP53-mutant

(red) and TP53-non-mutant (orange) tumor samples. RCC: renal cell carcinoma; UCEC: Uterine

corpus endometrial carcinoma; CPTAC: Clinical Proteomic Tumor Analysis Consortium. Data were

retrieved from UALCAN portal (http://ualcan.path.uab.edu/index.html) on 24 December 2021.

Previous studies have reported BUB3 overexpression, at both RNA and protein lev-
els, in a variety of human cancers compared with normal tissue. In most cancers, this
upregulation was associated with poor prognoses. We reported that BUB3 is upregulated
and is associated with poor prognosis in oral squamous cell carcinoma [11]. The positive
expression of cytoplasmic BUB3, together with that of cyclin B1 and the pituitary tumor-
transforming gene 1, was significantly correlated with recurrence in prostate cancer [58].
BUB3 was upregulated in 79% of gastric cancers, being a proliferation-dependent phe-
nomenon in gastric cancer [13]. BUB3 levels were reported to be higher in sarcoma samples,
and higher expression levels of BUB3 were associated with lower overall and disease-free
survival in patients with sarcomas [59]. High expression of BUB3 was associated with in-
creased mortality in hepatocellular carcinoma [60]. In other studies, however, high protein
expression of BUB3 in low-grade breast cancers was associated with longer overall survival,
whereas lower expression resulted in poorer outcomes [61]. Upregulated BUB3 was also
reported in breast cancer samples [62]. Polymorphism in the BUB3 gene was associated
with the worst survival outcomes in early-stage non-small-cell lung cancer [63]. As with
other SAC genes, epigenetic deregulation remains the most common alteration in the BUB3
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gene, while mutations at the sequence levels are rather rare and confer no increased cancer
risk [1]. For instance, genetic variation in the BUB3 gene did not affect familial breast
cancer risk, and mutations in the BUB3 gene were shown to be rare in bladder tumors
and glioblastomas [64–66]. Overall, these studies confirm that the overexpression of the
BUB3 gene and protein is a common feature of human cancers, being associated with
poor prognosis.

Why is BUB3 overexpressed in cancer cells? This question still remains unanswered.
BUB3 and other SAC genes are frequently overexpressed in cancer, and such overexpres-
sion is correlated with chromosomal instability [67]. It was reported that loss of major
tumor suppressor pathways, such as RB and TP53 pathways, can lead to transcriptional
upregulation of SAC genes through E2F promoters and, subsequently, to chromosome
mis-segregation [68–70]. As suggested by our analysis (Figure 3), TP53 loss could also lead
to BUB3 upregulation, which should fuel chromosomal instability in cancer cells.

The role of BUB3 in carcinogenesis is still unclear. Contradictory results have been
reported from animal models. For instance, haploinsufficiency of Bub3 causes an increase in
chromosome instability in mice, but is not clearly associated with the frequency or the rate
at which tumors appear in the animal [71]. Analysis of mice with reduced levels of Bub3
has shown that mice have significant increases in the number of aneuploid fibroblasts, and
are predisposed to chemical-induced lung tumorigenesis rather than spontaneous tumor
development [44]. A tumor suppressor role has been suggested for Bub3 in a Drosophila
melanogaster tumorigenesis model derived from knocking down SAC genes [72]. Indeed,
when transplanted into adult flies, Bub3-deficient tumors displayed neoplastic growth,
widespread chromosomal aneuploidy, and high proliferative potential. Overall, these
studies reveal that aneuploidy induced by BUB3 downregulation might not be sufficient to
initiate tumorigenesis but might still facilitate it.

5. BUB3 as an Anticancer Therapeutic Target

For many years, the role of BUB3 has been reduced to the recruitment of its partners
BUB1 and BUBR1 to unattached kinetochores. Probably for this reason, BUB3 has not
been regarded as a potential anticancer target. Nevertheless, and as referred to above,
BUB3 itself has a specific role in regulating kinetochore–microtubule attachments, and is
involved in telomere replication maintenance and premature aging [5,8,10]. Importantly,
the BUB3 gene is upregulated in most cancers studied, which is generally associated
with poor outcomes. Thus, BUB3 is not just a simple partner, and its targeting deserves
attention. Today, there are no small molecules against BUB3, and the unique attempt to
target BUB3 makes use of RNAi [11]. In this study, we have shown that RNAi-mediated
inhibition of BUB3 was cytotoxic to OSCC cells and enhanced their chemosensitivity to
cisplatin [11]. This antiproliferative activity of BUB3 inhibition against OSCC cells was
recently confirmed by another group [73]. Very recently, we showed that inhibition of
BUB3 compromises glioblastoma cell proliferation, mainly through senescence induction
rather than by apoptosis, suggesting that premature senescence can be a viable approach to
restrain cancer propagation [74]. Thus, oligonucleotide-based targeting of BUB3 could be a
viable therapeutic approach. However, small-molecule inhibitors should be a better option
due to RNAi security and stability issues. As BUB3 is a non-enzyme protein, and, thus, an
“undruggable target”, the development of an anti-BUB3 drug may be a challenging task. To
circumvent this, one should design small molecules that target protein–protein interactions
to interfere with biological processes by modulating the formation of protein–protein
complexes. In this sense, targeting the interaction of BUB3 with BUB1 and BUBR1 is an
attractive option. This would prevent MCC formation, leading to SAC inactivation, which
is expected to kill cancer cells as a consequence of massive chromosome mis-segregation.
Strategies to mimic Bub3/Rae1 haploinsufficiency in order to induce premature senescence
of cancer cells should be explored. Indeed, cellular senescence has also been considered a
suppressive mechanism of tumorigenesis, making therapy-induced senescence a plausible
approach for cancer treatment, by irreversibly arresting the cell cycle [75].
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6. Conclusions and Perspectives

Proteins of the SAC signaling pathway have been investigated as targets for the
development of new antimitotic strategies for cancer treatment. Here, we have reviewed
the role of BUB3 in mitosis and highlighted its potential as an anticancer therapeutic
target. Besides its key role in K-MT attachment and SAC activation, BUB3 has a role in
telomere replication and maintenance. Its upregulation is a common feature of human
cancers, with higher expression in TP53-mutant cancers, and this could be a prognosis
biomarker. Importantly, decreased levels of BUB3, either through genetic recombination
or RNAi, accelerate aging through induction of senescence. Therefore, BUB3 could be
a promising target for cancer treatment, namely, to increase sensitivity to radiotherapy
and chemotherapy.

Some challenging issues need to be addressed to allow progress to clinical application.
For instance, we need to know whether BUB3 upregulation in cancer is a cause or just
a consequence of the carcinogenesis process. Additionally, understanding how TP53
regulates BUB3 expression is important to explore the impact of BUB3 targeting, namely,
for the treatment of TP53-mutant cancers. Elucidating the crosstalk between the SAC
pathway and the senescence pathway is crucial for understanding the cellular mechanism
of BUB3 targeting. These lines of study would provide additional insights into the role of
BUB3 in carcinogenesis, which in turn might be useful for a rational drug design. Overall,
we believe that BUB3 targeting could be a promising strategy for anticancer therapy that
deserves to be explored.
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Abstract: Fighting cancer is one of the major challenges of the 21st century. Among recently proposed
treatments, molecular-targeted therapies are attracting particular attention. The potential targets of
such therapies include a group of enzymes that possess the capability to catalyze at least two different
reactions, so-called multifunctional enzymes. The features of such enzymes can be used to good
advantage in the development of potent selective inhibitors. This review discusses the potential of
multifunctional enzymes as anti-cancer drug targets along with the current status of research into four
enzymes which by their inhibition have already demonstrated promising anti-cancer effects in vivo,
in vitro, or both. These are PFK-2/FBPase-2 (involved in glucose homeostasis), ATIC (involved in
purine biosynthesis), LTA4H (involved in the inflammation process) and Jmjd6 (involved in histone
and non-histone posttranslational modifications). Currently, only LTA4H and PFK-2/FBPase-2 have
inhibitors in active clinical development. However, there are several studies proposing potential
inhibitors targeting these four enzymes that, when used alone or in association with other drugs, may
provide new alternatives for preventing cancer cell growth and proliferation and increasing the life
expectancy of patients.

Keywords: cancer; molecular-targeted therapies; multifunctional enzymes

1. Introduction

Cancer has become one of the greatest barriers to the increase of life expectancy in
almost every country in the world, and is one of the biggest medical challenges of the
21st century. According to GLOBOCAN, in 2020 there were a record 19.3 million new
cases and 10 million deaths caused by cancer worldwide [1]. Cancer is a multifactorial
disease developed when normal cells acquire mutations or alterations that provide them
a growth and/or survival advantage, enabling them to multiply and form a tumor. The
extraordinary capability of cancer cells to divide and proliferate is highly associated with
their metabolic reprogramming [2,3].

One of the biggest challenges in cancer research is the complexity of cancer’s genomic
landscape [4], which results in an enormous heterogeneity: there are more than 200 different
recorded types of cancers, affecting as many as 60 human organs [5]. Over the years, several
different approaches to fighting cancer have emerged including surgery, hormone therapy,
radiation therapy, immunotherapy, chemotherapy, and more recently molecular-targeted
therapy (reviewed in [6]). Although there have been significative advances in cancer
survival, there are still many issues associated with the existing cancer therapies, including
the existence of severe side effects, the acquisition of multidrug resistance, relapse, or even
the possibility of developing new cancers caused by the treatment.

In recent years, molecular-targeted therapies have been gaining particular attention.
Unlike the standard chemotherapies, which are cytotoxic (killing the cancer cells) and
act on both rapidly dividing normal and on cancerous cells, molecular-targeted drugs
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are cytostatic (stopping cancer cell growth and/or proliferation) and only inhibit specific
molecular targets that are involved in the growth and spread of cancer cells [7]. Therefore,
molecular-targeted drugs are less prone to causing secondary effects [7]. Among the
potential anti-cancer drug targets are the proteins abnormally expressed in some tumors.
To date, a panoply of proteins have been identified as potential targets, including some
enzymes that belong to special class generally designated as “multifunctional enzymes”.
These enzymes share a common characteristic: they possess the capability to catalyze at
least two different reactions in the same or in different overlapping or distant active sites.

In this review, we focus on four multifunctional enzymes that are abnormally ex-
pressed in different cancer cells, and that have been previously proposed as good drug
targets for cancer treatment.

First, 6-phosphofructo-2-kinase (PFK-2)/fructose-2,6-bisphosphatase (FBPase-2) is
involved in glucose homeostasis and encompasses two independent domains in the same
monomer, each possessing an independent active site.

Second, 5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase/inosine
monophosphate cyclohydrolase (ATIC) is involved in purine biosynthesis and also encom-
passes two independent domains in the same monomer, each possessing an independent
active site.

Third, Leukotriene A4 hydrolase (LTA4H) is involved in the inflammation process; its
distinct catalytic activities occur in two distinct but overlapping active sites.

Fourth, Jumonji domain-containing protein 6 (Jmjd6) is involved in histone and non-
histone posttranslational modifications, and uses the same active site to catalyze at least
two different reactions.

In general, multifunctional enzymes are promising drug targets because they can be
inhibited in multiple ways depending on their characteristics.

The most specific type of enzymatic inhibition relies on the use of inhibitors that
are transition state analogs. The design of these inhibitors is based on the structure of
the transition state of the rate-limiting step of a catalytic reaction, and their development
therefore depends on a deep knowledge of the enzyme’s mechanism that can only be
accomplished by combining experimental and computational data [8]. However, the design
of such inhibitors is not always possible, either because there is no atomistic description
of the transition state structures or because the molecules obtained cannot be used as
therapeutical drugs due to their pharmacokinetic properties or toxicity. The choice of
multifunctional enzymes as drugs targets is advantageous because their complexity enables
inhibition using multiple different approaches.

We start this review with a global description of the biological role of each enzyme,
followed by a description of its tertiary and quaternary structure; we then provide evi-
dence about its role in cancer development and/or survival; finally, we describe the most
promising inhibitors proposed to date targeting each enzyme.

2. 6-phosphofructo-2-kinase/fructose 2,6-bisphosphatase (PFK-2/FBPase-2)

2.1. Biological Role

Fructose 2,6-bisphosphate (Fru-2,6-P2) is an important signal molecule that can be
found in all mammalian tissues [9–11]. In the liver, Fru-2,6-P2 plays an important role
in the control of glucose homoeostasis by allowing the liver to switch from glycolysis
to gluconeogenesis through the inhibition of FBPase-1 (fructose-1,6-bisphosphatase), a
regulatory enzyme of gluconeogenesis [12]. When mammals are experiencing fasting
conditions, the α-cells of the pancreas secrete a linear peptide hormone called glucagon,
which decreases the concentration of hepatic Fru-2,6-P2 and thereby relieves the inhibi-
tion of FBPase-1, allowing gluconeogenesis to prevail [9]. In most mammalian tissues,
which do not contain FBPase-1, Fru-2,6-P2 acts as a potent positive allosteric effector of
6-phosphofructo-1-kinase (PFK-1), an enzyme that catalyzes one of the most critical steps
of glycolysis—the conversion of fructose 6-phosphate (Fru-6-P) and ATP to fructose 1,6-
bisphosphate and ADP [9,11,13,14].The levels of Fru-2,6-P2 are controlled by a family of
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bifunctional enzymes that possess in the same peptide a 6-phosphofructo-2-kinase (PFK-2)
and a fructose-2,6-bisphosphatase (FBPase-2) domain.

The PFK-2 domain (E.C. 2.7.1.105) synthesizes Fru-2,6-P2 from frutose-6-phosphate
(Fru-6-P) and ATP (Figure 1).

Figure 1. Schematic representation of the reaction catalyzed by the PFK-2 domain of the PFK-
2/FBPase-2 enzyme.

The FBPase-2 domain (E.C. 3.1.3.46) hydrolyzes Fru-2,6-P2 into Fru-6-P and inorganic
phosphate (Figure 2) [15,16].

Figure 2. Schematic representation of the reaction catalyzed by the FBPase-2 domain of the PFK-
2/FBPase-2 enzyme.

The balance between the activity of the two catalytic domains ultimately determines
the concentration of Fru-2,6-P2. This important regulatory function of Fru-2,6-P2 in carbo-
hydrate metabolism requires tight regulation of its concentration as a function of the cell
needs. This is accomplished by the existence of different PFK-2/FBPase-2 isoenzymes [17]
with different kinetic and regulatory mechanisms, which regulate the glycolysis and gluco-
neogenesis pathways in different tissues under various physiological conditions [18].

Mammals express four PFK-2/FBPase-2 isoenzymes, which are encoded by four
different genes, PFKFB1 to PFKFB4 [19]. Although the different isoenzymes were initially
named according to the tissue from which they were first purified (PFKFB1 in the liver,
PFKFB2 in the heart, PFKFB3, in the brain and placenta, and PFKFB4 in the testes), more
recent evidence has demonstrated that they are expressed in other tissues as well, and they
are now classified according to their coding gene [9]. Each isozyme has several isoforms that
share the same catalytic core as the parent isoenzyme but differ in the flanking sequences.
These variable sites in each isoform are subject to different post-translational modifications,
usually phosphorylation by different protein kinases, that modulate the relative activities
of their catalytic domains under the control of cellular signaling pathways. This complex
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regulation allows the cell to adapt the carbohydrate metabolism in response to extracellular
stimuli (e.g., hormones, growth factors, nutritional state) [18].

2.2. Protein Structure

The different PFK-2/FBPase-2 isoenzymes differ in the sequence of their bifunctional
catalytic core, while their various isoforms conserve the catalytic core of the parent isoen-
zyme but differ in their N- and C-terminal ends where the post translation modifications
take place. Although those sequence variations result in relevant conformational differences
among the different proteins, their overall 3D structure is quite similar.

The PFK-2/FBPase-2 is a homodimer composed of two 55-kDa monomers. Each
monomer possesses a kinase domain (E.C. 2.7.1.105) at the N-terminal and a bisphos-
phatase domain at the C-terminal end of the protein (Figure 3) [9,16,20]. Observation of
the global 3D structure of the homodimer shows that the PFK-2 domains come together
in a head-to-head fashion while the FBPase-2 domains are almost independent, with few
dimeric point interactions the number and nature of which (e.g., hydrogen bridges) vary
among the different isoenzymes [9,16,20]. These observations are in line with experimen-
tal data showing that when expressed independently, the PFK-2 domain forms inactive
aggregates [21], while the FBPase-2 domain retains it catalytic activity [22].

The differences in the binding pockets (where catalysis occurs) in the N- and C-terminal
flanking sequences (where the post translation modifications take place) and in the dimeric
interface contacts among the different isoenzymes and respective isoforms affects both the
conformational stability and affinity for the substrate of Fru-2,6-P2, ultimately resulting in
enzymes with different kinetics [9]. The kinase/phosphatase activity ratio is above 2.5/1
for PFKFB1 and PFKFB2, 730/1 for PFKFB3 and about 4.6/1 for PFKFB4 [23–25].

The advantage of expressing two independent catalytic domains encoded by a fused
gene in the same monomer is the simplicity of both short-term control (by regulating the
activity of the two domains trough post translation modifications and allosteric modulation)
and long-term control (through the expression of two catalytic domains from a single mRNA
molecule) [9].

Figure 3. Ribbon representation of the human PFK-2/FBPase-2 (PFKFB2) enzyme with the PDB ID
5HTK [26], obtained with VMD. The PFK-2 active site harbors an ATP and a citrate molecule (inside
the Fru-6-P binding pocket) and the FBPase-2 active site harbors a frutose-6-phosphate molecule
inside the F-2,6-P2 binding pocket. All ligands are represented in licorice.
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2.3. Role in Cancer

To support their continuous growth and proliferation under challenging conditions,
most cancer cells have a markedly modified energy metabolism in comparison with normal
cells [27–29]. Both normal and cancer cells predominantly use glucose, the most abundant
nutrient in the blood, to generate ATP [30]. The overexpression of several glycolytic genes
in many tumors [27–29] allows them to change from respiration to a glycolytic phenotype
even in aerobic conditions, a phenomenon known as the Warburg effect [31].

Several studies have shown that the Fru-2,6-P2 concentration is significantly higher in
cancer cells with a glycolytic phenotype than in normal cells [32–34]. The increased levels
of Fru-2,6-P2 allows the transformed cells to maintain a high glycolytic flux despite the
presence of the PFK-1 inhibitor, ATP.

ATP inhibits PFK-1 activity as part of the negative feedback loop that limits glycolytic
flux under aerobic conditions, the so-called Pasteur effect [35]. The presence of high levels
of Fru-2,6-P2, which is a positive allosteric effector of PFK-1, relieves the ATP inhibition [14]
and allows the cancer cells to maintain a high glycolytic flux. This is advantageous for the
transformed cells because the maintenance a high glycolytic flux allows them to produce
higher ATP rates when compared with oxidative phosphorylation, and provides them with
intermediates that are vital for other important biosynthetic pathways, (for example, ribose
sugars for nucleotide synthesis; hexose sugar derivatives, glycerol and citrate for lipid
synthesis; non-essential amino acids and NADPH, which are important for nucleotide and
fatty acid biosynthesis and for the maintenance of cellular redox balance [18].

Due to their role in the modulation of Fru-2,6-P2 levels, the PFK-2/FBPase-2 enzymes
have been pointed out as key players in the glycolytic phenotype of cancer cells and
consequently in the regulation of these cells’ metabolic activity [18]. This observation is
supported by the fact that PFK-2/FBPase-2 mRNAs are overexpressed in human lung
cancers [36] and by the fact that PFK-2/FBPase-2 enzymes are induced in hypoxia [37–39],
an important component of the tumor microenvironment that regulates, for example,
tumor angiogenesis and metastasization [18]. It has been suggested that cancer cells may
express variable levels of different PFK-2/FBPase-2 enzymes and modulate their relative
kinase and/or bisphosphatase activity according to their temporal and spatial metabolic
needs [18].

All evidence suggests that PFK-2/FBPase-2 is a potential good target for cancer therapy.
To date, efforts have been focused on inhibition of the PFK-2 activity of PFKFB3 [40].
The choice of this isoenzyme as a target is justified by the fact that its expression is

induced by several oncogenes and by hypoxia, as well as by the suggestion that it may
contribute to the high glycolytic activity of cancer cells [18].

Recently, it has been shown that PFKFB4 regulates transcriptional reprogramming
by enhancing the transcriptional activity of the oncogenic steroid receptor coactivator-3
(SRC-3), deregulation of which is frequently associated with aggressive metastatic tu-
mors [41].

The phosphorylation of SRC-3 at Ser857 by PFKFB4 increases its transcriptional ac-
tivity and promotes the synthesis of genes that direct the glucose flux towards purine
synthesis. This so-called PFKFB4–SRC-3 axis is enriched in oestrogen receptor-positive
breast tumors [41].

Additionally, by affecting the SRC3/Akt/mTOR pathway (that regulates autophagy)
PFKFB4 functions as a bridge between glycolysis and autophagy. Although autophagy can
be involved in both tumor suppression and tumor promotion, it has been proposed that
the downregulation of PFKFB4 (or the inhibition of its kinase activity) can help inhibit the
SRC3/Akt/mTOR pathway, and hence direct autophagy to promote apoptosis of tumor
cells [42].

There is also evidence showing that the FBPase-2 domain of PFKFB4 is important
for cancer cell survival, which indicates the phosphatase domain as a new potential ther-
apeutical target for cancer [43]. The selective inhibition of the FBPase-2 activity of the
PFKFB4 isoenzyme could ultimately lead to irreversible cellular damage caused by the
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accumulation of reactive oxygen species as a result of simultaneous high glycolytic flux
and depletion of metabolites from the pentose phosphate [18].

The major limitation in the discovery of specific inhibitors of the PFK-2/FBPase-2
phosphatase domains lies in the lack of unique topological features among the different
isozymes [18]. The simultaneous inhibition of the FBPase-2 activity of other isozymes, par-
ticularly in the liver, impairs the organism’s normal metabolic homeostasis and originates
secondary effects [18]. One possible way to overcome this limitation is through the use
of computer-aided drug design, a strategy that has been gaining particular relevance in
recent years due to the large increase in high-performance computing resources and the
development of new in silico approaches [44].

2.4. Inhibitors

To date, many PFKFB3 inhibitors have been designed, synthesized, and tested in vitro
and/or in vivo to evaluate their potential in anti-cancer therapy [45]. Among the different
proposed molecules, the charcolones derived from the 3-(3-pyridinyl)-1-(4-pyridinyl)-2-
propen-1-one (3PO) molecule (Figure 4) have gained particular attention [46]. The 3PO was
the first PFKFB3 inhibitor proposed; however, its poor solubility and selectivity together
with the high dose required to achieve potency limited its potential use in clinical trials [47].
To overcome those limitations a large number of 3PO derivatives were synthesized, in-
cluding PFK15 (Figure 4), which showed increased selectivity and inhibitory effectiveness
when compared with 3PO [48]. Further structural optimizations led to PFK158 (Figure 4), a
PFK15 derivative that demonstrated a favorable preclinical therapeutic index and superior
efficacy and pharmaceutical properties to 3PO and PFK15 both in vitro and in vivo [49].
Its characteristics turned PFK158 into the first-in-man and first-in-class PFKFB3 inhibitor
to be evaluated in a phase I clinical trial in patients with advanced solid malignancies
(NCT02044861) [50].

Figure 4. Chemical structure of PFKFB3 (3PO, PFK15 and PFK158) and PFKFB4 (5MPN) inhibitors.

Although the great majority of the studies were focused on the inhibition of PFKFB3,
there is record of at least one promising PFKFB4 inhibitor, 5-(n-(8-methoxy-4-quinolyl)amino)pentyl
nitrate (5MPN) (Figure 4), that demonstrated an anti-proliferative effect of cancer cells both
in vitro as in vivo [51]; 5MPN is a PFKFB4 specific inhibitor that binds competitively to its
F6P binding site, suppressing kinase activity and consequently reducing the intracellular
concentration of F-2,6-BP [51]. Recently, 5MPN was tested in combination therapy with
Sunitinib, a receptor tyrosine kinase inhibitor used as a chemotherapeutic agent, showing
promising results [52].

3. 5-aminoimidazole-4-carboxamide Ribonucleotide Formyltransferase/Inosine
Monophosphate Cyclohydrolase (ATIC)

3.1. Biological Role

The purine bases are a group of heterocyclic aromatic organic compounds composed
of a pyrimidine ring fused to an imidazole molecule. Two of the most common purines
are adenine and guanine, which are constituents of vital biomolecules including ATP, GTP,
cAMP, DNA, RNA, NADH, FAD, and coenzyme A among others. The purine nucleotides
can be obtained by two biosynthetic pathways: the salvage pathway, in which nucleotides
are retrieved after the breakdown of nucleic acids or coenzymes, and the de novo biosyn-
thetic pathway, a highly conserved pathway in which phosphoribosyl pyrophosphate
(PRPP) is converted into inosine 5′-monophosphate (IMP), the departing nucleotide for the
posterior synthesis of AMP and GMP [53].
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In humans, the purine requirement for normal cellular growth can be largely main-
tained through the salvage pathway. However, in the case of rapidly dividing cells, like
cancer cells, there is an enormous increase in RNA production and DNA replication. Ad-
ditionally, the metabolic demand of those cells is so high that they are reprogramed to
increase the use of the anabolic pathways. This metabolic change generates elevated purine
requirements that can only be supported through the maintenance of the de novo purine
synthesis pathway at high levels [54,55].

In humans, the de novo purine biosynthetic pathway requires six enzymes and ten
successive steps to convert PRPP into IMP [56]. The 5-aminoimidazole-4-carboxamide
ribonucleotide formyltransferase/inosine monophosphate (IMP) cyclohydrolase (ATIC)
enzyme is a cytosolic bifunctional enzyme that catalyzes the final two steps of the pathway.

Its AICAR formyltransferase (AICAR TFase) domain (EC 2.1.2.3) catalyzes the transfer
of the one-carbon formyl group from the cofactor N10-formyl-tetrahydrofolate (10-f-THF)
to the substrate 5′-phosphoribosyl-5-aminoimidazole-4-carboxamide (AICAR) in order to
produce the products 5′-phosphoribosyl-5-formaminoimidazole-4-carboxamide (FAICAR)
and tetrahydrofolate (Figure 5).

Figure 5. Schematic representation of the reaction catalyzed by the AICAR TFase domain of the
ATIC enzyme.

Its IMP cyclohydrolase domain (IMPCHase) (E.C. 3.5.4.10) enhances the intramolecular
cyclization of the product of the AICAR TFase domain (FAICAR) to the final product of the
de novo purine biosynthesis pathway, IMP (Figure 6).

Figure 6. Schematic representation of the reaction catalyzed by the IMPCHase domain of the ATIC enzyme.

3.2. Protein Structure

The human ATIC enzyme is an intertwined homodimer with 64 kDa composed by
two polypeptide chains with 592 residues each [57]. Each monomer contains a C-terminal
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AICAR TFase domain composed by residues 199 to 592 and an N-terminal IMPCHase
domain composed by residues 1 to 198 [57] (Figure 7). The active sites of each domain are
separated by ~50 Å [57] and are not interconnected by any intramolecular tunnel [58].

Figure 7. Ribbon representation of the human ATIC enzyme with the PDB ID 1P4R [57] obtained with
VMD. The AICAR TFase active site harbors the folate-based inhibitor BW1540U88UD, and the IM-
PCHase active site (of the ATIC monomer colored in yellow) harbors a xanthosine 5′->monophosphate
molecule. All ligands are represented in licorice.

There is evidence that the human ATIC exists in a monomer/dimer equilibrium [59].
The AICAR TFase active site is located in a long, narrow cleft at the dimer interface where
AICAR interacts primarily with one subunit and the folate co-factor with the opposing
subunit [60]. Since both subunits are required for AICAR TFase catalytic activity, this
domain is only active in the dimer form [59].

The IMPCHase substrate binding site is localized in one monomeric unit away from
the dimeric interface, and there is evidence that the IMPCHase domain possesses catalytic
activity in both the monomeric and dimeric forms, although the dimeric form is more
active [59]. In this case, the obvious advantage of bringing together two different domains
in the same enzyme is to place the two catalytic sites in close proximity, avoiding the
dilution effects caused by diffusion through solvent. Additionally, there is evidence that the
AICAR TFase reaction favors the reverse direction [61]; therefore, the proximity between
the two domains raises the high local concentration of FAICAR, favoring its conversion to
the final product, IMP, and avoiding its conversion back to AICAR.

3.3. Role in Cancer

Attending to the evidence that normal cells preferentially utilize the salvage pathway
for the synthesis of purines while tumor cells favor the de novo pathway, it can be expected
that the inhibition of enzymes exclusively involved in the de novo pathway represents
a good strategy to effectively inhibit cancer growth with minimal damage to normal
cells [62]. Although the significance of ATIC in human cancer requires further investigation,
there are several studies strongly suggesting that ATIC is a good target against several
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different cancers [63–65]. One such study demonstrated that the inhibition of the AICAR
TFase activity of ATIC and the subsequent rise in intracellular levels of 5-Aminoimidazole-
4-carboxamide ribonucleotide plays a significant role in the anti-tumorigenic effects of
pemetrexed, a drug used in the treatment of non-small cell lung cancer [63,64]. A recent
study also showed that ATIC is upregulated in Hepatocellular carcinoma (HCC) tissues,
and high levels of ATIC are correlated with poor survival in HCC patients. The inhibition
of ATIC expression in cancer cells resulted in a dramatic decrease of cell proliferation and
migration and in the increase of cell apoptosis [65].

3.4. Inhibitors

The first ATIC inhibitors developed were two sulfamido-bridged 5,8-dideazafolate
analogs, designated BW1540 and BW2315 [57] (Figure 8). They are anti-folate inhibitors
specific for the AICAR TFase active site; however, they have never been tested in vitro or
in vivo. Recently, a potent new ATIC inhibitor designated LSN3213128 (Figure 8) has been
proposed. It is a folate competitive non-classical anti-folate inhibitor selective for AICAR
TFase relative to other folate dependent enzymes [66]. In vivo studies have shown that
LSN3213128 is orally bioavailable and that it demonstrates anti-tumor activity in murine
models [66,67].

Figure 8. Chemical structure of AICAR TFase inhibitors.

To data there are no records of any specific ATIC inhibitors in active clinical development.

4. Leukotriene A4 Hydrolase (LTA4H)

4.1. Biological Role

Inflammation is a major pathological characteristic of a wide array of severe endemic
illnesses potentially affecting almost all tissues and organ systems of the human body.
The development and maintenance of inflammation are governed by a complex network
of cellular and soluble factors. Among these are the eicosanoids, a class of structurally
related paracrine hormones derived from the metabolism of arachidonic acid, which
include the prostaglandins, leukotrienes and lipoxins. During inflammation, the cytosolic
enzyme phospholipase A2 releases arachidonic acid from cell membrane phospholipids;
the free arachidonic acid can then be converted to prostaglandins by cyclooxygenase or to
leukotrienes by the lipoxygenase pathway [68].

The leukotrienes (LTs) are lipid mediators that act during the first phase of inflam-
mation triggered by injury or pathogen invasion [69]. As the name indicates, they are
primarily formed in leukocytes and can be divided into two major classes: dihydroxy acid
leukotriene B4 (LTB4), which is a potent chemotactic agent, and the cysteinyl leukotrienes
(CysLTs), which are a group of three (LTC4, LTD4, LTE4) potent spasmogenic agents [69].

The most important leukotriene synthesized during acute inflammatory responses
is LTB4. It is derived from cell membrane phospholipids by the sequential actions of
phospholipase A2, 5-lipoxygenase (5-LO) and LTA4 hydrolase [68]. It operates its pro-
inflammatory functions through the activation of leukocytes and the extension of their
survival, acting as a chemoattractant (which induce directed movement of their targets in
a concentration-dependent manner) for macrophages and neutrophils, and through the
stimulation of leukocyte adhesion to vascular endothelium by the upregulation of integrin
expression [68,70]
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The chemotactic activity of LTB4 is mediated through its binding to two specific G-
protein-coupled receptors (GPCR), BLT1 (high affinity and specific for LTB4) and BLT2
(non-specific and low affinity for LTB4) [71].

Among the panoply of molecules that are supposed to intervene directly or indirectly
in the inflammatory process is the tripeptide Pro-Gly-Pro (PGP). It is derived from the
extracellular matrix collagen through a multistep proteolytic pathway involving matrix
metalloproteases 8 and 9 and the serine protease prolyl endopeptidase [72]. It has been
proposed that the PGP peptide functions as a neutrophil chemoattractant by binding to the
GPCR chemokine receptors CXCR1/2 [73]. Although there are many studies reporting the
presence of significant quantities of PGP in patients with chronic neutrophilic lung diseases
(e.g., chronic obstructive pulmonary disease, cystic fibrosis, and bronchiolitis obliterans
syndrome) [72–77], a recent study did not find evidence of PGP’s role as a chemoattractant
of human and mouse neutrophils [78]. Further studies are required to elucidate the effective
biological role of PGP.

Interestingly, the levels of these two chemically unrelated molecules (LTB4 and PGP)
are inversely controlled by the same enzyme, Leukotriene A4 hydrolase (LTA4H). LTA4H
is a bifunctional enzyme that has been detected in almost all mammalian cells, organs,
and tissues [79]. In a common active center, it catalyzes the final rate limiting step in the
biosynthesis of LTB4 through its epoxide hydrolase activity, and catalyzes the hydrolysis
of the tripeptide Pro-Gly-Pro (though not the N-acetyl PGP) through its aminopeptidase
activity [78]

The epoxide hydrolase activity of LTA4H (EC 3.3.2.6) converts the transient epoxide
LTA4 (5S-5,6-oxido-7,9-trans-11,14-cis-eicosatetraenoic acid) into the dihydroxy acid LTB4
(5S,12R-dihydroxy-6,14-cis-8,10-trans-eicosatetraenoic acid) [80–82] (Figure 9).

Figure 9. Schematic representation of the reaction catalyzed by the epoxide hydrolase activity of the
LTA4H enzyme.

The aminopeptidase activity of LTA4H (EC 3.4.11.6) catalyzes the N-terminal cleavage
of the Pro-Gly-Pro tripeptide into the Pro-Gly dipeptide and the amino acid proline [81–83]
(Figure 10).

Figure 10. Schematic representation of the reaction catalyzed by the aminopeptidase activity of the
LTA4H enzyme.

Mechanistic proposals show that the residues Glu296 and Tyr383 are specifically
required for the aminopeptidase reaction, and Asp375 is only required for the epoxide
hydrolase reaction. However, Zn2+ Glu-271 and Arg-563 are necessary for both catalytic
mechanisms [81,82]. Interestingly, it has been suggested that the LTA4H developed from
an ancestral aminopeptidase which initially possessed an allosteric lipid binding site, and
that the enzyme’s architecture has evolved into an active site capable of accommodating
LTA4. Subsequent structural optimizations have further improved the substrate alignment,
culminating in the establishment of an efficient catalytic mechanism for the conversion of
LTA4 into LTB4 [81].
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4.2. Protein Structure

The LTA4H is a monomeric 69-kDa cytosolic bifunctional zinc metalloenzyme with
611 amino acids and which is folded into three domains, the N-terminal, catalytic, and
C-terminal domains. These domains are packed in a flat triangular arrangement, with
an L-shaped cavity between them [84] (Figure 11). The two distinct catalytic activities of
LTA4H occur in two distinct but overlapping active sites located in that deep L-shaped
cavity (Figure 11). One arm of the cavity is wider and highly hydrophilic; it starts near
the protein’s surface, where the substrates enter the cleft, then bends and narrows at the
site of the catalytic Zn2+ into another arm that is predominantly a hydrophobic tunnel
that penetrates deeper into the protein [84]. The LTA4 occupies the entire cavity, with its
epoxide coordinating with the zinc and its long hydrophobic tail buried into the narrow
and hydrophobic tunnel [85]. The Pro-Gly-Pro is confined to the wide hydrophilic arm of
the cavity that contains the catalytic zinc [85].

Figure 11. Ribbon representation of the human LTA4H enzyme with the PDB ID 3B7T [86] obtained
with VMD. The LTA4H active site harbors a catalytic Zn2+ ion (colored in yellow) and an Arg-Ala-Arg
substrate. All ligands are represented in licorice.

4.3. Role in Cancer

LTA4H is overexpressed in several cancers including colorectal [87], lung and
esophageal [88,89], skin squamous cell carcinoma [90], and oral squamous cell carci-
noma [91], and several studies have shown that its hydrolase function is implicated in
cancer development [87,90–94].

It has been proposed that LTA4H and the product of its epoxide hydrolase activity,
LTB4, may play an important role in chronic inflammation-associated carcinogenesis via
several mechanisms, including the autocrine and paracrine growth-stimulatory effect of
LTB4 (produced respectively in epithelial cells and inflammatory cells) on precancerous
and cancer cells, and the inflammation–augmentation effect on inflammatory cells through
positive feedback mediated by its BLT1 receptor and downstream signaling molecules [89].

A recent study has suggested that LTA4H is a key modulator of the cell cycle through
its negative effect on the expression of the tumor suppressor p27 protein [90]. The Cyclin-
dependent kinase inhibitor 1B (CDKN1B, p27Kip1), known as p27 protein, controls the
transition from the G1 phase into the S phase of the cell cycle [95]. The inactivation
of p27 is generally accomplished post-transcriptionally by the oncogenic activation of
various pathways that accelerate the proteolysis of the p27 protein and allow cancer cells to
undergo rapid division and uncontrolled proliferation. The absence or reduction of p27
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protein expression is also reported to be associated with a poor prognosis in several human
cancers [95–100]. The depletion of LTA4H enhances p27 protein stability by mediating the
downregulation of its ubiquitination. This ultimately leads to a decrease in cancer cell
growth by inducing cell cycle arrest at the G0/G1 phase [90]. Taken together, all of the
evidence suggests that inhibiting LTA4H epoxide hydrolase activity is a promising strategy
for cancer prevention.

4.4. Inhibitors

The only compound currently available on the market that interferes with LTB4
biosynthesis is Zileuton (Figure 12), a 5-LO inhibitor and a very weak inhibitor of LTB4
biosynthesis [101]. It has only been approved in the United States for the treatment of
asthma, and has some disadvantages, for example dose-limiting toxicity and unfavorable
pharmacokinetic properties [102].

Figure 12. Chemical structure of one 5-LO inhibitor (Zileuton) and three LTA4H inhibitors (Acebilus-
tat, LYS006 and RH00633).

The development of an inhibitor specifically targeting LTA4H would be advantageous
because it would allow the inhibition of LTB4 synthesis without affecting the biosynthesis
of other lipids that depend on the upstream enzymes (e.g., 5-LO) [103]. Researchers and
the pharmaceutical industry have been actively searching for selective and potent LTA4H
inhibitors for over ten years (see [103] for review). During this time, several inhibitors of
LTA4H have been proposed, and five of those molecules have reached the early clinical
development stage, although none of the clinical trials has targeted cancer patients [102].
Of these, only two, Acebilustat from Celtaxsys [104] and LYS006 from Novartis [105] (Fig-
ure 12), remain in active clinical development. Acebilustat completed Phase 2 clinical trials
for cystic fibrosis (NCT02443688 [106]) and for Acne Vulgaris (NCT02385760 [107]). LYS006
is in ongoing Phase 2 clinical trials for hidradenitis suppurativa (NCT03827798 [108]), in-
flammatory acne (NCT03497897 [109]), ulcerative colitis (NCT04074590 [110]), nonalcoholic
steatohepatitis and non-alcoholic Fatty Liver Disease (NCT04147195 [111]).

All five proposed molecules inhibit both epoxide hydrolase and aminopeptidase
catalytic activities of the enzyme [102].

Recently, a research group has used computer-aided drug design to search for new
effective and selective LTA4H inhibitors. In the last stage of the study, they experimentally
evaluated the epoxide hydrolase inhibitory activities of the five best scored hits found in
silico. Among the tested compounds, the one designated RH00633 (Figure 12) stands out
with 73.6% inhibition of the basal epoxide hydrolase activity of LTA4H. RH00633 binds
to the enzyme’s active site and interacts with the catalytic Zn2+, along with several other
important catalytic residues [112].
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Several studies have suggested an association between the difficulties in the discovery
of a potent and selective LTA4H and the simultaneous inhibition of both catalytic activities
of the enzyme [113,114]. These studies suggested that a good LTA4H inhibitor should be
epoxide hydrolase selective and aminopeptidase sparing, in order to reduce the production
of LTB4 while retaining the ability to reduce PGP levels.

The fact that the Pro-Gly-Pro binding site is confined to the wide hydrophilic arm of the
cavity while the LTA4 occupies the entire cavity suggests that the selective blockade of the
hydrophobic tunnel where the long hydrophobic tail of LTA4 is buried without interfering
with the aminopeptidase active site would be a good strategy for the selective inhibition of
the epoxide hydrolase activity of LTA4H [83,85]. However, all the aminopeptidase-sparing
LTA4H inhibitors proposed to date have shown very low potency in inhibiting the epoxide
hydrolase activity of LTA4H when compared to general LTA4H inhibitors [78,85]. Because
there are no solid data to date about the true physiological role of PGP, the physiological
relevance of sparing the aminopeptidase function of LTA4H remains questionable [102].

5. Jumonji Domain-Containing Protein 6 (Jmjd6)

5.1. Biological Role

Posttranslational modifications (PTMs) are a variety of covalent processing events
that change the properties of a protein through proteolytic cleavage or the addition of a
modifying group, such as hydroxyl, acetyl, phosphoryl, glycosyl, methyl, etc., to one or
more amino acids [115]. To date, more than 400 different PTM have been identified [116].
They can be reversible or irreversible, and inevitably affect the structure and the dynamics
of the proteins that play key roles in a panoply of biological processes [116–118].

Protein hydroxylation is a reversible post-translational modification that occurs with
more frequency in proline, and can occur in lysine, asparagine, aspartate or histidine as
well, among other amino acids [119]. Although for a long time it was mainly considered
a specialized post-translational modification of the extracellular collagens and proteins
with collagen-like sequences, the recent discovery of new hydroxylation substrates demon-
strates that protein hydroxylation can extensively influence cell signaling pathways. In
general, protein hydroxylation can modify protein stability, affect the enzymatic activity of
certain proteins through the perturbation of their interaction with direct activators, and
influence the occurrence of other post-translational modifications that affect their activity
in turn [119].

Methylation is one of the most common post-translational modifications, and has
been implicated in the regulation of transcription [120], signal transduction [121], nuclear
transport [122], T-cell activation [123], protein trafficking, and protein repair [124] among
many other cellular processes [125]. It usually occurs at the nitrogen atom of arginine or
lysine side chains or at the terminal α-amino group of polypeptides.

About 0.5% of all arginine residues in mammalian tissues are methylated [126]. Argi-
nine is the most basic of all amino acids, with a pKa of ~13.8. It contains a guanidinium
group that is protonated at physiological pH, generating a positive charge that is very
important for the establishment of several intramolecular and intermolecular interactions,
including hydrogen bonds (it has five hydrogen donors) and cation-pi interactions with
aromatic rings or salt bridges (it can mediate the formation of two salt bridges simultaneously).

The methylation of the guanidinium group of arginine delocalizes its positive charge,
raising its hydrophobicity and consequently increasing its affinity to aromatic rings in
cation–pi interactions [127]. It removes one potential hydrogen bond for each methyl group
added, and it increases its side chain bulkiness [126,128]. These chemical changes of the
arginine side chain regulate its binding to certain protein domains that are “readers” of
methylarginine marks (e.g., Tudor domains) [126]. Ultimately, arginine methylation can
both positively and negatively regulate protein–protein interactions [125].

Posttranslational arginine methylation occurs in hundreds of proteins, usually af-
fecting protein-protein interaction or protein stability [129]. In the case of histones, the
methylation of arginine plays an important role in the epigenetic regulation of gene ex-
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pression by altering chromatin structure [125]. There are three different types of arginine
methylation that occur in mammalian cells, monomethylarginine, asymmetric dimethy-
larginine, and symmetric dimethylarginine, and they are all catalyzed by a family of nine
protein arginine methyltransferases [126].

Although there is evidence that arginine methylation is reversible, to date only one
enzyme, Fe(II) and 2-oxoglutarate-dependent dioxygenase Jumonji domain-containing
protein 6 (Jmjd6) (EC 1.14.11.-), has been reported to have potential arginine demethylation
activity in vivo [130,131].

Jmjd6 is a bifunctional enzyme that also catalyzes the hydroxylation of lysine in a
wide variety of target molecules [131–133].

Both the demethylation and hydroxylation mechanisms catalyzed by Jmjd6 require
the presence of Fe (II) as a cofactor and 2-oxoglutarate (2-OG) as a co-substrate [134,135].

The hydroxylation mechanism starts with the sequential binding of 2OG, the substrate
and dioxygen, to the active site containing a Fe (II) ion. Then, the oxidative decarboxylation
of 2OG results in the carbon dioxide, succinate and a ferryl intermediate that mediate
substrate oxidation. Hydroxylation can occur via a radical rebound mechanism or via
direct insertion of oxygen from the ferryl intermediate into the requisite C–H bond [135]
(Figure 13).

Figure 13. Schematic representation of the reaction catalyzed by the lysine hydroxylase activity of
the Jmjd6 enzyme.

The demethylation catalytic mechanism is thought to be preceded by a hydroxylation
reaction that produces an unstable hydroxymethyl-lysine intermediate, succinate, and CO2.
The hydroxymethyl group of the hydroxymethyl–lysine intermediate is then spontaneously
lost as formaldehyde, releasing the methyl group and producing an unmodified arginine
residue [134] (Figure 14).
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Figure 14. Schematic representation of the reaction catalyzed by the arginine demethylation activity
of the Jmjd6 enzyme.

Recent studies suggest that in addition to its demethylase and hydroxylase activities,
this enzyme may also have a kinase [136] and a protease function [137].

5.2. Protein Structure

JMJD6 is a 47.5 kDa protein with 403 amino acids that belongs to a family of Jumonji
domain (JmjC)-containing proteins which are non-haeme iron (II) and 2-oxoglutarate (2OG
or α-ketoglutarate)-dependent oxygenases. JMJD6 can exist as a monomer, but in solution
adopts an oligomeric form, which can be a trimeric, pentameric or larger oligomeric
form [138] (Figure 15), organized in ring like structures that upon deletion of it poly-Ser
sequence turn into a fibril form [119,139].

Its structure comprises a double-stranded β-helix (DSBH) fold, characteristic of the
2OG-dependent oxygenases, which is surrounded by characteristic secondary structure
elements [139]. The Fe(II) binding site of the catalytic center is located in the opening
end of the barrel-like structure formed by the strands β1 and β2 of the typical DSBH
fold (Figure 15). The Fe(II) is coordinated with the side chain of His187, Asp189 and
His273, which form a conserved HXD/E(X)nH motif that is essential for the enzyme’s
catalytic activity [119,139,140]. Structural analysis of JMJD6 shows that in addition to its
Jumonji domain, it also possesses other motifs, namely a DNA binding motif (AT-hook),
five nuclear localization signals, a nuclear export signal, a SUMOylating site, and a C-
terminal polyserine (poly-Ser) domain (residues 340–359) that is involved in regulating its
oligomerization and cellular localization [119,138,139].
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Figure 15. Ribbon representation of the human Jmjd6 enzyme with the PDB ID 6MEV [137] obtained
with VMD. The Jmjd6 active site harbors a catalytic Fe (II) ion (colored in yellow), one molecule of
mono-Methyl Arginine and one molecule of 2-oxoglutaric acid. All ligands are represented in licorice.

5.3. Role in Cancer

Epigenetics is a term used to describe heritable changes in gene expression without
alteration in DNA sequences. The key processes responsible for epigenetic regulation
include DNA methylation, histone modification (e.g., methylation, hydroxylation, acety-
lation, ubiquitination, etc.) nucleosome remodeling, and alterations in non-coding RNA
profiles [141]. The deregulation of the epigenetic processes leads to altered gene func-
tions and ultimately to wide variety of pathologies including cancer, metabolic diseases,
autoimmune diseases and neurological disorders, among others [138]. The activities of
JMJD6 as arginine demethylase [130], lysyl hydroxylase [142] and eventually as tyrosine
kinase [136] of histones suggests that this enzyme may have an important role in the
epigenetic regulation of chromosomal rearrangement and gene transcription.

The involvement of JMJD6 in many developmental processes including embryogen-
esis [143], angiogenesis [144] and tumorigenesis has been demonstrated [145]. Recently,
Yang and colleagues compilated a series of studies relating the abnormal overexpression
of JMJD6 in several different cancers (e.g., Breast cancer, Melanoma, Oral cancer, Glioblas-
toma, Hepatocellular carcinoma, Colon carcinoma, Ovarian cancer, Neuroglioma, etc.) to
increased cancer cell proliferation and invasion leading to aggressive tumors and poor
prognosis [138].

Both the histone arginine demethylase and lysyl hydroxylase activities of JMJD6
have been associated with tumorigenesis. In glioblastoma and neuroblastoma, JMJD6
upregulates target gene transcription by forming a complex with Bromodomain-containing
protein 4 (BRD4)—a transcriptional and epigenetic regulator associated with cell cycle
control—and demethylating the histone H4 at arginine 3 (H4R3) target gene antipause
enhancers, leading to RNA polymerase II release from promoter-proximal pause regions
and consequently to aberrant gene expression [146–148]. In colon carcinoma, JMJD6
complexes with the tumor suppressor protein p53 and catalyzes its hydroxylation, resulting
in the repression of its transcriptional activity. It has been demonstrated that the knockdown
of JMJD6 represses p53-dependent cell proliferation and tumorigenesis in vivo [149].
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Overall, the existing evidence suggests that the simultaneous inhibition of both the
demethylase and hydroxylase activities of JMJD6 may be a promising strategy for effective
cancer therapy.

5.4. Inhibitors

To date, only three molecules have been proposed as drug candidates targeting JMJD6,
and none of them has reached an early clinical development stage. SKLB325 (Figure 16)
was designed, synthesized, and tested to evaluate its antitumor activity against ovarian
cancer cells in vivo and in vitro [150]. The results demonstrated that it suppresses ovarian
cancer growth through inhibition of proliferation and induction of apoptosis and cell death.
In vivo tests demonstrated that the administration of SKLB325 to tumor-bearing mice
prolonged survival without obvious side effects [150].

Figure 16. Chemical structure of the JMJD6 inhibitors.

WL12 (Figure 16) was designed to bind to the 2OG-binding site of JMJD6 and inhibit
its demethylase activity. It was tested in vitro and demonstrated the ability to suppress the
JMJD6-dependent proliferation of cervical and liver cancer cells [151]. A new potent and
selective JMJD6 inhibitor, 7p (Figure 16), was recently proposed; however, it still requires
in vitro and in vivo validation [152].

6. Current and Future Developments

The four enzymes described here possess different biological functions and different
structural and functional characteristics; however, they all share two characteristics: they
are promising drug targets against cancer, and they are multifunctional.

Multifunctionality is an advantage that must be exploited for the development of new
potent and selective inhibitors. Depending on an enzyme’s particular features, such as the
number and location of active sites, possession or not of allosteric regulation, provenience
of the substrates, etc., its catalytic activity can be inhibited using multiple approaches.

In the case of the PFK-2/FBPase-2 enzyme, there is evidence of the anti-cancer benefits
accomplished by the inhibition of both its kinase [45] and phosphatase activities [18]. Con-
sidering that the PFK-2 domain is only active in the dimer form, there are three different
strategies that can be used to target this enzyme for anti-cancer treatment: (1) selective inhi-
bition of PFK-2 activity; (2) selective inhibition of FBPase-2 activity; and (3) the inhibition
of PFK-2 activity by preventing monomeric dimerization.

In the case of ATIC, the product of the IMPCHase domain is the substrate of the
AICAR Tfase domain. Hence, the inhibition of the former prevents the activity of the
latter through the elimination of its substrate. Additionally, there is also evidence that
AICAR TFase catalytic activity is only active in the dimeric form [59]. Because both catalytic
activities are essential for purine biosynthesis in cancer cells, three different strategies can
be used to target ATIC for anti-cancer treatment: (1) selective inhibition of IMPCHase
activity; (2) selective inhibition of AICAR TFase activity; and (3) the inhibition of AICAR
TFase activity by preventing monomeric dimerization.

LTA4H catalyzes two distinct catalytic activities that occur in two distinct but over-
lapping active sites. This means that both activities will be inhibited independently of the
transition state or substrate analog used to selectively inhibit the enzyme. Although only
the inhibition of LTA4H epoxide hydrolase activity has been related to anti-cancer effects,
there is no evidence that the inhibition of aminopeptidase would bring any beneficial
effects; therefore, three strategies can be used to inhibit this enzyme: (1) selective inhibition
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of epoxide hydrolase; (2) selective inhibition of aminopeptidase; and (3) aminopeptidase-
sparing LTA4H inhibitors that bind to the hydrophobic tunnel where the long hydrophobic
tail of LTA4 is buried.

In the case of the Jmjd6, both demethylation and hydroxylation mechanisms catalyzed
by Jmjd6 require the presence of Fe (II) as a cofactor and 2-oxoglutarate (2-OG) as a
co-substrate, which means that both mechanisms occur in the same active site. Since
both histone arginine demethylase and lysyl hydroxylase activities of JMJD6 has been
associated with tumorigenesis it is possible to target the enzyme by using either: (1) arginine
demethylase selective inhibitors; or (2) lysyl hydroxylase selective inhibitors.

The current status of the development of inhibitors targeting the four enzymes de-
scribed in this review is summarized in Table 1.

Table 1. Current status of the development of inhibitors targeting PFK-2/FBPase-2, ATIC, LTA4H
and Jmjd6.

Enzyme Specific Target Inhibitors Evaluated in vitro Evaluated in vivo
Clinical Trials in
Cancer Patients

PFK-2/FBPase-2

PFK-2 activity of
PFKB3

3PO [46] yes [46] yes [46] no

PFK15 [48] yes [48] yes [48] no

PFK158 [48] yes [49] yes [49] NCT02044861 [50]

PFK-2 activity of
PFKFB4 5MPN [51] yes [51] yes [51] no

ATIC

AICAR TFase BW1540 [57] no no no

AICAR TFase BW2315 [57] no no no

AICAR TFase LSN3213128 [66] yes [66,67] yes [66,67] no

LTA4H

epoxide hydrolase
and

aminopeptidase
activities

Acebilustat no available data no available data no (1)

epoxide hydrolase
and

aminopeptidase
LYS006 [105] yes [105] yes [105] no (1)

epoxide hydrolase RH00633 [112] yes [112] no no

Jmjd6

Demethylase and
hydroxylase SKLB325 [150] yes [150] yes [150] no

Demethylase and
hydroxylase WL12 [151] yes [151] no no

Demethylase and
hydroxylase 7p [152] no no no

(1) Currently in Phase 2 clinical trials for other inflammatory conditions.

7. Conclusions

Multifunctionality is an extraordinary capability restricted to a small number of en-
zymes. PFK-2/FBPase-2, ATIC, LTA4H and Jmjd6 are four multifunctional enzymes with a
proven relevant role in the proliferation and/or survival of cancer cells, and their inhibition
can increase the life expectancy of some cancer patients.

Although there are studies reporting the identification of potential inhibitors target-
ing each of the four described enzymes, to date only LTA4H and PFK-2/FBPase-2 have
inhibitors in active clinical development, and only the PFK-2/FBPase-2 inhibitor (PFK158)
is being tested in cancer patients. However, all evidence points to these four enzymes as
promising targets for the development of new anti-cancer drugs, and it is our belief that
these enzymes’ extraordinary capability to perform different catalytic reactions could be
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used as an advantage in the development of efficient new molecular-targeted therapies
against cancer.
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Abstract: Cancer incidence and mortality continue to increase, while the conventional chemother-
apeutic drugs confer limited efficacy and relevant toxic side effects. Novel strategies are urgently
needed for more effective and safe therapeutics in oncology. However, a large number of proteins
are considered undruggable by conventional drugs, such as the small molecules. Moreover, the
mRNA itself retains oncological functions, and its targeting offers the double advantage of blocking
the tumorigenic activities of the mRNA and the translation into protein. Finally, a large family of
non-coding RNAs (ncRNAs) has recently emerged that are also dysregulated in cancer, but they
could not be targeted by drugs directed against the proteins. In this context, this review describes
how the oligonucleotide therapeutics targeting RNA or DNA sequences, are emerging as a new
class of drugs, able to tackle the limitations described above. Numerous clinical trials are evaluating
oligonucleotides for tumor treatment, and in the next few years some of them are expected to reach
the market. We describe the oligonucleotide therapeutics targeting undruggable proteins (focusing on
the most relevant, such as those originating from the MYC and RAS gene families), and for ncRNAs,
in particular on those that are under clinical trial evaluation in oncology. We highlight the challenges
and solutions for the clinical success of oligonucleotide therapeutics, with particular emphasis on
the peculiar challenges that render it arduous to treat tumors, such as heterogeneity and the high
mutation rate. In the review are presented these and other advantages offered by the oligonucleotide
as an emerging class of biotherapeutics for a new era of precision anti-cancer medicine.

Keywords: cancer therapy; new anti-cancer drugs; precision medicine; undruggable targets;
non-coding RNAs; oligonucleotide therapeutics

1. Introduction

Cancer is a disease of uncontrolled cell growth caused by various genetic (i.e., muta-
tions, amplifications, deletions, and translocations) and epigenetic alterations (i.e., hypo-
or hypermethylation), and characterized by dysregulation in multiple cellular signaling
pathways involved in processes, including cellular proliferation, survival, cell death, dif-
ferentiation, energy metabolism, genomic stability, DNA repair, and escape from immune
surveillance [1]. Both intra-/inter-tumoral heterogeneities caused by genetic, epigenetic,
and regional adaptive patterns are extremely high in some cancers. The molecular het-
erogeneity is considered as one of the major failures of cancer therapeutics, radiotherapy,
and chemotherapy, and various responses range from no response due to intrinsic resis-
tance to a complete response [2]. In addition, conventional untargeted chemotherapeutic
strategies often increase the rate of cancer mutations, and impose a selection of tumor cells
that become resistant to the chemotherapy, which could also create new mutations in the
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healthy cells, in addition to the toxicities and adverse side effects on healthy organs, such
as bone marrow, kidneys, heart, brain, liver, eyes, and other normal tissues [3]. Cancer
incidence and mortality continue to increase rapidly worldwide [4,5]. The conventional
cancer chemotherapeutic drugs confer relevant toxic side effects [6–8], while their clinical
efficacy is often obtained for limited periods of time, because drug resistance emerges and
the tumors evolve [9,10]. Therefore, the development and discovery of novel therapeutic
strategies are urgently needed to offer more effective and safe therapeutic options. Novel
cancer therapy strategies emerged in the recent years with the potential to selectively detect
and eradicate malignant cells, with minimal damage to the healthy tissue. In this context,
many mutated genes that play a causative role in tumorigenesis have been identified and
characterized in many cases, and could constitute the starting point for targeted and effec-
tive precision medicine therapies. However, it is estimated that a large number of proteins
(about 70–85%) are considered undruggable, or difficult to be targeted by conventional drug
discovery approaches, such as the small molecules [11–13]. These traditional approaches
could not generate new drugs that enable a precision medicine that maximizes specificity
against the target, while minimizing or eliminating the potential side effects and toxicity.
The limitation of other relevant classes of drugs, such as the monoclonal antibodies, is
the localization of the target protein in the cells, with cytoplasmic or nuclear proteins that
are difficult to be reached and targeted by this approach [14]. Moreover, the mRNA itself
could retain the oncological functions before it is translated in the protein. For instance, it
was demonstrated that the mRNA could act as a sponge, by recruiting and so neutralizing
the other regulatory elements (mostly microRNAs) critical for the maintenance of normal
function in the cell, as reported for the MYCN mRNA to the let-7 microRNA [14,15]; there-
fore, if the drug acts only at the level of the protein, this oncogenic effect would remain,
while when the drug acts at the mRNA level, it has the double advantage of blocking the
translation into protein and blocking the specific pro-tumor activities of the mRNA.

Finally, in the recent years emerged a large part of the genome containing genes whose
transcription generate a large family of different non-coding RNAs (ncRNAs). This ncRNAs
plays key regulatory roles in both normal cellular activity and disease, including cancer, but
because ncRNAs are not translated into proteins, they could not be targeted by conventional
drug discovery approaches directed against the proteins [16,17]. In this context, nucleic
acid therapeutics by oligonucleotides that target RNA or DNA sequences, are emerging
as a new and highly promising class of drugs, able to tackle the limitations described
above, and to open a new era of tailored drugs and precision medicine also in cancer
therapy [18–20]. Indeed, oligonucleotides showed the ability to also specifically target the
so-called undruggable proteins and ncRNAs. Currently, oligonucleotide therapeutics have
been only approved for the treatment of different rare diseases [21], but none is yet available
for cancer therapy. However, many clinical trials with oligonucleotides are ongoing for
tumor treatment, and, in the next few years, some of them are expected to reach the market.

2. Oligonucleotide Therapeutics as New Targeted Anti-Cancer Drugs for Challenging
or Undruggable Proteins

The molecular targets for therapy could be divided in two major categories, namely,
druggable and undruggable. “Druggability” implies that the target molecule must have
structures that should allocate the specific binding and inhibition by low-molecular-weight
compounds. Typically, a protein is considered druggable if it contains a cavity, usually
a well-defined catalytic cleft. It is estimated that almost 70% of the human proteins [22]
are considered difficult to be targeted, including the transcription factors that are widely
thought to be undruggable due to the lack of catalytic clefts and the much-sought drug-
binding pockets. To date, targeting the relevant transcription factors with small molecular
compounds remains challenging. In particular, relevant examples are the members of
the MYC family and RAS family of oncogenes, that account for amongst the highest rate
of mutations in cancers and define aggressive tumor behaviors [23,24]. The strategies
that propose the indirect blocking of transcription factors by targeting their upstream or
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downstream pathway genes could result in less efficacy and also specific side effects in
healthy cells. New strategies are urgently needed to generate drugs able to tackle the
undruggable targets in cancer. In this respect, oligonucleotide therapeutics enable a direct
targeting of the gene by acting at the level of the RNA or at the level of the DNA, based on
the Watson-Crick complementary rule of binding. Different classes of oligonucleotides have
been developed since the first use in clinical was proposed in the 1970s, but, in particular,
antisense oligonucleotides (ASOs), small interference RNAs (siRNAs), and microRNAs
(miRNAs) imposed their presence as the most representative for clinical development and
therapeutic application [25,26]. For a better understanding of the impact and the relevance
of each group, we performed a research study in clinicaltrials.gov (accessed on 1 May 2022)
using “Cancer” as the keyword and focusing our attention on clinical trials available for
each class of oligonucleotide in analysis.

As expected, the ASOs are the most represented oligonucleotides, accounting for
66% of all of the compounds analyzed (75% of clinical trials), and are the only class with
some compounds in clinical phase II or III (Figure 1 and Table 1). Interestingly, only
12% of the clinical studies are recruiting or active, and the majority are completed (59%),
or in other status (29%). From a structural point of view, the ASOs range in size from
12 to 30 nucleotides, are single stranded, and work through the classic Watson-Crick base
pairing and can act as both gene expression inhibitors or splicing modulators [27,28].

Figure 1. Summary of clinical trials therapies using oligonucleotide in oncology. (a) Antisense
oligonucleotides (ASOs), small interfering RNAs (siRNAs) and microRNAs (miRNAs) number of
clinical trials divided for clinical phases; (b) Total clinical trials number for each class of oligonu-
cleotide analyzed; (c) ASOs, siRNAs and miRNAs number of clinical trials divided for clinical
status condition.
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The second most common oligonucleotide class is represented by the siRNAs, account-
ing for 25% of the compounds. The analysis shows how they are the subject of almost the
same number of clinical trials as the miRNAs, but with a higher number of trials in Phase I
(76% of total siRNAs’ clinical trials). In relation to the clinical trial status, the siRNAs
show 35% active/recruiting trials, and 18% of the trials terminated with no suspension
(Figure 1 and Table 1). The siRNAs are the longest oligonucleotides in size (20–25 nt), they
are double stranded, and work in complex with RISC to post-transcriptionally silence the
target gene expressions [29]. These compounds can be chemically synthesized, maintaining
the characteristics needed for the proper activation of the enzymatic mRNA degradation,
allowing their use as therapeutic compounds [30].

Finally, the miRNAs represent the smallest class with only four compounds in clin-
ical trial (9%). Despite their number, these compounds are well represented in clinical
trials, as mentioned before, and are equally distributed among phases 1 and 2. Fur-
thermore, a relevant number of clinical trials are recruiting (17%), while others are now
terminated (50%), or withdrawn (17%) (Figure 1 and Table 1). The miRNAs are small
(18–25 nt) single stranded non-coding RNAs, containing usually sequences complementary
to one or more of the target RNAs [31]. They work similarly to the siRNAs, activating the
RISC complex after formation of miRNAs duplex [32]. The miRNAs can also be synthesized
by mimicking their normal biological function, to be redirected against specific targets for
therapeutic purposes [33].

2.1. Oligonucleotide Therapeutics Targeting the MYC Gene Family

The MYC family is composed of c-MYC, MYCN, and MYCL [34] The MYC gene
family encodes for the basic helix-loop-helix-leucine zipper (bHLH-LZ) transcription factor
proteins which exhibit a high-structural homology, including highly conserved Myc boxes
(MB) and a basic region (BR), helix-loop-helix (HLH) and leucin zipper (LZ) motifs [35,36].
The MYC gene family is highly involved in tumors in which they are often dysregulated and
mutated (manly by translocations or gene amplification), resulting in overexpression and
association with tumor aggressiveness and poor prognosis [37]. The proteins that originate
from the MYC gene family are mainly considered undruggable with the conventional
approaches that rely on small molecules.

2.1.1. Oligonucleotide Therapeutics Targeting MYC

MYC has been proposed as an important oncogenic target for its role in cell proliferation
and survival, angiogenesis, metastasis, drug resistance, and poor patient prognosis [38,39].
MYC-targeted oligonucleotide therapeutics, based on a small interfering RNA lipid-based
nanoparticle (DCR-MYC, Dicerna Pharmaceuticals), to inhibit the oncogene MYC at the
level of the mRNA, was developed to treat various cancer types, including hepatocel-
lular carcinoma (HCC), solid tumors, lymphoma, or multiple myeloma. The liposomal
delivery system of the DCR-MYC is based on EnCore Dicerna’s proprietary technology,
due to its specific Envelope and Core lipid contents. For targeting MYC, Dicer-substrate
small interfering RNA (DsiRNA) was used in the drug formulation. DsiRNAs, longer
duplex RNAs, are Dicer substrates to be subsequently processed into small interfering
RNAs (siRNAs), and have an increased potency in RNA interfering processing [40]. The
data from the Phase I—dose-escalation study indicated that DCR-MYC presents good
clinical and metabolic responses in patients at a variety of dose levels [41]. However,
Phase I (clinicaltrials.gov (accessed on 1 May 2022) NCT02110563) and Phase Ib/2 trials
(clinicaltrials.gov (accessed on 1 May 2022) NCT02314052) were terminated on the spon-
sor’s decision, due to a lack of the gene-silencing effectiveness that was anticipated by the
company [42].

2.1.2. Oligonucleotide Therapeutics Targeting MYCN

The MYCN oncogene is a well-known driver of different, highly aggressive tumors
(including Neuroblastoma, Small-Cell Lung Cancer, Rhabdomyosarcoma), where it is
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dysregulated and amplified and is strongly associated with poor survival prognosis [43,44].
MYCN overexpression reprograms the tumor cells towards a stem-like phenotype that
promotes proliferation and cell growth, while inhibiting cell differentiation and apoptosis.
It also favors immune escape, invasion, metastases, and angiogenesis [45,46]. Interestingly,
MYCN is expressed during embryogenesis and has a highly restricted pattern of expression
in normal cells after birth [47]. All of these factors make the N-Myc protein a promising
target for a tumor-specific therapy. However, inhibitors against the N-Myc protein have, to-
date, largely failed and have led to N-Myc being currently considered to be an undruggable
target [48].

It has been demonstrated that an alternative approach concerns specific gene expres-
sion inhibition at the level of DNA through a MYCN-specific antigene peptide nucleic acid
(agPNA) oligonucleotide [49,50]. The antigene oligonucleotide approach (via persistent
blocking at the level of transcription) has shown advantages in blocking translation by the
antisense oligonucleotide strategies. The peptide nucleic acids (PNAs) have shown promis-
ing results as antigenes, due to their resistance to proteases and nucleases and their ability
to potently and specifically bind the target DNA [51,52]. Differing from the use of antisense
oligonucleotides, which inhibit mRNA translation, the antigene approach involves binding
to the chromosomal DNA, resulting in the inhibition of transcription. By persistently
blocking the transcription, the antigene oligonucleotides showed higher efficacy compared
with antisense oligonucleotides [49,51]. Antigene therapy by targeting MYCN transcription
has great potential in treating MYCN-expressing tumors, as was previously demonstrated
in the preclinical treatment of neuroblastoma and rhabdomyosarcoma by MYCN-specific
agPNA [50,51]. Neuroblastoma (NB) is the deadliest pediatric tumor. Approximately 25%
of patients with a NB diagnosis present with MYCN amplification (MNA), which is linked
to a poor prognosis, metastasis, and recurrence [53,54]. It has been shown that BGA002,
a new and highly improved agPNA oligonucleotide, is able to specifically target a unique
sequence on the human MYCN gene [55]. BGA002 showed a specific, dose-dependent de-
crease in the MYCN mRNA and protein, while decreasing the viability in a panel of 20 NB
cell lines, followed by the block of different MYCN tumorigenic alterations, and to the
anti-tumor efficacy of BGA002 in vivo in a MNA NB mouse model [55]. Moreover, while
MYCN drives a tumor immunosuppressive environment, which impacts survival in several
MYCN-positive tumors, the block of MYCN by the anti-MYCN BGA002 is able to reactivate
and restore the effectiveness of the natural killer immune cells against NB [56]. It has been
also found that BGA002 restores the retinoic acid (RA) response, leading to a differentiation
or apoptosis in the MNA NB and also to a significant increase in survival in a mouse model
of MNA-NB [57]. This study shows that it is possible to realize precision medicine by the
identification of optimal combined drugs that can achieve a potent and selective block of
cancer pathways only in tumor cells, preserving the impact of side effects on normal cells.
MNA is not restricted to NB, and the restoration of RA treatment could be beneficial in
different MNA tumors. BGA002 has received orphan drug designation from the Food and
Drug Administration (orphan registry: DRU-2017-6085) and from the European Medicines
Agency (orphan registry: EU/3/12/1016). Based upon its well-tolerated regulatory safety
profile package, BGA002 is now moving to Phase I clinical trials in neuroblastoma patients.

2.2. Oligonucleotide Therapeutics Targeting the RAS Gene Family

Ras proteins regulate the activation of different patterns strongly involved in can-
cer, such as cell proliferation, differentiation, and survival [58]. This family of proteins
is encoded by three ubiquitously expressed genes, HRAS, KRAS, and NRAS, that share
most of their sequence and function [59]. In normal conditions, they act as the activator of
more than 20 different proteins from different effectors’ families [60], so their constitutive
activation may cause a deregulation of many cell functions and lead to cancer. In particular,
the frequency and the pattern of the gene mutations can associate different Ras genes with
different cancer types [61]. While each Ras member is involved in cancer, KRAS is surely
the major cancer-causing isoform, accounting for 75% of all Ras-associated tumors [62].
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The other isoforms NRAS (17%) and HRAS (7%) account for only a small subset of cancer
types [62]. In the past years, many attempts were performed to develop direct Ras gene
family inhibitors, but the protein structure showed characteristics that were not very com-
patible with the small molecules’ approach [63]. As the same post-translational approach
was ineffective, due to isoform-specific differences [64], so a more specific approach was
needed in consideration of the relevance of the KRAS specific isoform to the others. In
particular, the oligonucleotides have a promising therapeutic potential as mutant-specific
RAS inhibitors, active against any major mutation.

Oligonucleotide Therapeutics Targeting KRAS

The KRAS-targeted siRNA-polymeric nanoparticles for local therapy, siG12D-LODER,
were designed by Silenseed Ltd. for patients with locally advanced pancreatic cancer.
The biodegradable polymer matrix, Local Drug EluteR (LODER), was used to release
the G12D-mutated KRAS-targeted siRNA locally within a pancreatic tumor microenvi-
ronment for controlled and prolonged delivery [65]. The LODER matrix consists of a
copolymer of poly lactic-co-glycolic acid (PLGA) of a high molecular weight greater than
50 kD. The siG12D-LODER was designed to be properly inserted and placed into the
tumor using a standard biopsy procedure [66,67]. A slow and stable release of siRNA
from siG12D-LODER over a few months was demonstrated when incubated in PBS. The
siG12D-LODER remarkably suppressed the growth of pancreatic tumors in both sub-
cutaneous and orthotopic, xenograft, and syngraft mouse models, without causing any
toxicity [65]. In another preclinical study, following subcutaneous implantation of the
siG12D-LODER, all of the rats exhibited local and systemic safety and tolerability, without
any adverse effects or deaths [67]. A Phase I clinical trial was conducted by injection of
the siG12D-LODER drug into patients via the endoscopic ultrasound (EUS) biopsy needle
(clinicaltrials.gov (accessed on 1 May 2022) NCT01188785). The patients received a com-
bination treatment of siG12D-LODER with gemcitabine or FOLFIRINOX in the phase II
study, reporting an enhanced therapeutic effect [66]. phase II trials of siG12D-LODER
with gemcitabine + nab-paclitaxel are currently underway (clinicaltrials.gov (accessed on
1 May 2022) NCT01676259).

The ASO strategy has also been proposed for the treatment of the KRAS mutation in
cancer. AZD4785 is a cEt-modified ASO [68], complementary to a KRAS mRNA sequence,
developed by Ionis in collaboration with Astra Zeneca. Interestingly, the advanced chem-
istry of this compound and the resulting potency, allowed its use without any delivery
agent in the first preclinical studies. As expected, AZD4785 is able to directly downregulate
KRAS mRNA at the nM level in vitro (IC50 10 nM), and is also able to increase survival
and reduce tumor growth in a mouse model of lung cancer [69]. From the clinical point of
view, only one Phase I study is reported (NCT03101839) as completed in 2017, without any
recent advancement.

2.3. Oligonucleotide Therapeutics Targeting STAT3

STAT3 is a protein activated by members of the JAK family through phosphoryla-
tion [70]. In its phosphorylated form, STAT3 dimerizes and works in the nucleus as a
transcription factor involved in cell proliferation, development, differentiation, inflam-
mation, and apoptosis. Constitutive activation can be found in several types of human
cancer [71,72], and it is able to increase the level of different cancer-related molecules, such
as surviving, Bcl-XL, cyclin D1/D2, C-Myc, Mcl-1, and vascular endothelial growth factor
(VEGF), favoring tumorigenic progression [73,74]. For this reason, STAT3 represents one
of the most interesting targets for therapeutics in oncology, and in the past years many
strategies were developed to effectively inhibit STAT3 expression. For example, synthetic
inhibitors, such as CDDO-Me or FLLL32, can reduce the activity of the protein downstream,
blocking the JAK/STAT3 interaction or inhibiting the DNA binding process but cannot over-
come the issue related to the overall aspect of STAT3 overexpression [75,76]. In a different
way, oligonucleotide compounds are able to specifically target STAT3 reducing the protein
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expression, directly downregulating the mRNA. A new compound, such as AZD9150
(ISIS 481464), a 16-nucleotide next generation chemistry antisense oligonucleotide [77],
or CpG-Stat3 siRNA, a conjugate of an oligonucleotide TLR9 agonist linked to a STAT3
siRNA [78], are, in fact, designed to specifically reach this aim. In particular, the combined
use of synthetic oligonucleotide agonists for TLRs and siRNA target-specific, is a novel and
potent strategy that can achieve both target delivery enhancement of siRNA to immune
cells and antitumor immune response activation [78]. Furthermore, this strategy can target
a broad spectrum of TLRs, including TLR3, TLR7, TLR8 and TLR9, allowing the selec-
tion of the best combination of oligonucleotides and receptors [79,80]. The TLR9-specific
oligodeoxynucleotides, containing an unmethylated CpG-motif (CpG ODN), represent the
first choice, because they are already in clinical testing [81]. Additionally, CpG ODN are
efficiently internalized by various antigene-presenting cells (APC), such as macrophages,
B cells, and dendritic cells (DCs), and their binding to TLR-9 can initiate immune response
cascade, effectively providing the immuno-stimulation [81,82]. Obviously, the interest in
these new compounds is high, and preclinical Phase I and/or 2 clinical studies are still
ongoing and promising.

2.4. Oligonucleotide Therapeutics Targeting BCL-2

BCL-2 is one of the first-discovered regulators of the apoptosis process. This gene is
overexpressed by the translocation t(14;18) in B-cell lymphoma and is implicated in many
different cancers, such as melanoma, breast, and lung carcinoma [83]. BCL-2 is not only
involved in the neoplastic development, but also in the resistance mechanism to cancer
treatment [84]. In this context, the therapies pointed at BCL-2 inhibition can be consid-
ered crucial to overcome resistance to the common strategies for cancer treatments [85].
Oblimersen (G3139) is certainly the most studied BCL-2 inhibitor and was involved in
many clinical studies (Table 1). Unfortunately, despite its high efficacy in vitro and in vivo
preclinical studies [86,87], the clinical studies showed how it is important to administer
this compound in combination to achieve significant results. Phase 3 clinical studies (data
not shown) are indeed available, but only for this form of application. It is important
to underline that other BCL-2 inhibitors have been developed, such as BP1002 [88] and
PNT2258 [89]. Both of them are still in clinical Phase I trials; the first active, and the second
successfully completed, and they represent promising compounds for the future of the
Bcl-2 inhibitor.

3. Oligonucleotide Therapeutics as New Targeted Anti-Cancer Drugs for
Non-Coding RNAs

The only function of RNA in cells was thought to be as a template for protein synthe-
sis, but extensive research in the last few decades proved otherwise [90]. For many years,
scientists have called the non-protein-coding part of the human genome as “junk DNA”.
Approximately 80% of the genome is biologically active and transcribed to RNA, while
only 2% is transcribed to protein-coding mRNA [91], as groundbreaking projects on the
human genome, such as the FANTOM [92] and ENCODE [93], have contributed, revealed
and elucidated. Non-coding RNAs (ncRNAs) constitute a large part of the genome and
are transcribed from DNA but not translated into protein [94]. The ncRNAs can be classi-
fied in consideration of their function and/or dimension in many different ways [95,96].
Normally, ncRNA are conventionally divided into two major groups, based on the thresh-
old of 200 nucleotides (nt) of length, namely short non-coding RNA (sncRNA) and long
non-coding RNA (lncRNA) [90,97]. The sncRNAs (<200 nt) include both structural and reg-
ulatory RNA [97,98]. The structural sncRNAs include the RNAs involved in fundamental
housekeeping functions. For example, the ribosomal RNAs (rRNA) and transfer RNAs
(tRNAs) are involved in the mRNA translation process to protein, while the small nuclear
RNAs (snRNAs) and small nucleolar RNAs (snoRNAs) resemble other fundamental func-
tions concerning rRNA modification and/or mRNA maturation [95,99]. In addition to these
conventional RNAs, the sncRNAs include several regulatory RNAs, such as microRNAs
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(miRNAs), small interference RNAs (siRNAs) and Piwi-interacting RNAs (piRNAs), all of
which are able to regulate gene expression through different mechanisms [100,101]. The
LncRNAs (>200 nt) are a group of more heterogeneous ncRNAs, with an unknown function.
Interestingly, the lncRNAs show many characteristics in common with the coding RNA,
having the possibility of expressing differentially, using splice variants [102], and including
many different types of RNA with a great variety of mechanisms of action, mostly used to
term and classify it [103].

The expression of some ncRNAs is dysregulated and contributes to the development
and progression of various diseases, including cancer [104]. The ncRNAs have been shown
to have great potential as therapeutic targets, drugs, and diagnostic markers [105,106].
Therefore, the ncRNA-based therapies by oligonucleotides have gained great interest for
use with the targets considered “undruggable”, and for their potential use as a part of
precision or personalized medicine in the treatment of a wide range of diseases, including
cancer [107]. With the growing body of evidence on the biology and clinical significance of
ncRNA, a number of investigators in academia, biotechnology, and pharmaceutical com-
panies are currently working on developing oligonucleotide therapeutics to regulate the
pathogenic ncRNA gene expression in various diseases [105,108]. miRNA and siRNA are
the most studied ncRNAs and, over the past decade, 23 clinical trials (Figure 1 and Table 1)
have been initiated for testing the efficacy of miRNA and siRNA in cancer therapeutics.
Several miRNA-based therapeutics recently moved to phase II clinical trials for advanced
cancers, including TargomiR (miR-16 mimic-based therapy) in mesothelioma [109], Cobo-
marsen (anti-miR-155) in T-cell leukemia/lymphoma [110], and Miravirsen (anti-miR-122)
in individuals with hepatitis C infection [111].

3.1. microRNA Therapeutics

Two types of oligonucleotides are currently being used as miRNA therapeutics:
miRNA mimetics to restore the levels of miRNAs downregulated in cancer; and antagomiRs
to inhibit overexpressed miRNAs [112]. Thus far, six clinical trials have been investigating
miRNA therapeutics’ potential as oncology drugs. Of these, three were terminated and
one withdrawn, leaving one Phase I trial completed and one still recruiting patients. The
termination of NCT01829971 and the withdrawal of NCT02862145 were due to frequently
related serious adverse events reported by the investigators, while the NCT03837457 and
NCT03713320 trials were terminated due to business reasons and patients placed in other
trials, according to the comments on clinicaltrials.gov (accessed on 1 May 2022) [113].

3.1.1. Cobomarsen

Cobomarsen, or MRG-106 (anti-miR-155, miRagen Therapeutics, Inc, Boulder, Col-
orado), is a locked nucleic acid (LNA)-modified oligonucleotide inhibitor of miR-155.
miR-155 is found at high levels and is related to a worse prognosis in lymphoma and
leukemia. It plays an important role in the progression of mycosis fungoides (MF), the
most common type of cutaneous T-cell lymphoma (CTCL) [114]. The preclinical studies of
cobomarsen in NSG mice carrying B-cell lymphoma (ABC-DLBCL) xenografts indicated
that by intravenous injection, the tumor volume was reduced, apoptosis was induced, and
the expression of direct target of miR-155 was upregulated. In addition, it was emphasized
that the drug did not exhibit any toxic effects [115]. Phase I clinical studies evaluated the
safety, tolerability, pharmacokinetics, and potential efficacy of the drug in patients with
a subset of lymphomas and leukemias. The patients received the drug by subcutaneous
or intravenous injection for six dosages in the first 26 days, later once a week. The results
showed that the treatments sustained a reduction in the lesion burden accompanied by an
inhibited miR-155 level. Moreover, it displayed an efficient clinical activity without serious
adverse effects (clinicaltrials.gov (accessed on 1 May 2022) NCT02706886) [116]. phase II
clinical trials began to compare the efficacy and safety of cobomarsen with vorinostat,
the Food and Drug Administration (FDA) approved the drug for CTCL (clinicaltrials.gov
(accessed on 1 May 2022) NCT03713320), and to study its efficacy and safety in subjects
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who have confirmed disease progression after treatment with vorinostat (clinicaltrials.gov
(accessed on 1 May 2022) NCT03837457) [117]. However, phase II studies were terminated
on the company’s decision, without any safety or efficacy issues [118]. In the Phase I trial
(NCT02580552), the patients showed acceptable toxicity and drug responses in all four of
the patients recruited for the intra-tumoral injection, with decreased neoplastic cell density
and depth [110]. The FDA granted Orphan Drug Designation to cobomarsen for mycosis
fungoides type cutaneous T-cell lymphoma in 2017.

3.1.2. TargomiRs (a miR-16 Mimic and a MIR16-Based miRNA Mimetic)

TargomiRs is a miRNA replacement therapy and is the first technology to complete
Phase I trials of carrier-based miRNA therapeutics in cancer patients [119]. It consists of
three components: (I) a miR-16 mimic that acts as a tumor suppressor in a range of cancer
types; (II) an EnGeneIC Delivery Vehicle (EDV); and (III) a targeting ligand; anti-epidermal
growth factor (EGFR) bispecific antibody. EDVs are non-living bacterial minicells of a
400 nm diameter that have the ability to deliver chemotherapeutic drugs, nucleic acids,
and proteins [120]. Bcl-2 and CCND1 genes, which promote cancer progression, have been
reported to be important targets of miR-16. In vitro studies indicate that depleted miR-16
levels could be restored with MIR16 mimetics in malignant pleural mesothelioma cell lines,
which led to growth inhibition [121]. In vivo delivery of the miR-16 mimic via EDV to nude
mice with malignant pleural mesothelioma (MPM) xenografted tumors significantly inhib-
ited the tumor growth without any safety concerns from the minicells. Additionally, the
miR-16 mimic, at doses less than 1 lg, had a powerful tumor inhibitory effect in vivo [121].
An open-label, dose-escalation Phase I study of TargomiRs (also called MesomiR-1) was
conducted in patients with MPM. The results demonstrated that TargomiRs was well toler-
ated, together with early signs of antitumor efficacy and encouraging survival in patients.
In addition, the phase II trial, in which TargomiRs will be added to standard chemotherapy,
will begin soon (clinicaltrials.gov (accessed on 1 May 2022) NCT02369198) [109].

3.1.3. MRX34 (MiR-34a Mimic)

Phase I trials of MRX34, a MiR-34a mimic, were initiated in 2013 in patients with mul-
tiple solid tumors, including primary liver cancer, renal cell carcinoma, multiple myeloma,
lymphoma, or small-cell lung cancer, with the strategy of restoring endogenous miR-34
using miRNA mimics. The liposome formulation is comprised of amphoteric lipids which
are anionic at neutral or higher pH and cationic at lower pH values. This technology
facilitates liposome formation, mixing lipids and miRNA in an acid environment, and
increasing the specific tumor targeting. In fact, in normal biological fluids (at pH7–7.5), the
nanoparticles may prevent an unwanted interaction with the negative charge of cellular
membrane, but at the same time they can improve adhesion to tumor cells, in consid-
eration of the lower pH normally found in tumor areas [122]. MRX34 was reported to
directly regulate 24 oncogenes carrying essential roles in proliferation, cell cycle, metas-
tasis, anti-apoptosis, the cancer cell self-renewal process, oncogenic transcription, and
chemoresistance [123]. The systemic delivery of MRX34 into mice with orthotopic Hep3B
and HuH7 liver cancer xenografts resulted in dramatic tumor growth reduction, and even
tumor regression. The therapeutic doses used had no harmful side effects or immune stim-
ulation in mice. Following a single administration of MRX34, multiple oncogenes of the key
cancer pathways were inhibited, including WnT/b-Catenin, MapK, c-Met, Hedgehog, and
vascular endothelial growth factor (VEGF), while multiple genes of the p53 pathway were
stimulated [124]. However, despite its very high therapeutic performance in preclinical
studies, in 2016, Mirna Therapeutics discontinued the Phase I trials, due to immune-related
severe adverse effects (SAEs) observed in five patients that resulted in four of their deaths
(clinicaltrials.gov (accessed on 1 May 2022) NCT01829971). Further Phase I and II studies
of MRX34 for melanoma treatment were also withdrawn because of SAE (clinicaltrials.gov
(accessed on 1 May 2022) NCT02862145). Nevertheless, a recently published study reported
that MRX34 treatment with dexamethasone premedication exhibited clinical activity and a
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manageable toxicity profile in most of the patients [125]. All of the miRNA therapeutics
across indications are still in clinical trials, with some positive outcomes thus far. Studies
on miRNAs for cancer diagnosis have also exponentially increased in the last few years,
and miRNA-based diagnostic tools are being developed [112].

4. Challenges and Solutions for the Clinical Success of Oligonucleotide Therapeutics

The pharmacokinetic properties of oligonucleotides have been extensively character-
ized. Oligonucleotides show a wide tissue biodistribution in several organs, and the kidney,
liver and spleen are the principal target organs [126,127]. In general, oligonucleotides
are negatively charged and this chemical characteristic limits the cross of the blood-brain
barrier, and consequently the localization to the brain and spinal cord. Thus, the treatment
of brain tumors or of brain metastases of tumors that arise in other organs is not feasible by
systemic treatment, but should require a route of administration that delivers the drug into
the central nervous system [128]. Another possibility is the use of delivery systems, such as
liposomes that could cross the blood-brain barrier [129]. The phosphorothioate modifica-
tion of the backbone greatly improved the binding of the oligonucleotides to the plasma
proteins, increasing the time of the oligonucleotides in the circulation, while reducing their
elimination. In vivo stability and resistance to degradation by DNases or RNases have been
greatly improved by the different chemical modifications introduced in the nucleotides and
in the backbone [130,131]. Regarding the delivery to the target cells, oligonucleotides are
hydrophilic molecules and cannot passively cross the plasma membrane in the same way
as the small molecule lipophilic drugs. The delivery of oligonucleotides is mainly mediated
by the formation of endosomes, but then they should be released to the cytoplasm before
the fusion of the endosome with the lysosome triggers their degradation. In this respect,
several systems of oligonucleotide delivery have focused on their endosomal escape to
avoid their degradation [132–134]. Oligonucleotides are used without the delivery systems,
or formulated with liposomes, nanoparticles, or conjugated with carriers, such as peptides,
small molecules, and cell surface receptors. These delivery systems confer improved phar-
macokinetic and pharmacodynamic in vivo properties, but should be carefully evaluated
for their potential side effects, and the overall therapeutic index that should respect the
means of the oligonucleotides when used, without any carrier. Many tumors are highly
vascularized, and several reports indicate that cancer cells can be accessible and targeted
by oligonucleotides [135–137].

Regarding the safety profile of the oligonucleotides, these could be related to the
potential inhibition of the expression of off-target genes. However, performing a robust
process of bioinformatic prediction of the complementary target sequences, and by the
selection of optimal unique sequences only present in the target gene, followed by the
experimental evaluation of potential off-target genes, means that it is possible to identify
potent and specific drug-candidate oligonucleotides that maximize the on-target effects
and greatly minimize the potential for off-target effects at a level that do not impact healthy
cells [138–140]. Moreover, the introduction of the different chemical modifications to the
oligonucleotide is reported to confer different improved characteristics. First generation
ASOs, for example, are able to efficiently recruit RNase H (methylphosphonate and phos-
phorothioate); however, they show limited clinical application due to their sensibility for
endo- and exonucleases as well as their limited binding affinity for the target and potential
cytotoxic side effects [141,142]. Second generation ASOs introduce the first important
improvement in oligonucleotides in overall stability and target engagement, reducing at
the same time the off-target toxic effects [143,144]. Finally, the third generation ASOs shows
the most enhanced resistance against nucleases and the best target affinity, compared to
the previous generations [144–146]. The last generation is also potentially considered the
most safe, thanks to its high specificity, affinity, and very limited off-target effects that
can be avoided with many bioinformatic tools [131]. Thus, the chemical modification
introduced into DNA or RNA oligonucleotides (Figure 2) have allowed an improvement in
the specificity, stability, safety and pharmacokinetic/pharmacodynamic profiles, making
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this class of compounds more reliable for clinical purposes [131,144]. Other potential toxic
effects of oligonucleotides that are reported in preclinical and clinical studies could be
related to a stimulation of the immune system [147], liver inflammation, or accumulation
in the proximal tubule of the kidney [148–150]. However, these phenomena are usually not
serious events and could be recovered after cessation of the oligonucleotide administration.

Figure 2. Graphic representation of chemical specific characteristics for each generation ASOs. Main
chemical differences from common shared structure are marked with colors.
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Regarding the potential stimulation of the immune system, in DNA-based oligonu-
cleotides this phenomenon is related to the presence of CGs in the oligonucleotide that
are recognized by the TLR9, followed by cytokine release and activation of the innate
immunity [151,152]. In RNA-based oligonucleotides, the immune system stimulation is
related to the activation of TLR3 and TLR7 [152,153]. Nevertheless, in the context of a cancer
therapy, the activation of the immune system could not necessary be considered a side
effect, but rather an advantage and a potential dual anti-tumor effect of the oligonucleotide,
in addition to the on-target inhibition of its specific cancer gene.

5. Challenges and Solutions Related to the Oligonucleotides for Cancer Therapy

Because of the high rate of new mutations that occur in the tumors, the new targeted
drugs based on small molecules could also result in being ineffective, especially if the
mutations fall in the functional domains (most often catalytic domains) of the proteins
that are the most relevant target sites of these class of drugs [154,155]. For these reasons,
new targeted cancer therapeutics are needed to enhance the efficacy and reduce the side
effects. For a successful use of oligonucleotides for cancer therapy, many critical aspects
and challenges have to be considered and solved. An optimal cancer treatment should
employ a sustained therapeutic schedule, able to counteract the continuous growth of the
tumor, especially those with aggressive characteristics. The most relevant and causative
target genes in cancer present the challenge that they are often overexpressed. Therefore, to
reach a therapeutic response, the oligonucleotide should exert a pharmacological inhibitory
activity by contrasting its target gene, that is often constitutively activated at a high level
of expression. However, a relevant level of inhibition of the target gene expression is not
always required, because the cancer cells, following the downregulation of the critical
key oncogenes, could become vulnerable and susceptible to elimination by other drugs
or by the immune system, even if high levels of targeted gene expression inhibition are
not reached.

6. Conclusions and Future Perspectives

Oligonucleotide therapeutics appear particularly adequate to respond to the challenges
mentioned above. They could also expand the range of targets for a specific therapy for
challenging or undruggable targets. Moreover, the drug discovery process to identify a new
lead candidate oligonucleotide drug is, in general, shorter than the time required to identify
a conventional lead drug based on a small molecule compound. This aspect is relevant
to adapting and responding in a specific manner to the high rate of tumor mutations and
heterogeneity. The numerous advantages offered by the oligonucleotide position them
as an emerging and promising class of biotherapeutics for a new era of precision and
personalized medicine in cancer therapy.
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Abstract: Certain lysosomal cathepsin proteins have come into focus as being good candidates

for therapeutic targeting, based on them being over-expressed in a variety of cancers and based

on their regulation of the apoptotic pathway. Here, we report novel findings that highlight the

ability of cathepsin S expression to be up-regulated under Paclitaxel-stimulatory conditions in

kidney cell lines and it being able to cleave the apoptotic p21 BAX protein in intact cells and in vitro.

Consistent with this, we demonstrate that this effect can be abrogated in vitro and in mammalian

cells under conditions that utilize dominant-inhibitory cathepsin S expression, cathepsin S expression-

knockdown and through the activity of a novel peptide inhibitor, CS-PEP1. Moreover, we report

a unique role for cathepsin S in that it can cleave a polyubiquitinated-BAX protein intermediate

and is a step that may contribute to down-regulating post-translationally-modified levels of BAX

protein. Finally, CS-PEP1 may possess promising activity as a potential anti-cancer therapeutic

against chemotherapeutic-resistant Renal Clear Cell Carcinoma kidney cancer cells and for combined

uses with therapeutics such as Paclitaxel.

Keywords: cathepsins; BAX; MOMP; ubiquitination; apoptosis; chemotherapy; cancer

1. Introduction

The lysosomal cathepsin proteases are emerging as being quite pleiotropic concerning
the regulatory role they play in a number of key cellular processes that are central to
disease progression [1]. From this family of proteins, the cysteine cathepsins have gained
considerable attention due to their ability to be auto-activated, remain catalytically active
at lysosomally-acidic [2] and cytoplasmically-neutral pHs and include cathepsins -B, -C, -F,
-H, -K, -L, -O, -S, -V, -X, -W and -Z [1,3]. More recently, cathepsin proteases have gained
in importance based on their contributions to cancer progression and angiogenesis, when
expressed extracellularly or intracellularly, and have been evaluated for their candidacy
as therapeutic targets [1,3–8]. One such member from this hopeful family of targets is
cathepsin S (CS), particularly in the context of cardiovascular disease or gastric- and
colon-cancers [9].

Mechanistically, the cathepsins gained importance following the seminal studies,
which demonstrated the ability of cathepsins -B, -K, -L, -H, -D and possibly -S to cleave and
activate the Bcl-2 family member BID or caspase-8, resulting in their respective activation
of the intrinsic and extrinsic arms of the apoptosis pathway [10,11]. Briefly, the Bcl-2
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family of proteins can be divided into 3 sub-families: pro-apoptotic (for example BAX and
BAK), anti-apoptotic (which include Bcl-2 and Bcl-xl), and the BH3-only proteins (such as
BID, BAD and BIM) [12,13]. Of importance is the p21 BAX protein, which is structurally
composed of 9 α-helices [14], is predominantly monomeric [15] and is activated through
two possible mechanisms upon stimulation of cells with cytotoxic agents [16]. Firstly,
binding of BH3-only proteins to helices α1–α6 (the ‘rear pocket’ of p21 BAX) can displace
the α-helix 9 trans-membrane (TM) domain from the hydrophobic groove (composed of
helices α2–α5), thus allowing the insertion of the TM domain into the outer mitochondrial
membrane leading to mitochondrial outer membrane permeabilization (MOMP) [17].
Secondly, displacement of the α1–α2 helices by activator BH3-proteins can expose the
BH3 domain [18] and permit the oligomerization of BAX [18,19], which is a key step in
activating MOMP and apoptosis through the intrinsic pathway [20].

The BH3 domain of p21 BAX can also bind the hydrophobic groove of the inhibitory
Bcl-2 protein (through helices α2–α5 [21]), which reduces the ability of p21 BAX to oligomer-
ize to 80-, 96-, 160- or 260-kD complexes [22], thus limiting BAX-mediated MOMP activa-
tion [23]. Therapeutically, targeting this pro-apoptotic BH3 domain protein-anti-apoptotic
Bcl-2 protein hydrophobic groove interaction using ‘BH3 mimetics’ has yielded a number
of very promising anti-cancer drugs such as Venetoclax [24,25] and WEHI539 [26].

Based on the importance of cathepsin-mediated cleavage of BH3-domain containing
pro-apoptotic proteins, albeit an area of controversy [27,28], we questioned the regulatory
dynamics that exist between the CS and p21 BAX proteins in the context of kidney cancer.
Here, we report that cathepsin S (CTSS) and BAX gene expression through Paclitaxel
stimulation or cellular stress are inducible in kidney cell lines. We also report that p21
BAX is a novel substrate for CS, which may be a step that is important in regulating
apoptosis as it has the effect of depleting cells of the p21 BAX protein. Moreover, we show
that this cleavage event can be inhibited in the presence of a novel Bcl-xl protein-derived
inhibitory peptide (named CS-PEP1) and which can induce apoptosis of HEK293 and
769P cancer cells through mechanisms that involve p21 BAX protein stabilization and
Bcl-xl protein destabilization. Collectively, our novel findings offer good potential for
Paclitaxel-resistant Renal Clear Cell Carcinoma (RCCC) cancer cells [29] to be sensitized to
the apoptosis-inducing effects of CS-PEP1 alone or in combination with Paclitaxel therapy.

2. Materials and Methods

Reagents, Antibodies and cells

Paclitaxel (Pac, in DMSO), hydrogen peroxide (HP), z-VAD-FMK (in DMSO), MG132
(in DMSO) and 100 mM cycloheximide (in DMSO) were purchased from (Sigma-Aldrich,
Moscow, Russia). Mouse anti-human Cathepsin S (E-3) was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA), and anti-HA tag (SG77) or goat anti-Cathepsin S
(PA5-47088) were purchased from Invitrogen (Carlsbad, CA, USA). Anti-Bcl-xl (Ab15274)
and -BAX (Ab3154) were purchased from Abcam (Cambridge, UK). An anti-active caspase-
3 specific antibody was purchased from Abcam (Ab13847) to detect the cleaved 17 kD
form of caspase-3 by Western blotting. Protein AG agarose was purchased from Pierce
(Waltham, MA, USA). HEK293 (RRID:CVCL_0045) and 769-P (RRID:CVCL_1050) kidney
cells lines were sourced originally from ATCC and respectively maintained in DMEM
(Invitrogen, Carlsbad, CA, USA) and RPMI 1640 (Invitrogen, Carlsbad, CA, USA) medium
containing 10% FBS and antibiotics, as recommended by the supplier (Invitrogen, CA,
USA). All human cell lines were authenticated using Short Tandem Repeat (STR) profiling
within the last three years. All experiments were performed with mycoplasma-free cells.
The Bcl-xl-derived peptide CS-PEP1 (of sequence FFSFGGAL) was synthesized by Peptech
(Saint Petersburg, Russia) and dissolved in sterile DMSO as a stock solution of 10 mM.

Expression Plasmids and Primers

Cathepsin S-FLAG (pCS-FLAG) and cathepsin S C25A-FLAG (pCS-C25A-FLAG)
mammalian expression plasmids were gifts from Dr Yun-Sin Lee [30]. BID, BAX, Bcl-xl
coding sequences were PCR cloned into pCDNA3.1+/HA for carboxyl-terminal HA-
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epitope tagging. Bcl-xl-HA was difficult to detect using Western blotting, possibly due to
c-terminal processing of the protein. Plasmid pBAX was made by cleaving pBAX-HA with
Xho I, T4 DNA polymerase fill-in reaction, and auto-ligation (to remove in-frame HA-tag
expression). The coding sequences for BAX and Bcl-xl were respectively sub-cloned into
pET28A and pGEX5x-1 for bacterial expression. Bcl-2 protein and CS PCR primers:

BAX-GCTAGCTGAATTCATGGACGGGTCCGGGGAGCAG and CCGCTCGAGGC-
CCATCTTCTTCCAGATGG;

BID-GCTAGCTGAATTCATGGACTGTGAGGTCAACAACGGTTCC and CCGCTC-
GAGGTCCATCCCATTTCTGGCTAAGCTCC;

Bcl-xl-GCTAGCTGAATTCATGTCTCAGAGCAACCGGGAGCTGGTGG and CCGCT
CGAGTTTCCGACTGAAGAGTGAGCCC.

The human cathepsin s coding sequence was PCR cloned into pET15b using: CATHS-
TATACATATGCAGTTGCATAAAGATCCTACC and CATH-AS TTCTCGAGCTAGATTTCT
GGGTAAGAGG.

5′ CTTS gene reporter construction

The -1048 bp and -564 bp fragments upstream of the cathepsin S (CS) gene sequence
were PCR cloned using:-1048 bp (CTCGAGTGCACTCCAGCATGGGAGACAAA with GT-
CAATTGAACTGAAATAAGCTT); and -564 bp (CTCGAGTACAAGGAGCTGGGATTTGG
GG with GTCAATTGAACTGAAATAAGCTT). DNA fragments were subcloned into Xho
I/Hind III digested pTurbo-GFP PRL, giving pCS-1048 and pCS-564. Mammalian cells
were transfected with 1 µg of plasmid for 24 h and stimulated with Pac (5 µg/mL) for a
further 24 hr, lysed and equal volumes analyzed by Western blotting for GFP expression,
using an anti-GFP antibody (Evrogen, Moscow, Russia).

Semi-Quantitative RT-PCR

Cells seeded on 100 mm tissue culture plates were stimulated as outlined and total
RNA isolated using Trizol reagent (Invitrogen, CA, USA). 1 µg of total RNA was reverse
transcribed MMLV Reverse Transcriptase kit (Evrogen, Moscow, Russia). 2.5 ng of cDNA
template was used in the qPCRmix-SH system (Evrogen, Moscow, Russia) for each reaction,
at an annealing temperature of 55 ◦C and equal volumes (10 µL) analyzed on 1% agarose
gels. Primers used to quantify CS, BAX and GAPDH transcripts were: CS-F (TCAACT-
GAAAAATATGGAA), CS-R (CCTTCTTCACCAAAGTTGTGGCC), BAX-F (ATGTTTTCT-
GACGGCAACTTC), BAX-R (AGTCCAATGTCCAGCCCAT), GAPDH-F (CTTCGCTCTCT-
GCTCCTGTTCG) and GAPDH-R(ACCAGGCGCCCAATACGACCAAAT), and gave 390,
133, and 140 bp products, respectively.

Primers for CS knockdown plasmid construction

The pCS-shRNA expression plasmid was made by annealing the two primers of the se-
quence;GATCGGGAGACATGACCAGTGAAGATCAAGAGTCTTCACTGGTCATGTCTC
CC and GATCGGGAGACATGACCAGTGAAGACTCTTGATCTTCACTGGTCATGTCTCC
C, followed by their ligation into Bgl II digested plasmid pTER (as outlined in [31]). Insert
integrity was confirmed by DNA sequencing, and approximately 3 µg plasmid was used
to transfect HEK293 or 769P cells for 24 h, before cells were lysed and equal volumes of
cleared lysates analyzed by reducing SDS-PAGE/Western blotting.

Bacterial expression and purification of proteins

Bacterial strain BL-21 (DE3) Lys-S was used for expression of bacterial BAX-His6 and
GST-Bcl-xl fusion proteins. GST-Bcl-xl protein was purified as outlined previously [32]
and the BAX-His6 was bacterially expressed, batch purified using the method outlined
previously [31] and the protein kept immobilized on NTA agarose (Pierce, Waltham MA,
USA) for subsequent CS-mediated cleavage assays. Cathepsin S protein was expressed
in BL-21 cells, sonicated and inclusion bodies solubilized in 4 mL 20 mM Tris-HCl, 6 M
Guanidine hydrochloride (Gnd-HCl), 0.5 M NaCl and 10 mM imidazole (Im), pH 8.0
(Buffer A). Cleared lysates were applied to an IMAC column, washed in Buffer A and
eluted using 6 M Gnd-HCl, 0.5 M NaCl, 0.3 M Im, pH 8.0 (Buffer B). DTT was added to a
final concentration of 10 mM to eluted fractions, which were dialyzed against refolding
buffer (1 M Tris-HCl, 1 M Arg-HCl, 1 mM reduced L-Glutathione, 2 mM oxidized L-
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Glutathione, 2 mM EDTA, pH 8.0). Cleared protein solution was concentrated using a
10 kD cut-off Amicon protein concentrating cell and protein concentration was determined.

Transfection of mammalian cells

HEK293 or 769P cells were seeded at 1.5 × 105 cells per 35 mm well and transfected
using the recommended amount of plasmid DNA with Turbofect reagent (Thermo Fisher
Scientific, Carlsbad, CA, USA). Generally, pBAX-HA (or other Bcl-2 protein encoding
plasmids) were co-transfected at 0.5 µg with 1.5 µg pCS-FLAG (or pCS-C25A-FLAG) or at
a respective ratio of 1:3 per transfection of HEK293 or 769P cells. Plasmid pCDNA3.1+ was
used in negative control transfections and to keep plasmid amounts consistent between
differing transfection conditions. Transfected cells were lysed in equal volumes of 1%
NP40LB (as described in [33]) and equal volumes of cleared whole cell lysates used in
subsequent procedures.

Cycloheximide Pulse Chase Studies

Cells were transfected for 24 h with 0.25 µg BAX-HA and CS-FLAG-derived expression
plasmids (0.75 µg) for 6 h and left either untreated or treated with 10 µM CS-PEP1 for a
further 18 h. Cells were then treated with 20 µM cycloheximide (in medium containing
10% serum) for 1 h and the cells washed in PBS, lysed in 1% NP40LB buffer at the indicated
time points and 10% v/v of cleared whole cell lysate analyzed by reducing SDS-PAGE and
Western blotting.

Immunoprecipitation of Proteins

These were carried out overnight as described previously [31,33], with 0.25 µg of
anti-HA antibody and 30 µL of protein AG agarose beads (Pierce).

Cathepsin S-Ni-NTA Co-precipitations

30 µL of Ni-NTA agarose (Pierce) were incubated with 5 µg of CS protein diluted in
1 mL 1% NP40LB (lacking EDTA) and incubated with gentle rotation overnight at 4 ◦C. The
resulting CS-NTA agarose was washed six times with 1% NP40LB (-EDTA) using cycles
of microcentrifugation and after the last wash, equal volumes of 100 mM sodium acetate
pH 4.0 buffer (50 µL) added and the mix incubated at 37 ◦C for 5 min. 50 µL of 100 mM
Na2PO4, pH 7.2 were added, followed by cleared lysate prepared from mammalian cells
expressing BAX-HA and the resulting mixtures incubated at 4 ◦C overnight with gentle
rotation. As a negative control, Ni-NTA alone was also incubated with equal volumes of
lysate. Precipitates were washed using 1 mL 1% NP40LB (-EDTA) six times and then 20 µL
of 2× Laemmli buffer/DTT added followed by heating to 95 ◦C for 5 min. Samples were
analyzed by Western blotting using the anti-HA antibody to detect BAX-HA. 5% v/v of the
cleared lysate expressing BAX-HA was also analyzed by Western blotting.

Isolation of ubiquitinated BAX intermediates

p21 BAX protein (pBAX-3.1+, 0.25 µg) was co-expressed with HA-tagged ubiquitin
(0.5 µg) or cathepsin S-FLAG derivatives (0.75 µg) in mammalian cells and cleared soluble
lysates prepared using 1% NP40LB containing protease inhibitors. Immune complexes
were purified using anti-HA antibody overnight, washed and 50 µL of 2× Laemmli buffer
added to the beads before samples were boiled for 5 min. 950 µL of 1% NP40LB were added
to each sample, centrifuged and the soluble fraction removed and immunoprecipitated
again, overnight using the anti-HA antibody (as outlined above) before being washed six
times with 1% NP40LB and equal volumes analyzed by reducing SDS-PAGE and Western
blotting, as described [31] (either before or after being subjected to cathepsin S-mediated
cleavage, in vitro).

In vitro cathepsin S cleavage assays

Purified immune complexes (as described in [31]) were washed in 1 mL of 100 mM
Na2PO4, pH 7.2 buffer and resuspended in 20 µL of the same buffer. An equal volume of
100 mM sodium acetate (pH 4.0) buffer was added to 0.5 µg of purified cathepsin S and the
mixture incubated at 37 ◦C for 10 min to auto-activate the cathepsin S protein. An equal
volume of 100 mM Na2PO4 pH 7.2 buffer was added to this enzyme mix giving a final
concentration of cathepsin S of 0.125 µg/µL. For pH 7 cleavage assays, 4 µL of this mix
(0.5 µg cathepsin S) were added to the immunoprecipitated complexes, 100 ng BAX-Ni-NTA
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agarose beads or 0.5 µg GST-BCl-xl agarose beads that had been previously washed twice in
1 mL of 100 mM Na2PO4, pH 7.2 and then resuspended in 20 µL of 100 mM Na2PO4, pH 7.2,
2 mM DTT. The reactions were incubated at 37 ◦C for 50 min and the reaction terminated
upon the addition of 20 µL of 2× Laemmli Buffer (containing 100 mM DTT), followed by a
5 min incubation at 94 ◦C. For cleavage assays conducted at pH 5, immobilized substrate
proteins (in 20 µL of 100 mM Na2PO4 buffer, pH 7.2) were resuspended in 20 µL of 100 mM
sodium acetate (pH 4.0), prior to the addition of 0.5 µg (4 µL) of activated cathepsin S mix,
followed by incubation at 37 ◦C for 50 min and termination with 2× Laemmli Buffer/DTT
and heating to 95 ◦C for 5 min. Reaction mixtures were scaled up so that their pH could be
determined with greater accuracy using a pH electrode (Millipore). Equal reaction volumes
were analyzed by SDS PAGE or Western blotting.

Laser Scanning Confocal Microscopy

HEK293 cells were seeded on glass coverslips, transfected for 24 h and then stimulated
with Pac (or HP) for an additional 24 h. Coverslips were fixed in 4% PFA/PBS pH 7.4,
permeabilized in 0.1% Triton X-100/PFA/PBS, washed and treated with 100 mM Glycine
PBS/pH 8.2 for 30 min and incubated in primary antibody (at the recommended dilution)
for 1 h. Incubation in secondary antibody-fluorophore conjugate (Molecular probes, Eu-
gene, OR, USA) was for 1 h and coverslips mounted in Mounting Mix Gold-with or without
DAPI stain (Invitrogen). Images were recorded on a Zeiss LSM880 Airyscan microscope
using Zeiss Zen Black software.

Apoptosis Assays

HEK293 or 769P cell lines were treated as outlined in the Click-IT TUNEL Alexa-
Fluor 594 Imaging Assay kit (Molecular Probes) and coverslips mounted on microscope
slides in the presence of DAPI staining. Between 200–1000 cells were visualized using 20x
and 40x objectives on a Zeiss LSM 880 Airyscan laser scanning confocal microscopy and
apoptotic cells (stained in red) scored. Results from one series of experiments are presented
where consistency was seen between duplicated experiments. Experiments were repeated
identically in the absence of seeding cells on coverslips and cells lysed in 200 µL of 1%
NP40LB and 2× Laemmli buffer/DTT before samples were heated at 95 ◦C for 10 min for
Western blot analysis.

Statistical Analysis and Densitometry

Experiments were performed independently with an n = 3. The results representative
of one experiment are highlighted within the figures, where consistency was seen at least
twice. Western blot images were analyzed using Adobe Photoshop CS4 to quantify and
record the intensity of bands (using technical repetitions of n = 3, which were generally
all normalized for β-actin protein levels as observed for unstimulated HEK293 or 769P
cells (and negative control samples) using Excel (Microsoft, Moscow, Russia). For statistical
analyses, the intensity of bands (or apoptotic cell numbers) were calculated from the mean
between three readings and the Standard Error around the Mean (±SEM). These results
were plotted using Excel (Microsoft, Moscow, Russia). The two-tails unpaired student t-test
(Excel) was performed to test for significance of ±SEM values (Excel). Source data are
available for all figures.

3. Results

3.1. The CTTS Gene Is Induced under Paclitaxel or Hydrogen Peroxide Stimulatory Conditions

While the classical approach to defining a direct relationship between cathepsins
and cancer have emerged through characterizing deregulated expression of cathepsins in
tumor progression [1], relatively less is understood about the inducible nature of cathep-
sin gene expression under normal conditions or during chemotherapy. We stimulated
Human Embryonic Kidney (HEK293) cells and the human RCCC cell line 769P with in-
creasing doses of Paclitaxel (Pac) and hydrogen peroxide (HP) and observed steady-state
levels of pro-cathepsin S protein (CS, 37 kD) to be enhanced in a dose-dependent man-
ner (Figure 1A), while p21 BAX protein levels were observed to diminish (Figure 1A,
Supplementary Figure S1A,B).
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Figure 1. Cathepsin S (CS) protein expression levels are induced through the -1048 promoter fragment from the CTTS

gene upon Paclitaxel or hydrogen peroxide stimulation. HEK293 and 769P cells were stimulated with increasing doses
of Paclitaxel (Pac) and hydrogen peroxide (HP) and soluble lysates prepared after 24 h and equal volumes analyzed by
Western blotting for cathepsin S (CS), BAX and actin expression (Panel A). Similarly, total RNA was isolated from cells
stimulated for 24 h with increasing doses of Pac or HP and equal quantities of template cDNA analyzed for transcriptional
expression of CS, BAX and Glyceraldehyde-3-phosphate dehydrogenase (GAP-DH, Panel B). Promoter fragments, derived
from the transcriptional start site of the CTTS gene to -1048 and -564, were PCR cloned and fused to a promoter-less GFP
encoding plasmid (Panel C) and evaluated for GFP expression in equal volumes of HEK293 and 769P cleared whole cell
lysates (WCLs) under Pac (10 µg/mL and 5 µg/mL, respectively) or HP (5 µM) stimulatory conditions. GFP expression was
also quantified, standardized and corrected against GFP expression from cells stimulated with carrier alone and is shown as
a fold change over basal GFP expression (Panel D). HEK293 cells transfected with pCS-1048 or pCS-564 and stimulated with
Pac (5 µg/mL) for 24 h were also fixed and visualized for GFP expression using laser scanning confocal microscopy (Panel
E). The red bar indicates 1 micron. Quantified data are presented as the mean ± SEM and its significance (where p < 0.05)
determined, using a two-way Student’s t-test (* p < 0.05, ** p < 0.01 and *** p < 0.001).

In order to ascertain whether the changes in levels of CS (or even p21 BAX) proteins
were due to transcriptional modulation of their genes, we performed quantitative RT-PCR
analysis on total RNA isolated from cells stimulated in a dose-dependent manner using Pac
or HP. CS and BAX transcripts were basally- or inducibly-expressed in HEK293 cells upon
treatment with Pac (1–20 µg/mL) and HP (1–5 µM) (Figure 1B, Supplementary Figure S1C).
In 769P cells, cathepsin S gene (CTSS) expression was induced with 1 µg/mL PAC and
0.1–5 µM HP (Figure 1B, Supplementary Figure S1D). BAX gene expression was also in-
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duced in 769P cells through stimulation with Pac at 1 µg/mL or HP at 0.1–1 µM (Figure 1B,
Supplementary Figure S1D).

To confirm some of these effects, we embarked on analyzing the promoter region of
the CTSS gene to ascertain whether it is amenable to inducible regulation under Pac or
HP stimulatory conditions (Figure 1C). Using a GFP-protein reporter assay, the upstream
-1048 bp fragment of the CTSS gene was inducibly responsive to stimulation of HEK293 or
769P cells with Pac or HP, as a respective 2–3 fold increase in GFP-reporter gene expression
was observed (Figure 1D). Moreover, enhanced GFP-reporter expression could be clearly
visualized under Pac stimulatory conditions in HEK293 cells (Figure 1E).

3.2. Expressed Cathepsin S Protein Destabilizes p21 BAX Protein Levels in Mammalian Cells

Previously published findings have proposed that destabilization of the p21 BAX pro-
tein can occur in a cathepsin protease-dependent manner in A-549, U-937, K-562 and HL-60
cells, and for which a cathepsin protease had not been identified and characterized [27].
Taken with our in silico analyses [34], we investigated the effect of co-expressing p21 BAX
protein with increasing doses of CS protein expression in mammalian cells. Diminished
steady state levels of p21 BAX protein were observed upon increasing levels of CS ex-
pression in HEK293 (Figure 2A) and 769P cells (Figure 2B), which were slightly reduced
further upon the treatment of cells with the lysosomorphic agent Siramesine (Supplemen-
tary Figure S2A,B). Interestingly, under identical transfection conditions, an estimated p21
BAX-derived protein derivative of 18 kD was clearly visible following the incubation of
transfected HEK293 for 48 h (Figure 2C). Moreover, CS-mediated destabilization of p21
BAX could be confirmed by performing cycloheximide pulse chase experiments in the
presence or absence of CS with p21 BAX co-expression in HEK293 cells (Figure 2D,E).
Moreover, CS and BAX proteins were observed to co-localize within distinct unidentified
cytoplasmic and peri-nuclear filamentous structures (Figure 2F).

3.3. Cathepsin S-Mediated Cleavage of p21 BAX is Inhibited by the Novel CS Antagonist CS-PEP1
In Vitro and in Mammalian Cells

The approach for developing ‘BH3-mimetics’ through disrupting the interaction of
the BH3 domain (from the pro-apoptotic BH3-only proteins) with the hydrophobic pocket
of anti-apoptotic proteins does have demonstrated potential in effective and selective
therapeutic design [35,36]. Being mindful of this approach, we identified a novel peptide
(of sequence FFSFGGAL, called CS-PEP1) derived from the α5-helix from within the
hydrophobic pocket of the Bcl-xl protein, based on the presence of this sequence in the
fungal papain-like protease inhibitor, Pit2 [37]. We reasoned that such a peptide may
exhibit three potentially useful qualities in that it may be inhibitory towards CS, while
offering some degree of hindrance against inhibitory Bcl-xl interacting with p21 BAX (or
other BH3-only proteins), in addition to it simultaneously blocking Bcl-xl homodimer
formation through blocking the BH3-hydrophobic pocket interaction.

In striving towards addressing some of these key points, we firstly developed a
CS-mediated ‘in vitro cleavage assay’ which confirmed that our bacterially expressed CS
protein activated in vitro (and of size 27 kD) was catalytically-active against immunopre-
cipitated p21 BAX (Figure 3A,B) and BID protein substrates (Figure 3C) at pHs 7 and 5.
Interestingly, enhanced p21 BAX-derived cleavage products of size 18- and 17-kD were
readily discernable from cleavage reactions performed at pHs 7 and 5 (Figure 3A–C). As a
novel substrate for CS, recombinant p21 BAX could also be cleaved in a CS dose-dependent
manner at pH 7, as seen from (Figure 3D), and which could be inhibited by CS-PEP1 in the
range of 10 mM–1 µM in vitro (Figure 3E, lanes 3–7). Similarly, CS-mediated cleavage of
immunoprecipitated p21 BAX protein was significantly inhibited; through detection of the
p21 BAX substrate or the accumulation of its 17- and 18-kD cleavage products (Figure 3F,
lanes 3, 6, 8). Furthermore, CS-PEP1 dependent inhibition of CS-mediated p21 BAX cleav-
age did not appear to occur through the disruption of the CS-BAX protein interaction, as
p21 BAX-HA could still interact with CS-Ni-NTA agarose beads in the presence of CS-PEP1
co-incubation (Figure 3G, lanes 6 and 8). As an important regulatory step for BAX protein
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activation, we also observed CS-PEP1 to exhibit inhibitory activity towards CS-mediated
Bcl-xl cleavage in vitro (Figure 3H) at pH 7 (lane 8) significantly better than at pH 5 (lane
7). Of note, was the marginal destabilizing effects on GST-Bcl-xl protein at pH 5, and which
may occur due to reductions in thermodynamic stability at this pH, as previously reported
for the Bcl-xl∆TM protein derivative at pH 4.9, in vitro [38].

μ
μ

Figure 2. CS expression can destabilize the p21 BAX protein and co-localize with it in distinct
cytoplasmic and peri-nuclear compartments. (Panels A and B), HEK293 and 769P cells were co-
transfected with pBAX-HA and increasing doses of pCS-FLAG (µg) expression plasmids for 24 h,
stimulated with carrier (left panels) or 2 µM Siramesine (right panels) for 1 h and equal volumes of
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soluble cell extracts analyzed for p21 BAX, CS and actin expression levels. (Panel C), HEK293
cells transfected for 48 h with the indicated µg amounts of plasmid DNA, were lysed and equal
volumes of soluble extracts analyzed for BAX protein expression. (Panel D), Protein levels of p21
BAX were analyzed following cycloheximide pulse chase after HEK293 cells were transfected for
24 h with pBAX-HA (0.25 µg) alone or with pCS-FLAG (0.75 µg). p21 BAX expression levels were
quantified, standardized for actin expression levels from cells treated with cycloheximide at T = 0 h.
(Panel E), The blue and red curves indicate p21 BAX or p21 BAX levels upon co-expression with CS
(respectively) and trend lines are shown in black. (Panel F), HEK293 cells co-expressing BAX-HA
and CS for 24 h were stained for BAX and CS expression using anti-HA and -CS antibodies (SCB).
BAX and CS co-localization is highlighted by white arrows and the red bars represent 1 micron.
Quantified data is presented as the mean ± SEM and its significance (where p < 0.05) determined.

Figure 3. Active CS cleaves p21 BAX and GST-Bcl-xl in vitro and is inhibited by peptide CS-PEP1
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in a pH-dependent manner. (Panels A–C), Equal cleared cell lysate volumes from HEK293 cells
expressing BAX-HA or BID-HA for 24 h were immunoprecipitated using an anti-HA antibody, and
washed immunoprecipitates exposed to active CS at pHs 7 and 5. Cleavage products were detected
by Western blotting (top panels) and filters were re-probed to detect CS (lower panels). (Panel D),
Equal quantities of bacterially expressed p21 BAX protein were exposed to active CS at pH 7 and the
reactions analyzed for BAX cleavage using Western blotting using an anti-BAX antibody (Abcam).
Filters were re-probed to detect CS (lower panels, SCB). (Panel E) BAX cleavage reactions at pH 7 were
co-incubated in the presence of decreasing doses of CS-PEP1 and equal reaction volumes analyzed
for p21 BAX cleavage products (top panel) and CS levels (middle panel), using an anti-BAX (Abcam)
or anti-CS (SCB) antibody. p21 BAX substrate levels were quantified, standardized against BAX
alone (lane 2) and are displayed in the lower panel. (Panel F), Equal amounts of immunoprecipitated
p21 BAX-HA protein, derived from 0.25 µg BAX-HA expression in HEK293 cells, were co-exposed
to active CS and decreasing amounts of CS-PEP1 at pH 7, and p21 BAX cleavage products (or CS)
detected by Western blotting with an anti-BAX or -CS antibody (top and middle panels). p21 BAX
substrate levels were quantified, standardized against BAX alone (lane 2) and are displayed in the
lower panel. (Panel G), Cells expressing p21 BAX-HA were stimulated with carrier or CS-PEP1
(10 µM) for 24 h, lysed and equal volumes of soluble lysates (WCLs) incubated with activated CS-Ni-
NTA agarose beads overnight (in the presence of 10 µM CS-PEP1), washed and analyzed for BAX-HA
binding using an anti-HA antibody (top panel). CS (middle panel) and actin (lower panel) proteins
were also revealed. (Panel H), In vitro CS-mediated cleavage assays were performed at pH 7 and 5
(top panel) using equal quantities of GST-Bcl-xl as a substrate in the presence of 100 µM CS-PEP1
(or carrier). Cleavage products were detected using Coomassie blue staining and substrate levels
were quantified as shown in the lower panel (pH 7-white bars and pH 5-black bars). Quantified data
are presented as the mean ± SEM and its significance (where p < 0.05) determined, using a two-way
Student’s t-test (* p < 0.05, ** p < 0.01 and *** p < 0.001).

3.4. Dominant-Inhibitory Cathepsin S Expression and CS-PEP1-Mediated Cathepsin S Inhibition
Rescues p21 BAX Destabilization

We next sought to address whether CS-mediated effects on BAX destabilization in
mammalian cells could be mechanistically reversed, using the approaches of expressing
dominant-inhibitory CS-C25A or stimulation of cells with CS-PEP1. Steady state levels of
monomeric expressed p21 BAX, Bcl-xl and BID proteins (Figure 4A,B) were enhanced in
the presence of expressed CS-C25A (Supplementary Figure S3A). Upon co-stimulation of
HEK293 (Figure 4C) or 769P cells (Figure 4D) with CS-PEP1 and Pac, endogenous p21 BAX
protein levels were enhanced between CS-PEP1 concentrations of 10 µM–10 nM (Supple-
mentary Figure S3B,C). Interestingly, under Pac stimulatory conditions in HEK293 cells,
Bcl-xl protein levels (in relation to p21 BAX protein levels) were observed to diminish
(Supplementary Figure S3B). As reported in previous studies, this may be due to dose- and
time-dependent responsiveness of cells to Pac, as seen with 8305C cells [39]. Moreover,
down-regulation of Bcl-xl, has been reported upon the treatment of prostate cells with Doc-
etaxel [40,41] or under oxidative stress conditions, in a Keap1 adaptor protein-dependent
manner [42], and cannot be excluded as contributory factors. However, enhanced ac-
tive caspase-3 (and diminished β-actin levels) levels were also evident in the presence
of CS-PEP1 concentrations as low as 10 nM when stimulating HEK293 and 769P cells
(Supplementary Figure S3C). Such findings are suggestive of apoptosis activation, in the
presence of CS-PEP1 treatment of cells, and which can have the effect of masking gene
regulatory events of importance. Consequently, co-treatment of 769P cells with the caspase
inhibitor z-VAD (with Pac and CS-PEP1) did offer a more reliable alternative for visualizing
enhanced CS-PEP1 mediated endogenous p21 BAX stabilization effects (Figure 4E), in the
presence of β-actin stabilization and due possibly to effective cell death inhibition.
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Figure 4. p21 BAX protein is stabilized in the presence of CS-C25A expression and in the presence of
cell stimulation of HEK293 or 769P cells with CS-PEP1. HEK293 cells co-expressing BID-HA, Bcl-xl
or BAX-HA with CS-FLAG or CS-C25A-FLAG for 24 h were lysed and equal volumes of soluble
cellular extracts analyzed for p21 BAX, Bcl-xl or BID expression using Western blotting with anti-HA
or anti-Bcl-xl antibodies (Panels A and B). HEK293 cells (Panel C) or 769P cells (Panel D) were co-
stimulated with decreasing doses of CS-PEP1 in the presence of carrier or 5 µg/mL Pac for 24 h and
equal volumes of cleared lysates analyzed for p21 BAX (Abcam), active Caspase-3 (Abcam), Bcl-xl
(Abcam), CS (Invitrogen) and actin (Abcam) expression. 769P cells (Panel E) were co-stimulated with
carrier or 5 µg/mL Pac, 10 µM zVAD-fmk and 10 µM CS-PEP1 for 24 h. Equal volumes of soluble
whole cell lysates (WCLs) were analyzed for endogenous p21 BAX (Abcam), CS (Abcam) and actin
(Abcam) expression. p21 BAX protein levels were quantified, standardized for actin expression and
are represented by black bars as fold changes over stimulations with carrier alone. Quantified data
are presented as the mean ± SEM and its significance (where p < 0.05) determined, using a two-way
Student’s t-test (*** p < 0.001).
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3.5. Knockdown Expression Cathepsin S and CS-PEP1-Mediated Cathepsin S Inhibition Rescues
p21 BAX Destabilization

Previous findings have reported that CS expression is amenable to interference using
shRNA approaches, as seen for CS-mediated regulation of the BRCA1 protein in breast
cancer cells [30]. Consequently, we adopted a similar approach to ask whether the knock-
down expression of CS could modulate steady-state endogenous p21 BAX protein levels,
in the presence and absence of CS-PEP1 mediated inhibition of CS protease activity. As
seen from Figure 5A, Pac- or HP-treatment of HEK293 cells could induce endogenous CS
protein levels in HEK293 cells. Such an effect could also be abrogated in the presence of
CS-shRNA expression, and from which enhanced p21 BAX protein levels were observed
(Figure 5B). Furthermore, CS-PEP1 treatment appeared to show minimal synergistic effects
on CS-knockdown-mediated steady-state p21 BAX protein levels in Pac treated HEK293
cells (Figure 5C). Lastly, the positive stabilizing effects of CS-PEP1 or CS-C25A on p21 BAX
levels were supported further by cycloheximide pulse chase analyses, where p21 BAX
when co-expressed with CS and CS-PEP1 treatment (Figure 5D) were seen to have similar
protein stability levels to p21 BAX when co-expressed with CS-C25A (Figure 5E) over a
6 hr time course (Figure 5F).

3.6. Polyubiquitinated BAX (p120BAX) Is a Novel Substrate Targeted for Cleavage by Cathepsin S

The accumulation of a number of BAX-derived protein species ranging in sizes 37–
120-kD, which were readily detected from CS-PEP1 treated cells also captured our attention
from Figure 4C, and which did not appear to correspond with the reported 80-, 96-, 160- or
260- kD homo-oligomerized sizes for the BAX protein [22]. Consequently, we hypothesized
that the 120 kD BAX-derivative protein that was clearly visible from this data (Figure
4C) may represent a novel polyubiquitinated form of BAX arising in a CS-expression
dependent manner. This was confirmed through identifying such a sized derivative
amongst additional mono- and poly-ubiquitinated BAX derivatives, which were visible
as a characteristic protein ‘ladder’ (or smear) in immunoprecipitates derived from cell
extracts co-expressing p21 BAX, with CS or CS-C25A (Figure 6A), in the protein range
from 27–260 kD. Briefly, polyubiquitinated BAX derivatives were detected upon BAX and
CS co-expression (Figure 6A, lane 5) in comparison to BAX expression alone (Figure 6A,
lane 3), implying that BAX polyubiquitination is CS expression-dependent. Under these
expression conditions, and in the presence of MG132-mediated proteasomal inhibition,
polyubiquitinated BAX derivative levels (Figure 6A, lane 4) were also enhanced in the
presence of CS co-expression (Figure 6A, lane 6). Such findings suggest that BAX ubiqui-
tination is CS expression-dependent and that the arising ubiquitinated BAX derivatives
can also accumulate in the presence of proteasomal inhibition. Moreover, polyubiquiti-
nated BAX derivatives were seen to accumulate upon BAX co-expression with CS-C25A
(Figure 5A, lane 7) and less so in the presence of proteasomal inhibition (Figure 6A, lane
8), which would seem to suggest that the disposal of CS catalytic activity also permits the
accumulation of polyubiquitinated BAX protein derivatives. For simplicity, we focused on
the effects of CS-mediated accumulation of BAX ubiquitinated derivatives in the absence
of proteasomal inhibition and observed the accumulation of 45–150 kD polyubiquitinated
BAX species, upon basal CS inhibition in the presence of CS-PEP1 stimulation (Figure 6B,
lane 4), or upon CS-C25A co-expression (Figure 6B, lane 8). Here, ubiquitinated BAX
derivatives were readily observed in the presence of CS expression (Figure 6B, lane 5) and
the levels of which could be marginally enhanced upon CS-PEP1 co-treatment of cells
(Figure 6B, lane 6). These observations confirmed our previous findings (from Figure 6A)
that positive CS protein expression (as seen from Figure 6C) permits the accumulation
of ubiquitinated BAX derivatives and that the inhibition of CS activity also mediates the
accumulation of such protein species, as seen with the presence of 120 kD polyubiqui-
tinated BAX derivative (p120BAX). Based on these collective findings, we next asked
whether the p120BAX polyubiquitinated derivative might be a substrate for active CS,
in vitro (Figure 6D). Here, p120BAX was present in greater abundance upon CS-C25A and
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p21 BAX co-expression (Figure 6D, lane 5), in comparison to CS and p21 BAX co-expression
(Figure 6D, lane 3) and that p120BAX could be cleaved by activated CS into three distinct
polypeptides of approximate sizes 37, 38 and 45 kD, in vitro (Figure 6D). Moreover, these
findings were supported by the positive expression of BAX and CS proteins in whole cell
lysates (Figure 6E).

μ
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Figure 5. p21 BAX protein is stabilized in the presence of CS-shRNA expression, with or without
CS-PEP1 co-treatment in HEK293 cells. HEK293 cells were transfected with 3 µg of empty vector
(pTER, Panel A) or pCS-shRNA (Panel B) for 24 h, stimulated with Pac (5 µg/mL) or HP (1 µM)
for a further 24 h and equal volumes of WCLs analyzed for endogenous CS (white bars) and p21
BAX (black bars) expression using Western blotting. Endogenous p21 BAX, CS and actin levels were
detected from equal volumes of HEK293 soluble cell lysates by Western blotting, following 24 h of
pCS-shRNA transfection (3 µg) and Pac (5 µg/mL) with CS-PEP1 (10 µM) co-stimulation (Panel C)
for a further 24 hr. HEK293 cells co-transfected with pBAX-HA and pCS-FLAG or pBAX-HA and
pCS-C25A-FLAG for 6 hr were stimulated with carrier or 10 µM CS-PEP1 for 18 h and treated with
20 µM cycloheximide. After 1 h, at the time points indicated, cells were lysed and equal volumes of
soluble WCLs analyzed for p21 BAX, CS and actin expression using Western blotting (Panels D, E).
Expression levels for p21 BAX were quantified, standardized for actin and expressed in relation to
levels seen at T = 0 h. BAX and CS co-expression in the presence of CS-PEP1 stimulation (blue curve)
and p21 BAX with CS-C25A co-expression (red curve) are indicated as trend lines (black curves,
Panel 5F). Quantified data are presented as the mean ± SEM and its significance (where p < 0.05)
determined, using a two-way Student’s t-test (* p < 0.05 and *** p < 0.001).
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Figure 6. Ubiquitinated BAX protein species accumulate in the presence of pCS-C25A expression or
CS-PEP1 stimulation of cells, and are cleaved by active CS in vitro. HEK293 cells expressing p21 BAX
with CS-FLAG (or CS-C25A-FLAG) and HA-Ubiquitin for 24 h were treated with 10 µM MG132 or
carrier for 5 h. Equal volumes of cleared whole cell lysates (WCLs) were immunoprecipitated (IP)
using anti-HA antibodies and the immune complexes analyzed for BAX content using an anti-BAX
antibody (Abcam) by Western blotting (WB). WCLs were also analyzed for BAX, CS (Invitrogen)
and actin (Panel A). HEK293 cells co-expressing CS-FLAG or pCS-C25A-FLAG with BAX and HA-
ubiquitin for 6 hr were treated further for 24 h with 10 µM CS-PEP1 and equal volumes of cleared
WCLs immunoprecipitated using anti-HA antibodies. Immune complexes were analyzed for BAX
protein using Western blotting at long- (Panel B, top panel) and short- exposures (Panel B, lower
panel). Equal volumes of WCLs were also subjected to Western blotting to detect BAX, CS and actin
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expression levels (Panel C). HEK293 cells co-expressing BAX with CS-FLAG or CS-C25A-FLAG and
HA-ubiquitin were lysed and equal volumes of cleared WCLs immunoprecipitated with anti-HA
antibody. Immune complexes were washed and incubated in the presence of active CS at pH 7 and
subjected to Western blotting to detect BAX-Ubiquitin-HA protein species (Panel D) after long- (top
panel) or short-exposure times (middle panel). Here, CS expression was also detected by Western
blotting (Panel D, lower panel). Equal volumes of WCLs were also subjected to Western blotting to
detect BAX (Abcam), CS (Invitrogen) and actin (Abcam) expression (Panel E).

Collectively, such findings suggest that CS co-expression with BAX mediates BAX
polyubiquitination and that in the presence of CS inhibition (in intact cells), BAX ubiq-
uitinated protein levels are enhanced, and that one of these derivatives (p120BAX) can
be cleaved by CS. These observations point to a scenario where the formation of BAX-
ubiquitinated derivatives may require CS-mediated cleavage of p21 BAX as a prerequisite
for the formation of polyubiquitinated BAX protein species (such as p120BAX), and which
can be further cleaved by CS as a possible mechanism for CS-mediated depletion of cellular
BAX protein levels.

3.7. Peptide CS-PEP1 Induces Apoptosis of HEK293 and 769P Kidney Cells

In furthering our understanding of what input CS-PEP1 may have on modulating
conventional chemotherapy treatment regimes, we next sought to determine the biological
effects of CS-PEP1 (and CS-inhibition) on apoptosis of mammalian cells. Stimulation of
HEK293 cells with CS-PEP1 increased apoptotic cell numbers approximately 10-fold, from
6 to 58% in a caspase-3 activation-dependent manner (Figure 7A,B and Supplementary
Figure S4).

Similarly, treatment of 769P cells with CS-PEP1 alone enhanced apoptotic cell numbers
from 1% to around 43%, while it also synergized the apoptotic-inducing effects of hydrogen
peroxide from 11 to 93% (Figure 7C and Supplementary Figure S5). Paclitaxel-induced
apoptosis was observed at around 55%, and for which CS-PEP1 treatment had the effect of
increasing to 64% (Figure 7C), probably through the activation of caspase-3 (Figure 7D).
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Figure 7. CS-PEP1 enhances apoptosis of HEK293 and 769P cells through enhanced caspase-3
activation, and interferes with a novel CS-mediated regulatory paradigm for the BAX protein.
HEK293 (Panel A) or 769P cells (Panel C) were respectively co-stimulated with CS-PEP1 (10 µM),
HP (5 µM) or Pac (5 µg/mL) for 24 h and apoptotic cells quantified after TUNEL staining. Equal
volumes of soluble whole cell lysates (WCLs) prepared from cells treated identically as in Panels A

and C were analyzed for active caspase-3 (Casp-3) and actin expression (Panels B and D). Expression
levels of active caspase-3 were quantified and standardized for actin expression in relation to cell
stimulated with carrier alone (Panels B and D, lower panels). (Panel E), At basal cathepsin S protein
expression levels, BAX protein predominantly exists as a monomeric p21 form and which can
undergo polyubiquitination-mediated destabilization (black boxes). Under Pac- and HP-stimulatory
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conditions (blue box), which induce CTTS gene expression, steady state levels of p21 monomeric
BAX can be abrogated through the formation of a p18 kD BAX cleavage product and a p120kD-
polyubiquitinated derivative of BAX (red boxes). Both axes of regulation can be negatively modulated
by peptide CS-PEP1 (green), which consequently enhances cellular apoptosis, using a two-way
Student’s t-test (* p < 0.05, ** p < 0.01 and *** p < 0.001).

4. Discussion

Herein, we report that the CTSS (and BAX) genes are induced in response to Paclitaxel
(Pac) or hydrogen peroxide (HP) treatments of kidney cells and that monomeric- and
polyubiquitinated-BAX are novel substrates for the cysteine protease cathepsin S. Through
the treatment of cells with the novel therapeutic peptide CS-PEP1, we could target cathepsin
S protease activity, which gave rise to enhanced levels of monomeric p21 BAX protein
in mammalian cells and in vitro. Additionally, CS-PEP1 showed promising activity in
inducing apoptosis of HEK293 or 769P cells, either alone or in conjunction with Pac
treatment. Collectively, such findings highlight a novel mechanism that connects CTTS
expression with the intrinsic arm of the apoptotic pathway and which can be targeted for
therapeutic purposes.

To support this model, the -1048 to -564 bp genomic DNA fragment upstream of the
CTSS gene, showed positive transcriptional responsiveness to the effects of Pac and HP
and the regulatory regions for which (until now) have remained unexplored [43–48]. Here,
one transcription factor of relevance may be p53 as the predicted consensus binding sites
for which [49] are located upstream of CTSS between -351 to -376 and -610 to -635 [50].
While p53 has also been suggested to contribute to lysosomal destabilization and apoptosis
activation through its direct interaction with the lysosome [1,51,52], it may also contribute
to lysosomal destabilization through it up regulating expression of the cathepsin D and
cathepsin L genes [53–55].

As a central (and key) regulator of the intrinsic apoptosis pathway, whether p21 BAX
is a substrate for cathepsin-mediated proteolysis has remained an area of controversy, with
very little reported about which cathepsin member may be directly responsible for this [27].
When taken with additional findings which propose that total mitochondrial activated
BAX protein levels are not equivalent to total cytosolic BAX protein (in apoptotic cells), the
emphasis placed on p21 BAX cleavage as a possible key regulatory step during apoptosis
has held high importance [22,56]. As reported herein, our findings are in good agreement
with this latter line of research, as CTSS and BAX genes were inducibly expressed in kidney
cells and from which concomitant increases in their transcriptional products were not re-
flected at the protein level. From our observations, CS could cleave p21 BAX in vitro and in
mammalian cells, to yield cleavage intermediate products of sizes 18 and 17 kD, and which
support earlier reports where the cleavage of p21 BAX at Asp-33 can give rise to increased
p18 BAX levels, which enhance apoptosis and possess a very short half-life [27]. In this lat-
ter context, published findings that BAX can be localized in a perinuclear compartment [57],
particularly under conditions that favor proteasomal inhibition [58] are in strong agreement
with our observations as possibly being a unique subcellular compartment where BAX
(and CS) can co-exist. From our findings, this has particular relevance as seen through the
pH-dependency with which CS-mediated cleavage of p21 BAX (or its polyubiquitinated
derivatives) can occur and which might have regulatory significance if this perinuclear
compartment is lysosomally-derived. This could be important, as CS appears to have
varying degrees of specificity towards our Bcl-xl substrate in a pH-dependent manner
(Figure 3). Whereas CS-PEP1 inhibits CS-mediated p21 BAX and GST-Bcl-xl cleavage at pH
7, at the lower pH of 5 it inhibits CS-mediated p21 BAX cleavage better than CS-mediated
Bc-xl cleavage, in vitro. This level of pH selectivity that CS-PEP1 inhibitory activity is
associated with could therefore highlight a novel regulatory mechanism, and which may
be exploited for better therapeutic design and substrate-specific inhibition.

Based on the above novel findings, targeting CS indeed takes on greater significance,
as the inhibition of CS activity may permit p21 BAX stabilization so that it may fulfill its

233



Pharmaceutics 2021, 13, 339

role as key activator of the intrinsic arm of the apoptotic pathway. While, CS-PEP1 appears
to be inhibitory to cell growth at concentrations ranging from millimolar- to nanomolar-
quantities, from our findings it appears to mechanistically have the effect of stabilizing
p21 BAX protein levels in proportion to Bcl-xl protein levels in intact cells. Consequently,
the rates at which cells undergo apoptosis based upon how sensitized they may have
become upon exposure to CS-PEP1, does take on greater relevance and warrants further
mechanistic clarification. Moreover, such factors do highlight important considerations for
potentially permitting CS-PEP1 efficacy (or selectivity) to be modulated with greater effect
in the context of characterizing it for further therapeutic development.

While the Parkin [59] and Ku70 [60] proteins are respective E3-ligase and DUB proteins
for BAX, how CS interplays with their activity dynamics is a good question that has arisen
from our findings. Whereas p47-, p55-species of ubiquitinated BAX have been reported
in the past, their presence was positively correlated with a greater number of apoptotic
cells [58] through the localization of ubiquitinated BAX to mitochondria. Whether these
ubiquitinated BAX derivatives arise in a CS-dependent manner, either through partial
ubiquitination and enhanced DUB activity, or a combination of these factors remains
currently unknown. Nevertheless, our findings do support an emerging role for cathepsin
S in the regulation of pathologically relevant proteins through the ubiquitination pathway,
as an association that has been suggested previously in the instance of CS facilitating the
ubiquitin dependent degradation of BRCA1 [30].

In summary, we propose that p21 BAX and polyubiquitinated BAX are novel substrates
for the cysteine protease, CS. Additionally, CS activity can be targeted by CS-PEP1, which
may enhance drug-mediated apoptosis of kidney cells through interfering with CS and the
p21 BAX-Bcl-xl regulatory axis of the intrinsic pathway for apoptosis (Figure 7E).

5. Conclusions

In conclusion, Cathepsin S or BAX gene expression is induced upon the treatment
of human kidney cell lines with Paclitaxel or Hydrogen Peroxide stimulation. p21 BAX
and ubiquitinated BAX derivatives are novel substrates for activated cathepsin S in vitro
or within intact mammalian cells, and is a reaction that can be therapeutically targeted by
the novel therapeutic, CS-PEP1. Finally, CS-PEP1 can mechanistically induce apoptosis of
kidney cells through BAX stabilization, Bcl-xl destabilization, cathepsin S inhibition, or a
combination of these effects.

6. Patents

There is a patent resulting from this work.
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Abstract: HER2 is a prognostic and predictive marker widely used in breast cancer. Lapatinib

is a tyrosine kinase inhibitor that works by blocking the phosphorylation of the receptor HER2.

Its use is related to relatively good results in the treatment of women with HER2+ breast cancer.

Thus, this study aimed to verify the effects of lapatinib on four canine primary mammary gland

carcinoma cell cultures and two paired metastatic cell cultures. Cultures were treated with lapatinib

at concentrations of 100, 500, 1000 and 3000 nM for 24 h and the 50% inhibitory concentration (IC50)

for each cell culture was determined. In addition, a transwell assay was performed to assess the

ability of lapatinib to inhibit cell migration. Furthermore, we verified HER2 expression by RT-qPCR

analysis of cell cultures and formalin-fixed paraffin-embedded tissues from samples corresponding

to those used in cell culture. Lapatinib was able to inhibit cell proliferation in all cell cultures, but it

was not able to inhibit migration in all cell cultures. The higher the expression of HER2 in a culture,

the more sensitive the culture was to treatment. This relationship may be an indication that the

expression of HER2 may be a predictive factor and opens a new perspective for the treatment of

primary and metastatic mammary gland cancer.

Keywords: dog; cancer; comparative oncology; molecular targets

1. Introduction

Mammary gland neoplasms exhibit several similarities between women and dogs,
such as their high incidence, spontaneous appearance, common environmental risk factors,
hormone receptor expression and neoplastic growth markers. Therefore, research related
to one species may have aspects that can be studied in a comparative manner [1,2].

Estrogen receptor (ER), progesterone receptor (PR) and epidermal growth factor 2
(HER2) are among the most commonly used markers in human medicine with validated
predictive value. Breast cancer in women can be classified according to the expression of
the receptors ER, PR and HER2. Breast tumors can be divided into the molecular subtypes
luminal A, luminal B, HER2 overexpressing and triple negative. Luminal A tumors are
ER+, PR+ and HER2−, while luminal B tumors are divided into two groups and can be
ER+, PR+ or − and HER2+ or ER+, PR+ or − and HER2−; HER2 tumors are ER−, PR−
and HER2+, and triple-negative tumors are ER−, PR− and HER2− [3–6].

HER2 is a tyrosine kinase receptor member of the epidermal growth factor receptor
(EGFR) family, which is composed of EGFR (also known as HER1), HER2, HER3 and
HER4 [7]. The receptors in this family are located in the cell membrane, and when they
bind to an external ligand, with the exception of HER2, which does not contain this binding
site, they form dimers with other members of the family so that the internal phosphate
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domain is phosphorylated, triggering an intracellular response [8]. In addition, there is
evidence that HER2 is the receptor that most often forms dimers with other members of
the EGFR family [9]. Activation of these receptors is associated with increased survival,
proliferation, and cell cycle progression [10].

HER2+ tumors have a prevalence of 13–15% among molecular subtypes, have a high
Ki67 index and are generally high-grade tumors with a histology indicative of invasive
carcinoma of no special type with aggressive disease characteristics; however, it is possible
to use targeted therapies as treatment [5]. HER2 overexpression is related to shorter disease-
free survival; reduced survival time; decreased ER and PR expression; increased cell
proliferation, migration, tumor invasiveness, frequency of metastases, and angiogenesis;
and decreased apoptosis [6]. Without targeted therapy, HER2+ cancers have a recurrence
rate of up to 15% [4]. The survival rate of women diagnosed with tumors that overexpress
HER2 is 92% over 20 months, 88% over 30 months, and decreases to almost 80% over
50 months [11]. In addition, brain metastasis of HER2+ breast tumors is common, affecting
50% of patients with metastatic disease [12].

Treatment of HER2-overexpressing tumors with targeted therapy produces a positive
response when compared to treatments without the addition of targeted therapy [13].
Trastuzumab has been widely used, adding approximately 1 year to the disease-free interval
of patients with this disease subtype [12], but even with this positive effect, some patients
will still develop metastases or tumor recurrence after completion of the treatment [14,15];
therefore, new anti-HER2 drugs are being studied.

Lapatinib is an inhibitor of HER2 tyrosine kinase activity; it is considered a therapeutic
alternative in the treatment of HER2+ neoplasms and acts as a reversible blocker of receptor
phosphorylation. Lapatinib use is related to reduced disease progression and decreased
axillary lymph node metastasis rates in women. Furthermore, because lapatinib is a small
molecule, it can permeate the blood-brain barrier, making it an alternative therapy in cases
of brain metastasis [16,17]. Lapatinib is an inhibitor of HER1/HER2 heterodimerization,
and its action is independent of the HER1 status of tumors; it is also effective against HER2+
tumors resistant to treatment with trastuzumab [18,19] and is still an option in countries
without access to other HER2 inhibitors and in cases of cardiac toxicity [19]. It should
be used in combination, showing good results with capecitabine, and can be used as a
second-line treatment for recurrent or metastatic HER2+ tumors [12,15,20]. In cell cultures
of feline mammary cancer, lapatinib showed promising results, being able to inhibit cell
viability when used as a single therapy and increase the action of anti-HER2 monoclonal
antibodies such as trastuzumab and pertuzumab when used in combination. These results
were observed both in cell cultures with high and low HER2 expression [21,22].

According to Nguyen et al. [23], the overall survival rate of dogs with mammary
gland tumors is 41.5% at one year and 54.1% at two years after surgery. The average sur-
vival times of animals after surgery for grade II and III tumors are 32.68 and 7.78 months,
respectively [24]. In addition, the rate of metastasis of mammary gland tumors in dogs
in general is 53% [25], and the recurrence rate of grade III tumors is 71.42% [24]. HER2+
mammary gland neoplasms in dogs represent approximately 8% of all the diagnosed molec-
ular subtypes and are generally associated with a worse prognosis; larger tumors; higher
histological grades, invasion, and proliferative indexes; and the presence of necrosis [25].

Canine mammary gland tumors are treated by surgical removal, and in some cases,
the use of adjuvant chemotherapy is indicated, such as tumors with a more aggressive
histological type, which have a higher rate of metastasis development. According to
Cassali et al. [26], dogs that present with micropapillary carcinoma, solid carcinoma,
carcinosarcoma, or pleomorphic lobular carcinoma, regardless of the degree, clinical stage
and molecular subtype, are always indicated for chemotherapy. In addition, patients with
tumors of a less aggressive subtype should undergo chemotherapy if the disease is grade
III or above, and in any case when metastasis is present [26].

In veterinary medicine, there are no indications for selection of different chemotherapy
protocols for different types of tumors, so carboplatin is widely applied in cases of female
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mammary tumors, regardless of the stage, histopathological type, molecular classification
of the tumor and metastasis status [26]. The use of adjuvant carboplatin, when compared to
surgical treatment alone, increased the survival time of animals with breast cancer [27], and
the administration of carboplatin with mitoxantrone seems to promote a longer survival
period, even if a study was carried out with a limited number of animals [28]. Clinical
studies to evaluate the effectiveness of chemotherapy in animals are scarce, and therefore,
information varies considerably.

To the best of our knowledge, the effect of lapatinib on canine mammary gland tumors
has not been published. Since canine mammary gland tumors are very common, with
most tumors being potentially malignant, and the standard therapy is radical mastectomy
with no effective chemotherapy protocols for the treatment of animals with metastatic
disease [26], this study aimed to evaluate the antitumor effect of lapatinib on HER2+ and
HER2− primary and metastatic canine mammary gland carcinoma cells cultured in vitro.

2. Materials and Methods

2.1. Reagents

All reagents used were of high purity and purchased from GE Healthcare (Upp-
sala, Sweden), Sigma-Aldrich (São Paulo, Brazil), and Merck SA (São Paulo, Brazil);
otherwise, the manufacturer is indicated. In addition, mammary epithelial cell growth
medium (MEGM™; Lonza Inc., Allendale, NJ, USA), Dulbecco’s modified Eagle’s medium
(DMEM; Lonza Inc.), fetal bovine serum (FBS; LGC Biotechnology, Cotia, SP, Brazil),
Dulbecco’s phosphate-buffered saline (DPBS; Sigma Aldrich, St. Louis, MO, USA) and
antibiotic/antimycotic solution (Thermo Fisher Scientific, Waltham, MA, USA) were used.

2.2. Inclusion Criteria

Samples that met all of the following criteria were included in this research: cell
cultures of primary tumors that had paired formalin-fixed paraffin-embedded (FFPE)
material and were classified according to Goldschmidt et al. [29], cell cultures characterized
by cell phenotype and tumorigenicity in vitro, cell cultures with sufficient aliquots for
triplicate analysis in all experiments and free of bacterial, mycoplasma and/or fungal
contamination. Cell lines were previously established and characterized [30]. A total of
six cell lines met the criteria. Among the cell lines, four cell lines were primary mammary
carcinoma cells (UNESP-CM1, UNESP-CM5, UNESP-CM9 and UNESP-CM60) and two
were mammary carcinoma metastases (UNESP-MM1 and UNESP-MM4) (Supplementary
Materials Table S1)

2.3. In Silico Analysis of HER2 Homology

To assess the three-dimensional protein structure homology between human and
canine HER2, an in silico analysis was performed. The amino acid sequences of the human
(UniProtKB/Swiss-Prot: P04626.1) and canine (NCBI Reference Sequence: NP_001003217.2)
proteins were obtained from NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/
(accessed on 14 May 2021)). Prediction analysis of the homology of the three-dimensional
structure of the HER2 protein was performed using Swiss software (Swiss Institute of Bioin-
formatics, Basel, Switzerland) (https://swissmodel.expasy.org/ (accessed on 14 May 2021)).

2.4. Experimental Groups

The determination of the sample number in the study was based on that described
by Lazic et al. [31]. Four samples of primary mammary carcinoma and two samples of
metastatic tumors were selected and divided into two groups with three samples each
according to the HER2 expression in the tissue: one group contained the HER2+ samples
(UNESP-CM1, UNESP-CM9 and UNESP-CM60), and the other contained the HER2- sam-
ples (UNESP-MM1, UNESP-MM4 and UNESP-CM5). Both groups (HER2+ and HER2−
cells) were treated with lapatinib. The cell culture UNESP-CM1 was used on the 15th
passage, UNESP-CM5 on the 16th, UNESP-CM9 on the 17th, UNESP-CM60 on the 35th,
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UNESP-MM1 on the 19th, and UNESP-MM4 on the 22nd. The passages used were chosen
according to cell stability and aliquot availability [30].

2.5. HER2 Immunoreactivity

FFPE samples, paired with the cell cultures, were cut on a microtome (5 µm), trans-
ferred to positively charged slides (StarFrost™, Braunschweig, Germany) and dewaxed.
The slides were subjected to antigen retrieval with citrate buffer (pH 6.0) in a pressure
cooker (Pascal, Dako, Agilent Technologies, Santa Clara, CA, USA). Endogenous peroxi-
dase activity was blocked with 8% hydrogen peroxide in methanol for 20 min and blocking
of nonspecific proteins was carried out with 8% skim milk for 60 min; both steps were
performed at room temperature. Antibody detection was performed using a polymer
system (EnVision™ Dako, Agilent Technologies, Santa Clara, CA, USA). The anti-HER2 an-
tibody from the HerceptestTM Kit (Dako, Carpinteria, CA, USA) was used according to the
manufacturer’s instructions, and 3 3’-diaminobenzidine (EnVision™ FLEX, High pH, Dako,
Agilent Technologies, Santa Clara, CA, USA) was used as the chromogen. Counterstaining
was performed with Harris hematoxylin. Negative controls were generated by omission of
the primary antibody. The positive control used was provided with the manufacturer’s kit.
To consider canine samples HER2+, the criteria described in the commercial kit approved
by the US Food and Drug Administration, HerceptestTM, were followed. In summary, a
score of 0 was given when no staining was observed or membrane staining was observed
in <10% of tumor cells; a score of 1+ was given when faint or barely perceptible membrane
staining was detected in >10% of tumor cells and the cells exhibited incomplete membrane
staining; a score of 2+ was given when weak to moderate complete membrane staining
was observed in >10% of tumor cells; and a score of 3+ was given when strong complete
membrane staining was observed in >10% of tumor cells.

Six samples were submitted for immunohistochemistry. Among these, three were
classified as negative for HER2 (two with a score of 1+ and one with a score of 0), and three
were considered HER2 positive (three with a score of 3+) (Table 1, Figure 1).

Table 1. Classification of samples used in the study according to the expression of HER2 determined by immunohistochem-

istry using HerceptestTM. The samples received scores according to the recommendations of the kit used.

Cell Type UNESP-MM1 UNESP-MM4 UNESP-CM1 UNESP-CM5 UNESP-CM9 UNESP-CM60

HER2
expression

0 1+ 3+ 1+ 3+ 3+

2.6. Lapatinib Treatment and Evaluation of Cellular Metabolic Activity

To evaluate the antitumor effect of lapatinib (50% inhibitory concentration, IC50), an
in vitro MTT assay was performed. The drug was diluted in DMSO to a concentration of
2 mg/mL, and the highest dilution was used as the parameter for the control containing
DMSO (at the same concentration as the highest concentration of lapatinib). Cells were
cultured according to Lainetti et al. [30].

The concentrations of lapatinib tested were 100, 500, 1000, and 3000 nM [32], and cells
were treated for 24 h to determine the IC50. Tumor cells were seeded in 96-well plates at a
concentration of 10,000 cells/well and incubated for 24 h at 37 ◦C in DMEM containing
5% FBS. Subsequently, lapatinib was added to fresh medium without FBS, and the culture
was incubated for an additional 24 h in a humidified atmosphere with 5% CO2.

After 24 h of cultivation, 10 µL of MTT solution (Sigma Aldrich, St. Louis, MO, USA)
at a concentration of 0.5 mg/mL diluted in DPBS was added to each well, and the plate was
incubated at 37 ◦C for 4 h. After the incubation, the formazan resulting from MTT cleavage
was solubilized with DMSO. After 10 min of homogenization, the absorbance at 550 nm
was determined with a microplate reader (Biochrom Asys Expert Plus Microplate Reader,
Biochrom Ltd., Harvard Bioscience, Holliston, MA, USA). Based on the test results, the
IC50 [33] was determined using the formula: % of antioxidant activity = 100 − (absorbance
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of the treated sample − absorbance of the blank) × 100/absorbance of the control cells,
where the blank was DPBS and the cells in the control group were not treated with lapatinib.

 

Figure 1. Immunohistochemical analysis of HER2 in samples of canine mammary carcinoma. Cell membrane staining

indicates a positive cell for HER2 expression (arrows). (a) UNESP-CM1; (b) UNESP-CM5; (c) UNESP-CM9; (d) UNESP-

CM60; (e) UNESP-MM1; (f) UNESP-MM4.

2.7. RNA Extraction from Paraffin-Embedded Tissue and Cell Culture Samples and
RT-qPCR Analysis

mRNA was extracted from FFPE samples and the corresponding cell cultures for
HER2 gene expression analysis. For mRNA extraction from the paraffin-embedded tissues,
samples were cut on a microtome, and three sections of 10 micrometers were macrodis-
sected and placed in 1.5 mL tubes. The extraction protocol of the RecoverAll™ Total
Nucleic Acid Isolation Kit for FFPE (Invitrogen, Carlsbad, CA, USA) was followed. At
the end of the protocol, the samples were treated with DNase to purify the RNA, and
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the RNA concentration and purity were measured by determining the A280 absorbance
and A260/A280 ratio on a spectrophotometer (NanoDropTM, ND-8000, Thermo Scientific,
Waltham, MA, USA).

mRNA extraction from the six cell cultures was carried out in triplicate, and for this
purpose, cryopreserved cells were thawed in a water bath at 37 ◦C, centrifuged (450 g,
5 min) and resuspended in DMEM supplemented with 1% antibiotic/antimycotic solution
and 10% FBS. The cells were transferred to 6-well plates and cultured until they reached a
minimum confluence of 70%. Then, they were washed 3 times with DPBS in an ice bath.

mRNA extraction followed the protocol recommended by the manufacturer (RNeasy
Mini Kit, Qiagen, Hilden, Germany). The concentration and purity of the extracted mRNA
were evaluated by determining the A280 absorbance and A260/A280 ratio on a spectropho-
tometer (NanoDropTM, ND-8000, Thermo Scientific, Waltham, MA, USA). To eliminate
any contamination with genomic DNA, the total extracted RNA was treated with 1 U
of DNase I amplification grade (Life Technologies, Carlsbad, CA, USA) in 10× DNase I
reaction buffer and 25 mM EDTA, pH 8.0.

For both mRNA extracted from paraffin embedded tissue and that extracted from
cells in culture, RNA was reverse transcribed into cDNA with 1 µg of total RNA and the
Super-script III™ Reverse Transcriptase enzyme (Invitrogen). For this protocol, 1 µL of
OligodT (500 µg/mL), 1 µL of random primers (100 µg/mL), 1 µL of dNTPs and RNase-free
water were used. The mixture was heated to 65 ◦C for 5 min, 4 µL of 5× First-Strand Buffer
transcription buffer (250 mM Tris-HCl, pH 8.3; 375 mM KCl; and 15 mM MgCl2) and 1 µL
of 0.1 M DTT were added, and then 1 µL of the Super-script III enzyme (200 U/µL) was
added, with the final volume of the mixture being 19 µL. The mixtures were incubated
at 25 ◦C for 5 min and then at 50 ◦C for 1.5 h, followed by incubation at 70 ◦C for 15 min.
Reactions were carried out on a PTC-100 thermocycler (Peltier-EffectCycling-MJ Research).
At the end of transcription, cDNA was stored at −20 ◦C.

RT-qPCR amplifications were evaluated on an automatic thermocycler (QuantStudio™
12K Flex Real-Time PCR System, 4471087, Applied Biosystems™, ThermoFisher Scientific,
Carlsbad, CA, USA) and processed by the detection system after a variable number of
cycles in the exponential phase.

The values obtained for expression in all samples were normalized as the ratio between
the gene of interest (HER2) and reference genes hypoxanthine phosphoribosyltransferase 1
(HPRT), ribosomal protein S5 (RPS5) and ribosomal protein S19 (RPS19) (selected in previous
studies by the group). The primers used in this reaction are listed in Table 2.

Transcript expression was analyzed as the relative quantification (RQ) of the RNA ex-
pression in a sample using the formula 2−∆∆Ct [34]. The RQ of each sample was determined
by comparison with normal FFPE mammary tissue samples.

2.8. Cell Migration Assay

For evaluation of the effect of lapatinib on cell migration, a transwell assay was used.
All cell cultures evaluated in this assay went through a 24 h period “starvation” period
in medium containing 0.2% FBS. After they were treated with trypsin and incubated in a
humidified atmosphere containing 5% CO2 at 37 ◦C for 5 min, the cells were loosened from
the bottom of the bottle. Then, the trypsin was inactivated with MEGM™ supplemented
with 5% FBS. Samples were centrifuged (450 g, 5 min) to remove the medium with a high
concentration of FBS and then resuspended in MEGM™ supplemented with 0.2% FBS.
Two hundred microliters of each cell culture suspension was placed in inserts (Greiner
Bio-One, Kremsmünster, Austria) with a porous membrane of 8 µM at a concentration
of 1 × 106 cells/mL, and each insert was placed in a well of a 24-well plate containing
MEGM™ supplemented with 10% FBS.
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Table 2. Oligonucleotide sequences of the primers used for RT-qPCR.

Access Gene Symbol 1 Oligonucleotide Sequence (5′ > 3′)

HPRT

Forward primer (5′-3′)
AGCTTGCTGGTGAAAAGGAC

Reverse primer (3′-5′)
TTATAGTCAAGGGCATATCC

RPS19

Forward primer (5′-3′)
CCTTCCTCAAAAAGTCTGGG

Reverse primer (3′-5′)
GAACGAGGGATGCTACTCTTG

RPS5

Forward primer (5′-3′)
TCACTGGTGAGAACCCCCT

Reverse primer (3′-5′)
TCACTGGTGAGAACCCCCT

HER2

Forward primer (5′-3′)
GCTCTGGAGGGAGTCACAGGTTA

Reverse primer (3′-5′)
ACTGAGGTTAGGCAGGCTGTCT

1 GenBank (www.ncbi.nlm.nih.gov (accessed on 12 January 2021)).

Each cell culture was placed in six different inserts, three were used as control wells
and three were used as treatment wells. For treatment wells, lapatinib was added to the
insert at the IC50 of each culture. After 24 h, the inserts were removed from the plate and
placed in a new 24-well plate containing preheated trypsin. The samples were incubated
in trypsin for 10 min in a humidified atmosphere containing 5% CO2 at 37 ◦C. After that
period, the trypsin-treated cells that released from the bottom of the inserts were placed in
a Neubauer chamber, and the cells were counted.

2.9. Statistical Analysis

RQs were evaluated to determine the correlation of HER2 expression in paraffin-
embedded tissue and that in culture samples by Spearman’s correlation analysis. In
addition, the Mann–Whitney test was used to assess the difference in HER2 expression
between paraffin-embedded tissue and cell culture samples. Data obtained from the
migration assay were statistically analyzed using the Mann–Whitney test. MTT results
were analyzed using the Mann–Whitney test. The results of MTT and RT-qPCR assay were
evaluated for correlations using the Spearman test. Statistical differences were considered
significant when p < 0.05.

3. Results

3.1. HER2 Homology

When compared on the Swiss model platform (Swiss Institute of Bioinformatics,
Basel, Switzerland) (https://swissmodel.expasy.org/ (accessed on 14 May 2021)), the three-
dimensional structures of canine and human HER2 showed 95% homology (Figure 2),
demonstrating high homology between the human and canine HER2 proteins.

3.2. Gene Expression

There was no statistical correlation between the expression of HER2 in paraffin-
embedded samples and the immunohistochemical score (p = 0.13).

245



Pharmaceutics 2021, 13, 897

 

−

Figure 2. (a) 3D model of human HER2 generated from the UniProtKB/Swiss-Prot sequence P04626.1. (b) Canine HER2

3D model generated from the NCBI reference sequence NP_001003217.2. Both images were generated using the online

tool Swiss model (Swiss Institute of Bioinformatics, Basel, Switzerland) (https://swissmodel.expasy.org/ (accessed on

14 May 2021)).

3.3. Cell Viability

All primary cultures showed decreased cellular metabolic activity at all tested drug
concentrations in an MTT assay. The IC50 values of the six cell cultures were between
14.06 nM and 584.80 nM (Figure 3).

There was no significant difference between the IC50 of the HER2+ group and that
of the HER2− group (p = 4) (Figure 4), and there was no significant difference in the IC50

among the primary and metastatic cell lines (p = 0.53).

3.4. Correlation between HER2 Expression and the IC50

Spearman’s correlation analysis revealed a negative correlation (p = 0.04) between the
RQ of cell culture samples and the IC50; that is, the higher the HER2 expression of a sample
was, the lower the IC50 of lapatinib for that culture.

3.5. Cell Migration

In a migration assay, there was no significant difference between the group treated
with lapatinib and the control group in any cell culture (Figure 5). Additionally, there was
no difference when grouping the cells by HER2 expression and their origin (non-metastatic
primaries, metastatic primaries and metastases) as seen on the Supplementary Materials
Figures S1 and S2.
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Figure 3. Percentage of viable cells in an MTT assay of primary cultures of canine breast carcinoma (UNESP-CM1, UNESP-

CM5, UNESP-CM9 UNESP-CM60) and metastases (UNESP-MM1 and UNESP-MM4) treated with lapatinib at 100, 500, 1000

or 3000 nM for 24 h.

−
Figure 4. Comparison by Mann–Whitney test of the IC50 values of the HER2+ and HER2− groups

(p = 0.4).
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μ
Figure 5. Concentration (cells/µL) of cells in the wells of each cell culture after the migration assay protocol. The Mann–

Whitney test was used to compare the migration of the control and treatment groups.

4. Discussion

In clinical practice, trastuzumab is considered the first-line choice for treatment of
human breast cancer overexpressing HER2 [35]. However, advanced tumors can become
resistant to trastuzumab, and in these cases, the use of lapatinib alone or in combination
leads to a better antitumor response [36–38]. Female dogs can be considered a model of
human breast cancer, but only for some specific subtypes, such as the micropapillary, solid,
and anaplastic subtypes [39] and inflammatory breast cancer [40].

Singer et al. [41] studied the homology between canine and human HER2 and pre-
dicted the binding of anti-HER2 drugs with canine HER2. The HER2 proteins of humans
and dogs showed high homology of 92.31% in the amino acid sequence. In addition,
important sequences, such as the binding region for trastuzumab and cetuximab, were con-
served in canine HER2. Moreover, there was predicted binding between these monoclonal
antibodies and canine HER2.

In our assessment of the three-dimensional homology of the structures of human and
canine HER2, the homology was even greater, with 95% similarity, so it is very likely that
polyclonal antibodies developed to recognize human HER2 can recognize canine HER2.
Thus, this similarity in proteins is also important, as it indicates that targeted therapies
developed for human use should be applicable in dogs.

Lapatinib efficiently inhibited the proliferation of HER2+ and HER2− canine mam-
mary carcinoma cell cultures in vitro. Interestingly, the cell lines exhibited dose-dependent
cell viability. Thus, higher concentrations produced lower cell viability. This result agrees
with the findings in humans, which showed that lapatinib was able to reduce the viability
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and proliferation of breast cancer cells and induce breast cancer cell death [41–44]. Similar
results were also reported in feline mammary cancer cell cultures, where lapatinib both
alone and in association with other drugs such as rapamycin, trastuzumab and pertuzumab,
was able to inhibit cell proliferation [21,22].

In assessing the ability of lapatinib to inhibit the migration of canine mammary
cancer cells, we confirmed that just as in human breast cancer cells, lapatinib alone is not
able to satisfactorily inhibit migration regardless of the cell sensitivity to the drug [45].
However, when associated with isothiocyanates, compounds present in abundance in
cruciferous vegetables, lapatinib was shown to inhibit the migration of breast cancer cells in
women [45,46]. Lapatinib in combination with foretinib, an inhibitor of hepatocyte growth
factor receptor, was also found to inhibit migration in triple-negative human breast cancer
cell lines due to its action on EGFR [47]. These findings create interesting possibilities
for future studies in canine mammary gland tumors assessing the combination of other
pharmaceutical compounds with lapatinib.

In our study, lapatinib inhibited cell viability in samples of primary and metastatic
neoplasms even with low or negative HER2 expression. This action is also observed in
humans and makes lapatinib an excellent therapeutic option in the treatment of metastatic
breast neoplasms [48,49]. Therefore, lapatinib is a possible alternative that should be
studied for the treatment of dogs with metastatic disease. Another important factor to be
considered in the use of lapatinib to treat metastases is its good ability to penetrate different
body tissues due to the small size of the molecule [8].

Although our study focused on HER2+ neoplasms, lapatinib has also been studied
as a possible therapeutic alternative for triple-negative breast neoplasms, which generally
show increased EGFR expression [47,48,50]. Studies on this subtype have demonstrated
the ability of lapatinib, when combined with other drugs, to inhibit the migration of triple-
negative human breast cancer cells [47]. In addition, in a study of human patients with
metastatic triple-negative breast cancer treated with lapatinib and veliparib, 35% (6/17) of
the patients responded to the therapy, with less than 10% of the patients having adverse
effects, all of which were moderate [48].

Therefore, although lapatinib inhibited cell proliferation in all cell cultures, even in
three of them considered negative for HER2, we emphasize that five of the six tumors had
HER2 expression, even if at a low level. Thus, the drug may have acted on the few HER2
molecules present, and in the case of the cell line UNESP-MM1, the action could be related
to binding to EGFR [16,51], this ability of lapatinib to inhibit EGFR phosphorylation has
already been described in feline mammary cancer cells [22]. In addition, similar to the
activity of any tyrosine kinase inhibitor, nonspecific binding with other tyrosine kinase
receptors can occur [16,51].

The negative correlation between the expression of HER2 in cells and the IC50, that is,
the higher the expression of HER2 in a cell culture was, the lower the IC50 of lapatinib of
that sample, is an indication that, as in humans, lapatinib acts mainly on HER2 in canine
cells, reducing the viability of neoplastic cells [32,52]. In addition, the correlation between
HER2 expression in cultured cells and cell sensitivity to lapatinib is a strong indication
that the level of expression of this receptor may be a predictive factor for therapies using
lapatinib, which opens the door for further in vivo studies in dogs.

5. Conclusions

Lapatinib was able to reduce the viability of primary and metastatic canine mammary
carcinoma cells cultured in vitro, and its effectiveness was directly linked to the expression
of HER2, which opens a perspective for the treatment of animals with both primary
mammary neoplasms and metastasis, especially those that overexpress HER2.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10

.3390/pharmaceutics13060897/s1, Figure S1: Mann-Whitney analysis of cell migration. There was no

statistical difference in any analysis (a): All cell cultures. (b): HER2+ cell cultures. (c): HER2− cell

cultures, Figure S2: ANOVA evaluation of cell culture migration when grouped into non-metastatic

249



Pharmaceutics 2021, 13, 897

primaries, metastatic primaries and metastases. Non-metastatic primaries versus metastatic primaries

p = 0.2873; Non-metastatic primaries versus metastases p = 1; Metastatic primaries versus metastases

p = 0.1822. Table S1. Clinical data from animals with mammary carcinoma used for primary

cell culture.
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Abstract: Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), also known as

Apo-2 ligand (Apo2L), is a member of the TNF cytokine superfamily. TRAIL has been widely studied

as a novel strategy for tumor elimination, as cancer cells overexpress TRAIL death receptors, inducing

apoptosis and inhibiting blood vessel formation. However, cancer stem cells (CSCs), which are the

main culprits responsible for therapy resistance and cancer remission, can easily develop evasion

mechanisms for TRAIL apoptosis. By further modifying their properties, they take advantage of

this molecule to improve survival and angiogenesis. The molecular mechanisms that CSCs use

for TRAIL resistance and angiogenesis development are not well elucidated. Recent research has

shown that proteins and transcription factors from the cell cycle, survival, and invasion pathways

are involved. This review summarizes the main mechanism of cell adaption by TRAIL to promote

response angiogenic or pro-angiogenic intermediates that facilitate TRAIL resistance regulation and

cancer progression by CSCs and novel strategies to induce apoptosis.

Keywords: TRAIL; cancer stem cells; TRAIL resistance; angiogenesis

1. Introduction

Apoptosis, or programmed cell death, is a naturally occurring mechanism that elim-
inates damaged cells. Intracellular signals from mitochondria or by ligands that bind to
receptors on the cell membrane, such as Fas, tumor necrosis factor (TNF)-α/TNF receptor 1,
Apo-3 ligand/death receptor (DR) 3, and TNF-related apoptosis-inducing ligand (TRAIL),
can initiate apoptosis [1,2]. Intrinsic and extrinsic pathways can activate apoptosis. The
extrinsic pathway is induced by signals that activate cell surface death receptors, such as
the binding of TNF-α to TNF-R1. Meanwhile, an example of an intrinsic pathway can
be seen as induced by the B cell lymphoma 2 (Bcl-2)-regulated mitochondrial pathway,
leading to a release of cytochrome c, which associates with apoptotic protease activating
factor 1 (APAF-1) and pro-caspase-9, forming the apoptosome, leading to the activation of
caspase-9 [3]. Thus, apoptosis plays an important role in physiological processes, including
the development of cardiovascular and neurological diseases and malignancies [4].

TRAIL was discovered in the last decade of the 20th century [5]. It is a TNF-related
type 2 transmembrane protein encoded by the NFSF10 gene located on human chromo-
some 3 at 3q26. In the organism, TRAIL is part of the mechanism by which the immune
system reacts against malignant cells, inducing apoptosis with minimal cytotoxicity toward
normal cells [6]. The TRAIL protein consists of 281 amino acids of 33 KDa and, in its fully
glycosylated form, 41 KDa. However, TRAIL is cleaved at the 114 amino acid position
by cysteine proteases to produce soluble TRAIL, a protein of 24 KDa called sTRAIL. For
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TRAIL to fully activate, an insertion of 12–16 amino acids in the receptor-binding site is
required [7]. Physiologically, TRAIL is secreted by different tissue cells in the spleen, lung,
prostate, placenta, kidney, cytotoxic T cells, and natural killer cells. Monocytes and den-
dritic cells can express TRAIL on their surface after stimulation with interferon-β (IFN-β),
which boosts antitumoral activity. In addition, there is a trace of sTRAIL in blood plasma
(approximately 100 pg/mL) [8].

TRAIL can bind to five different receptors. DR4 and DR5 are death receptors (TRAIL-
R1 and TRAIL-R2). Decoy receptors (DcR1 or DcR2, also TRAIL-R3 and TRAIL-R4) are
anti-apoptosis receptors. The first receptors are overexpressed in tumors, and the latter are
expressed mainly in normal cells [9]. The difference between both receptor types is the lack
of cytoplasmic domains required for apoptosis activation. Another receptor discovered
to bind TRAIL is osteoprotegerin (OPG). OPG is a soluble receptor that inhibits TRAIL
apoptosis [10]. DR5 has been reported to be more efficient in apoptosis induction. However,
DR5 nuclear localization in tumor cells is a signal of resistance to TRAIL [11].

DR4 and DR5 are transmembrane proteins with several cysteine-rich domains (CRDs)
in their extracellular region, a single transmembrane domain, and a death domain (DD)
in their intracellular region. DDs are homotypic protein modules organized in six alpha-
helices that act as binding sites for other proteins and communicate the apoptotic signal
to the cell interior [7]. After TRAIL binding to DR4 and DR5 occurs, their trimerization
initiates by the interaction of the DD and the Fas-associated death domain (FADD), inducing
TRAIL receptors that expose the death effector domain (DED) and the formation of the
death-inducing signaling complex (DISC) [3]. Next, the DISC recruits pro-caspase-8 and
cleaves it. Cleaved caspase-8 decreases the membrane potential and converts Bid to
truncated Bid (tBid). Then, tBid, p53, Noxa, Puma, and Bax form the pore-forming complex
in the mitochondria outer membrane [12]. After pore formation, cytochrome C is released
into the cytoplasm, interacting with dATP. Pro-caspase-9 is then recruited to Apaf-1 to
form the Apaf-1/caspase-9 apoptosome [13]. Active caspases are proteolytic proteins that
bench to cytosolic and nuclear targets; caspases cause cleavage of actin filaments of the
cytoskeleton, the inhibitor of caspase-activated DNase (ICAD) that avoids activation of
caspase-activated DNase (CAD) that destroys DNA [12].

This mechanism of cell death, which has been widely studied in the context of cancer
and other diseases, is efficient. Many basic and clinical studies have demonstrated a rele-
vant role in selectively inducing apoptosis, and in tumor cells, this has been demonstrated.
Therefore, apoptosis continues to be a therapeutic target that needs to be studied.

2. Recombinant TRAIL

Recombinant versions of human APO2L/TRAIL have been developed and used in
clinical trials due to their potential as antitumoral therapy. However, there has been some
limitation in their use as an anticancer drug because of their short half-life in blood, fast
elimination, and resistance by cancer cells [10]. Dulanermin is a recombinant non-tagged
TRAIL used in clinical trials. However, this protein has not shown important therapeutical
benefits due to poor efficiency binding to TRAIL receptors [14]; another form of Dulanermin,
Apo2L.XL, presents higher pro-apoptotic activity by artificial cross-linking [7].

Tumoral cells can generate TRAIL resistance by downregulation of DR4 and DR5
and inhibition of the CD95/Fas domain [6]. Moreover, the signal received in TRAIL
receptors can be switched to activate non-canonical signaling, inducing pro-inflammatory,
pro-survival, and proliferation characteristics. This signal involves a complex integrated
by receptor-interacting serine/threonine protein kinase 1 (RIPK19), tumor necrosis factor
(TNF) receptor-associated factor 2 (TRAF2), and TNF receptor-associated death domain
(TRADD), activating pro-tumor pathways, such as IkB/NF-kB, MAPK/ERK, STAT3, PI3K,
Akt, JAK2, and Src [10].

The development of different recombinant TRAIL therapies has gained importance as
a new strategy for reducing cancer progress. As mentioned before, TRAIL receptors have
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been discovered mainly in cancer cells; however, their overexpression has been reported in
a particular population of cancer cells in tumors called cancer stem cells (CSCs).

3. Cancer Stem Cells and TRAIL

CSCs are a subpopulation of cells that represent a low percentage within the tumor
niche. These cells have pluripotency, self-renewal, and tumorigenic properties, such as
invasiveness, plasticity, and maintenance, and are the main cause of chemoresistance and
cancer relapse. Several CSC markers have been identified, such as homing cell adhesion
molecule (CD44) [15], aldehyde dehydrogenase (ALDH) [15], CD326 [16], and CD133 [17].
Although some of these markers are useful for identification and therapeutic targets, they
are further found in normal stem cells and are not specific [16].

Epithelial–mesenchymal transition (EMT) is a process associated with the stemness of
cancer cells, which is critical during cancer progression. This process of EMT implicates the
conversion of epithelial cells into a mesenchymal phenotype with loss of cell–cell junctions,
altering cell–ECM interactions and cytoskeletal organization [18]. EMT mediators can stim-
ulate the increased malignancy associated with the CSC phenotype, such as migration and
invasion by protein expression and activation of transcription factors. These factors include
SNAI1 and SNAI2 (Snail and Slug), ZEB1 (dEF1/TCF8), and ZEB2 and Twist. Others are
Prrx1, Sox4, Sox9, Klf4, and members of the AP-1 (Jun/Fos) family [19]. Pathways involved
in EMT include transforming growth factor-beta (TGF-β), bone morphogenetic protein
(BPM), receptor tyrosine kinase (RTK), Wnt/β-catenin, Notch, Hedgehog, signal transducer
and activator of transcription 3 (STAT3), extracellular matrix (ECM), and hypoxia [20].

Genes of stem lineage Oct-4 and Nanog upregulate the process of EMT by binding to
the promotors of Zeb1, Zeb2, Twist1, Prrx1, and miR-21. In addition, Sox2 increases slug
expression, activating the STAT3/ hypoxia-inducible 1alpha (HIF-1α) signaling pathway,
inducing EMT and promoting metastasis [20–22]. Altogether, these factors improve the
protection of senescence and apoptosis and regulate cell progression and resistance to
chemotherapy and radiotherapy, reducing E-cadherin expression, which drives to a mes-
enchymal state. In the tumor microenvironment, cancer cells secrete factors, such as TGF-β,
hepatocyte growth factor (HGF), and platelet-derived growth factor (PDGF), activating
changes in EMT [23]. Moreover, TGF-β is a major inducer of EMT since it can interact with
other growth factors, such as epidermal growth factor (EGF), to influence the malignant
transformation of CSCs and tumor-associated stromal fibrosis [23]. Once activated, EMT
increases the expression of genes involved in stemness and stem cell markers. Additionally,
in breast cancer, EMT increases stem cell phenotypes, such as CD44+/CD24- markers.
EMT markers, such as E-cadherin, β-catenin, Snail, and Vimentin, correlate with CD133
expression, invasion, and metastasis of CSCs [20].

4. TRAIL Resistance Mechanism

EMT promotes TRAIL resistance and silencing of E-cadherin, which inhibits apop-
tosis due to the lack of efficient DISC assembly by ligated TRAIL receptors [10]. CD133
is a cell marker commonly expressed in CSCs, such as in colorectal cancer (CRC) and
glioma [13]. Other CSC markers include CD44, nestin, and sox-2, usually co-expressing
with CD133 [9,23]. CD133-positive cells present high ATP-binding cassette transporter
(ABCG5) expression related to chemoresistance [12]. For this reason, these cells are novel
targets for cancer therapy [12]. Embryonic pathways, such as Notch, Wnt, Hedgehog, and
Hippo, are overactivated in CSCs to maintain their stem cell characteristics [24]. The Wnt
signaling pathway participates in the chemoresistance of CD133-positive cells in CRC; thus,
it is also considered a potential target [25]. Moreover, CD133 activates the PI3K pathway,
and this, Akt, whose activation leads to upregulation of anti-apoptosis factors, such as
BCL-2, BCL-XL, and MCL-1, decreases the pro-apoptotic factors Bid, Bax, and Bim [12].

Although TRAIL is a promising anticancer therapy, which can induce apoptosis in
tumoral cells instead of normal cells, some CSC tumoral cells develop resistance to TRAIL
(Figure 1) [26]. However, TRAIL treatment resistance has been developed by a variety of
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cancers [27]. Another TRAIL resistance mechanism associated with downregulation of
the dead receptors DR4 and DR5 is overexpression of the decoy receptors DcR1 and DcR2
and overexpression of apoptosis inhibitors, such as cFLIP. It is suggested that activation
of NF-kB could upregulate DR5 expression [9]. In turn, activation of the NF-kB pathway
by TRAIL is associated with improvement of tumor growth, clonal expansion, and CSC
signaling [6]. TRAIL-R2 or DR5 promotes invasion and metastasis of KRAS-mutated
cancers by activating Rac1/phosphatidylinositol-3-kinase (PI3K) signaling. This metastasis
process is cell-autonomous and mediated by the membrane-proximal domain (MDP) of
the receptor [28]. In addition, it is reported that TRAIL-R downregulation and apoptosis
resistance are mediated by signals, such as Src, Talin, PI3K, and MAP. Phosphatase and
tensin homolog (PTEN) protein negatively regulates the PI3K/AKT/mTOR pathway,
working as a tumor suppressor gene, and EMT [29].

Figure 1. Mechanism of apoptosis resistance by cancer stem cells (CSCs). 1. CD133 activates

the PI3K/AKT pathway. 2. Overex-pression of ATP-binding cassette transporter (ABCG5). 3.

Overexpression of decoy receptors (DcR1/DcR2) and down-regulation of DR4/DR5 receptors. 4.

Overexpression of cFLIP protein. 5. Downregulation of pro-apoptotic factors. 6. Upregulation of

MAPK and NF-kβ pathways. 7. Downregulation of p53. Created with BioRender.com (accessed on

25 May 2021).

Moreover, the molecule ONC201/TIC10 can induce apoptosis by the TRAIL pathway,
showing great results in vitro and in vivo. It is currently being used in phase I/II clinical
trials for advanced-stage cancer, such as breast cancer, colon cancer, and glioblastoma.
The mechanism of ONC201/TIC10 is the inactivation in CSCs of Akt and ERK signaling,
inducing Foxo3 nuclear translocation and transcription of TRAIL, independent of the p53
status. In addition, this leads to the expression of the TRAIL receptor DR5. This molecule
improves the half-life, distribution, route of administration, and activity of recombinant
TRAIL and TRAIL-agonist antibodies, the main problems in its clinical application [30].

CD133-positive cells can also develop TRAIL resistance by overexpression of FLICE-
like inhibitory protein (FLIP), inhibiting the DISC ensemble and TRAIL apoptosis. More-
over, p53 protein expression has an inverse relationship with CD133 expression [12]. cFLIP
overexpression is also associated with TRAIL resistance in cancer cells. cFLIP inhibits
caspase-8 and caspase-3 activation [9]. The expression of FLIP, a caspase-8 inhibitor, is
higher in CD133-positive cells than in CD133-negative cells. CD133 upregulates FLIP
expression, and this protein inhibits autophagy and activates ERK, JNK, ERK, and Wnt
pathways. FLIP also inhibits FADD [12,26]. According to some studies, suppression of
cytoplasmic cFLIP and elevated nuclear cFLIP levels are associated with regulating the
Wnt pathway, which impacts the maintenance of CSCs. Inhibition of cFLIP further reduces
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beta-catenin levels and inhibits Wnt target gene expression, whereas overexpression of
nuclear cFLIP promotes Wnt target gene expression [31]. In addition, downregulating
Wnt/β-catenin signaling impacts TRAIL sensitivity and reduces EMT [32,33]. TRAIL resis-
tance is also associated with activation of self-renewing pathways by mitogen-activated
protein kinases (MAPKs) and NF-kβ, both negatively regulated by PTEN. The high ex-
pression of PTEN correlates with a better TRAIL response in tumors and with the reverse
process of EMT (mesenchymal–epithelial transition (MET)) [34].

Although there are CSCs resistant to TRAIL, some research groups have reported
that CSCs are susceptible to TRAIL activity after stimulation with small-molecule com-
pounds, such as CDDP, etoposide, PS-341 (bortezomib), tunicamycin, rottlerin, brandisian-
ins, sodium butyrate, and inostamycin [35]. Other natural compounds, such as kurarinone,
icaritin, and withanolide E, are reported to downregulate cFLIP expression and TRAIL-
resistant cancer cell sensitization to TRAIL-induced apoptosis. Natural compounds, such
as silibinin, gingerol, and indomethacin, are reported to possess both mechanisms of sensi-
tizing TRAIL-resistant cancer cells. The most relevant results are summarized in Table 1. A
TRAIL-sensitive phenotype can be observed in different types of cancers and under differ-
ent conditions. TRAIL can induce contrasting effects in tumoral cells, mainly controlled by
the TME. The combination of TRAIL with some compounds prevents CSC TRAIL resis-
tance and induces its elimination as sulforaphane [6]. Additional treatment with cisplatin
combined with recombinant TRAIL could restore the expression of death receptors and
Fas domain activity [6]. Dickkopf-1 (DKK-1) diminishes the expression of CD133, and
consequently, proliferation, migration, and invasion of cancer cells diminish [25]. Agonists
of TRAIL receptors have not presented enough efficacy due to the complexity of TRAIL
signaling [10].

Table 1. Treatments that increase TRAIL sensitivity.

Treatment Cancer Effect Reference

Goniothalamin plus TRAIL Colorectal cancer Enhance cytotoxicity and apoptosis [35]

Icaritin plus TRAIL Glioblastoma
Enhance apoptosis by c-FLIP

downregulation and inhibition of
NF-κB activity

[36]

Micelle-in-liposomes with
piperlongumine plus TRAIL

Prostate cancer
Increase sensitization to TRAIL

apoptosis in cancer cells
[37]

Silibinin plus TRAIL Glioma
Enhance apoptosis by upregulation of

DR5 and downregulation of cFLIP
and survival

[38]

SH122 plus TRAIL Prostate cancer
Enhanced TRAIL-induced apoptosis

via D5R and the
mitochondrial pathway

[39]

MSC/dTRAIL-TK gene therapy Renal cell carcinoma
Enhance sensitization to TRAIL and

increase apoptosis
[40]

Duloxetine plus TRAIL Lung cancer
Enhance apoptosis of tumor cells
through inhibition of autophagy

[41]

3-Methyladenine and chloroquine
plus TRAIL

Malignant melanoma and
osteosarcoma

Enhance pro-apoptotic mitochondrial
pathway of tumor cells through

inhibition of autophagy
[42]

Adenovirus-p53 plus TRAIL
Ovarian and nasopharyngeal

squamous cancer

Overexpression of DR5 receptor in
cancer cells to increase apoptosis

by TRAIL
[43]

Adenovirus E1A plus
adenovirus-hTRAIL

Hepatic cancer
Enhance apoptosis by upregulation of

TRAIL receptors
[44]

MiR-760 plus TRAIL Non-small-cell lung cancer Enhance apoptosis by targeting FOXA1 [45]
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5. Microenvironment and TRAIL Activity

The interaction of cells in the TME and CSCs can change the signaling mechanism of
TRAIL in a tumor, leading to cell death or disease progression [46]. An antitumor TME is
made by normal fibroblasts, dendritic cells (DC), natural killer (NK) cells, cytotoxic T cells,
and M1 tumor-associated macrophages (TAMs) with the release of pro-inflammatory cy-
tokines [10]. In contrast, a protumor TME includes M2 TAMs producing anti-inflammatory
cytokines; myeloid-derived suppressor cells (MDSCs); regulatory T cells (Tregs) and B
cells; cancer-associated fibroblasts (CAFs); and TIE2-expressing monocytes, mast cells,
pericytes, and endothelial cells. In addition, neutrophils and T helper cells present both
roles, pro- and anti-tumorigenic activity [47]. Different factors can regulate the production
and secretion of TRAIL by several immune cells from the innate and adaptative immune
systems. On the other hand, these similar factors can regulate the expression of membrane
bound TRAIL and its receptors in the cellular microenvironment from components in
TME, such as cells, cytokines, pH, oxygen levels, and matrix components [7]. For example,
cytokines as IFNs can activate TRAIL transcription by the IRF1/STAT complex. TRAIL and
TRAIL-R transcription is also mediated by stress-induced factors, such as nuclear factor
of activated T cells (NFAT), Forkhead Box (FOX) proteins, NF-kB, C/EBP homologous
protein, activator protein 1 (AP1), and p53 [10].

Physiologically, the TRAIL/TRAIL-R system regulates the homeostasis of adaptative
immune cells by inducing apoptosis of aberrantly activated T cells. NK cells eliminate aber-
rant tumor cells by granule release (perforin/granzyme) in the innate immune system. This
release is dependent on membrane receptor interactions involving FasL, TNFα, and TRAIL.
TNFα increases TRAIL expression in mesenchymal stem cells (MSCs), inhibiting tumor
growth by apoptosis induction of cancer cells [7]. In addition, DNA released from MSCs
could act as damage-associated molecular patterns (DAMPs) that via TLR3-dependent
NF-kB feed-forward loop further increase TRAIL expression on MSCs. Furthermore, TNFα-
activated MSCs also produce IFNβ due to DNA/RNA released from apoptotic cells, thus
enhancing TRAIL expression [10]. The activation of NK cells by IL12 generates IFNγ,
which enhances TRAIL expression [48].

Monocytes can also express TRAIL and target TRAIL-R in tumoral cells. It is seen
that IFNα increases the release of soluble TRAIL by monocytes and promotes apoptosis of
tumoral cells [27,49]. Moreover, macrophages secrete matrix metallopeptidase 12 (MMP12),
which can mimic TRAIL and induce apoptosis in tumor cells [50]. TRAIL also induces CD14
and CD11b expression in monocytes, promoting its M1 differentiation and its phagocytic
capacity and antitumor activity [51]. In addition, by TRAIL stimulation, macrophages
produce pro-inflammatory cytokines IL1β, IL6, and TNFα in an NF-kB-dependent way [10].

As a component of the ECM, elastin microfibril interface-located protein 2 (EMILIN2)
can bind to TRAIL receptors DR4 and DR5, inducing clustering and co-localization on lipid
rafts from cell membrane, and then induce activation of apoptosis [10]. Hypoxia factors,
such as HIF-1α, are associated with PKCε down-modulation, which acts as a key molecular
event that promotes apoptosis by TRAIL in hypoxic tumor cells. In addition, the expression
of vascular cell adhesion molecule-1 (VCAM-1) by tumors has been proposed as an immune
escape mechanism and improves metastasis. VCAM-1 and a4 integrin interaction promotes
T cell migration away from the tumor, reducing CD8+ T cell infiltration [52]. Cytotoxic T
cells (CTLs) are the main effectors of the adaptative immune system against tumor cells,
expressing TRAIL and TRAIL-R. This TRAIL expression is stimulated by interaction with
TRAIL receptors on tumoral cells [10]. In addition, IFNα stimulates CTLs to increase TRAIL
expression. Dendritic cells (DCs) participate in innate and adaptative immunity, acting as a
bridge between both responses [53]. DCs present antigens to T cells; however, cytotoxic
DCs activated by IFNα or IFNγ present antitumor activity by the TRAIL system [54].
TRAIL reduces T regulatory cells (Tregs), while increasing the CD8+ CTLs population [10].

TRAIL shares homology with FasL, another member of the TNF family that can induce
T cell apoptosis. In a pro-tumoral TME, TRAIL, soluble or membrane bound, can induce
apoptosis in IL2-secreting T cells but not inactivated T cells [55]. Fas ligand (FasL/CD95L)
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expressed by tumors allows them to inhibit T cell recognition and elimination. FasL
is associated with immune escape because it binds to Fas in the T cell membrane and
induces apoptotic signals. In addition, galectin-1 participates in the immunosuppressive
tumor microenvironment, improving FasL activity [52]. It seems that cancer cells can
release microvesicles with FAS and TRAIL, which, instead, induce apoptosis of cancer cells
and target and eliminate CTLs as an immune escape mechanism. In multiple myeloma
cancer cells, TRAIL bound to membranes can eliminate osteoclasts and bone formation,
consequently improving the distribution of cancer cells to other tissues and allow metastasis
development [10]. In metastatic tumors, cells can evade immune surveillance by inducing
cell death of tumor-infiltrating lymphocytes (TILs). CRC cells expressing TRAIL can induce
apoptosis of CD8+ cells by this mechanism [56]. In lymphomas, cancer cells can develop
TRAIL resistance by the expression of CD40, a co-stimulatory receptor for interaction
with CD4+ T cells that protects apoptosis by TRAIL. CD40 upregulates NF-kB, cFLIP, and
Bcl-XL [10,31].

In this microenvironment of resistant tumor cells, TRAIL can potentiate immune
suppressive effects of Tregs. Tumor-infiltrating Tregs reduce antitumor immune responses
by secretion of TGFβ, IL10, and IL35, inhibiting CTL, NK cell, and DC activity. IL35
can stimulate macrophages and neutrophil polarization to an M2 anti-inflammatory state
that promotes tumor development. Another cytokine that suppresses TRAIL activity in
cancer cells is IL8, by upregulation of cFLIP in a CXCR2- and NF-kB-dependent way [57].
In addition, cancer cells from primary tumors release IL4, increasing the expression of
anti-apoptotic proteins, such as cFLIP, Bcl-XL, and Bcl-2 [58]. It is important to note that
even when cancer cells are resistant to TRAIL, exposure activates the secretion of the
immune-suppressive cytokines, IL8, CXCL1, CXCL5, and CCL2 in a FADD-dependent
way [59].

CCL2 is important because it seems to modulate the immune environment to a pro-
tumoral state when interacting with cells with CCR2 receptors. As mentioned before, the
interaction of cancer cells with endogenous TRAIL induces FADD-dependent secretion
of CCL2, which polarizes monocytes to the M2 macrophage phenotype [59]. In addition,
TRAIL receptors and FADD can promote NF-kB activation and proliferation of tumor
cells. Moreover, CCL2 supports tumor growth by acting as a chemoattractant for MDSCs
and monocytes, promoting its MS differentiation by their CD206 expression [28]. The
reduction in TRAIL expression is stimulated by IL6, IL1β, IL17, and G-CSF through STAT3-
dependent downregulation and upregulation of MMP9. The result is immune suppression
and a pro-angiogenic state [10].

6. TRAIL Activity in Angiogenesis

Angiogenesis allows the support of tissue growth and organ function under physio-
logical and pathological conditions. During the pathological process, such as cancer, this
mechanism helps the tumor feed, supply oxygen, and eliminate waste from the body [49].
The process of generating new blood vessels occurs through several different mechanisms:
(1) from pre-existing vasculature; (2) inducing new blood vessel formation through a
process involving formation and outgrowth of sprouts (tip cells), which eventually fuse
with an existing vessel or newly formed sprout; (3) vasculogenesis (neo-vascularization
from endothelial progenitor cells); (4) vascular mimicry, in which aggressively growing
tumor cells can form vessel-like structures, which are formed without the contribution of
endothelial cells, and that represents an alternate channel for tumor cells to source sufficient
blood supply and nutrients; and (5) trans-differentiation of CSCs (neo-vascularization in
tumors through differentiation of CSCs to endothelial cells) [60].

Normal stem cells and CSCs grow primarily in vascular niches due to a perivascular
microenvironment [61]. Tumors can be vascularized through the cooperation of endothelial
cells [62]. The involvement of CSC is key to promote angiogenesis in cancer and disease
progression. Studies suggest that Notch signaling plays an essential role in angiogenesis
through interactions with Notch ligands to cross-talk with other pathways, such as vascular
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endothelial growth factor (VEGF) signaling [63]. However, the vascular niche of cancer
is rich in abnormal blood vessels. These abnormalities are induced by hypoxia, low pH,
and high pressure of a hostile interstitial fluid. Hypoxia also activates NF-kB and promotes
EMT [64].

Furthermore, hypoxia increases hypoxia-inducible 1alpha (HIF1α) in cancer cells [65].
Moreover, hypoxia increases nitric oxide (NO), which activates the Wnt/b-catenin signaling
pathway, VEGF-A, and, ultimately, angiogenesis [66]. Angiogenesis is orchestrated within
the tumor mass that harbors various host-derived cells, regulated by secreted regulators,
such as VEGFR2, the expression of Tie-2 monocytes, fibroblasts, endothelial cells, and
innate and adaptive immune cells that are central regulators of pro-angiogenic VEGF
and angiopoietin signaling [67]. The role of CD133 in angiogenesis was recently reported
since it is observed that it regulates the expression of the angiogenic protein vascular
endothelial growth factor (VEGF) by activating the Wnt/b-catenin signaling pathway
and promoting greater recruitment of endothelial progenitor cells (CPEs) in CSC-enriched
tumors. This mechanism increases VEGF-A and interleukin 8 (IL8) expression. Both factors
cause neovascularization and tumor growth [60].

TRAIL can modulate angiogenesis as endothelial cells from tumor vasculature also
express TRAIL receptors; this indicates that endothelial cells are sensitive to TRAIL apop-
tosis [68]. However, TRAIL modulates multiple cellular functions in endothelial cells
involving the ECM necessary for vascular remodeling. TRAIL regulates FGF-2 angiogenic
function in human endothelial cells (HMEC-1); FGF2 is a growth factor that activates
endothelial cell proliferation, migration, and tubule formation [69]. Mice lacking TRAIL
have increased vascular leakage. In vitro, TRAIL at low concentrations (10 ng/mL) reduces
angiotensin II-induced oxidative stress, leukocyte adhesion, and permeability as it prevents
redistribution of VE-cadherin from the cell membrane [70]. The effects induced by TRAIL
involve NOX4, which participates in the generation of oxygen species and catalyzing the
transfer of electrons from NADPH to O2. Via NOX4, TRAIL promotes angiogenesis by
modulation of H2O2 production, eNOS phosphorylation, and NO production [71]. Low
production of H2O2 from NOX4 activates MAPK family members, the TGF-β1/SMAD2/3
pathway of PI3K/AKT signaling, and cell proliferation, migration, and angiogenesis [26].
Moreover, angiogenesis induced by TRAIL can improve perfusion in ischemic disease, as
TRAIL receptors are expressed by vascular smooth muscle cells and cardiomyocytes from
the cardiovascular system, contributing to the pathophysiology of cardiovascular diseases.
In addition, TRAIL can induce apoptosis of vascular smooth muscle cells [72].

Conversely, TRAIL administration has anti-angiogenic action, inducing tumor starva-
tion and downregulation of OPG receptors [10,64]. sTRAIL confirmed its anti-angiogenetic
potential, even higher compared to recombinant human TRAIL (rhTRAIL). Therefore,
sTRAIL seems to have a double effect in this model generating PDAC cell death and
reducing angiogenesis. Thus, TRAIL could induce apoptosis in tumoral and endothelial
cells, even when TRAIL resistance develops. In cancer, anti-angiogenic therapy has been
used to sensibilize cells to TRAIL. However, there exist different resistance mechanisms to
anti-angiogenic agents that could inhibit TRAIL activity [73].

7. Regulation Mechanism

MicroRNAs (miRNAs or miRs) are a set of 18–24-nucleotide-long strands that can
silence or downregulate the expression of their targets by base-pairing with the respective
miRNA response elements found in the 3´UTR of the mRNA. In this way, there is a
destabilization of the target mRNA; therefore, the efficiency of processing is reduced,
which leads to an overall protein decrease [74]. What is even more remarkable is that a
single miR is known to have hundreds if not thousands of targets that may be involved
in many cell regulatory processes, including differentiation and apoptosis [75,76]. Not
surprisingly, miRs have been shown to have different expression patterns when comparing
cancerous with normal tissue, and even within cancer, malignant states often vary in
expression [77].
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TRAIL is a member of the TNF family, which, when activated, can induce apoptosis in
tumor cells with no cytotoxicity to normal cells [78]. Unfortunately, many human cancer cells
are resistant to TRAIL-induced apoptosis; hence, pharmacological studies have had significant
drawbacks. Nonetheless, there is a silver lining as researchers are currently unraveling the
different miRs involved in TRAIL regulation and TRAIL-induced apoptosis, which could, in
turn, become either targets of TRAIL resistance or direct targets that induce TRAIL-induced
apoptosis [78,79]. Interestingly, TRAIL resistance seems to be enhanced by PTEN and TIMP3
downregulation. To achieve this, the cluster of miR-221/222 promotes the phosphorylation
of Akt, enriching the population of CD44+ cells, which are known to enhance invasion and
tumorgenicity [27,80,81]. In addition, miR-221 can also downregulate proapoptotic, Bcl-2-
modifying factor (Bmf), and p53 upregulated modulator of apoptosis (PUMA) [82]. Moreover,
miR-221 has been detected in several cancer pathologies and has been identified in high levels
in peripheral blood, making it an excellent biomarker for early detection [83]. We should
note that although the mechanisms are not yet fully determined, it has been shown that BMF
and certain energy enzymes are involved in TRAIL-induced necrosis, most likely through the
TNF-R1 via activation of RIPKs, which promote mitochondrial fragmentation through MLKL
and PGAM5 [69,76]. Opposing this activity, the activation of miR-125b, miR-224, and miR-122
can target Mcl-1 and Bcl-w, both anti-apoptotic factors [27,84,85].

Another interesting regulator in TRAIL apoptosis is miR-25, as it has been implicated
to block TRAIL death receptor (DR) 4, thereby blocking induced apoptosis. Additionally,
predictive analysis has also confirmed Bim and Mcl-1 as targets for miR-25 [86,87]. In
the case of DR4, bioinformatic analysis has determined direct targeting of the 3´UTR of
DR4 by miR-25 [86]. Moreover, DR4 can also be repressed by Hedgehog signaling Gl3,
thereby serving as an antagonist to TRAIL-induced apoptosis [88]. miR-25 is associated
with the sensitivity of liver cancer stem cells to TRAIL-induced apoptosis. Studies have
reported that the knockdown of miR-25 promotes TRAIL-induced apoptosis by inhibiting
the PI3K/Akt/Bad signaling pathway through the miR-25/PTEN axis. The combination of
anti-miR-25 and TRAIL may represent a novel strategy for treating LCSCs [89].

PTEN has a key function in the regulation of cell survival pathways, such as the afore-
mentioned PI3K/AKT/mTOR and MAPK pathways; its inhibition by different mi-RNAs
(miR-21, miR-221, miR-23b, miR-214) has been associated with resistance to chemothera-
peutic agents, as well as proapoptotic mechanisms, such as those induced by TRAIL [90].
In addition, it inhibits metastasis development, invasion, and angiogenesis [29,91,92].
Meanwhile, miR-25-3p (part of the miR-25 cluster) has been shown to promote malig-
nant phenotypes by also regulating the PTEN/Akt pathway and the promotion of the
epithelial–mesenchymal transition similarly, as does miR-92a in non-small-cell lung cancer
cells (NSCLC) and miR-129-5p in retinoblastomas by targeting PAX6 [93–95]. In addition,
Wan et al. showed that miR-25-3p can induce Vimentin and Snail and suppress E-cadherin,
which enhances invasiveness [86,96].

MiR-148a has an interesting effect on cancer, as it has been demonstrated to both
reduce tumorigenesis and induce TRAIL apoptosis. Particularly, MMP15 and ROCK1,
crucial players in invasion, have been shown as direct targets of miR-148a [97]. In addition,
the NF-κB/p65 pathway, which leads to TRAIL resistance, has been previously shown to
be under the control of miR-30c, miR-100, and miR-21 [97,98]. Partial elucidation of the
mechanism of resistance by miR-21 involves downregulation of caspase-8, which blocks
receptor-interacting protein-1 cleavage; meanwhile, miR-30 involves direct binding to the
3’UTR of metastasis-associated protein-1, promoting invasion [99]. Finally, miR-100 has
been shown to target mTOR, a key regulator of motility by the PI3K/Akt pathway, which
leads to the regulation of 4E-BP1 and p70S6K pathways. Interestingly, p70S6K is a cell cycle
effector that directly regulates mRNA in cell cycle progression [100].

TRAIL-mediated apoptosis in prostate cancer seems to correlate directly with the
expression of miR-135a-3p. Shin et al. investigated the role of Tanshinone I. Their re-
search concluded that co-treatment directly with TRAIL upregulates DR5 and miR-135a-3p.
Moreover, when using miR-135a-3p mimics, PARP cleavage further increases, leading to
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an increase in apoptotic key regulator Bcl2-associated X protein (Bax) [101]. Still under
investigation, there are several miRs of the miR-519 and miR-520 families that have been
predicted to also indirectly activate proapoptotic factors Bax and Bak or enhance caspase 8
and 3 activity by FADD activity; in addition, KEGG analysis also shows that most of the
targets of these families are associated with the PI3K/Akt pathway, similarly to miR-100,
and although many of the hypothesized genes continue to require validation, both the
NF-κB-inducing kinase and RELA have been confirmed [102,103].

8. Mechanism against TRAIL Resistance

TRAIL presents a limitation in its use as antitumoral therapy, as many primary tu-
mors develop resistance to monotherapy with recombinant TRAIL and TRAIL receptor
agonists [104]. Thus, the need to combine strategies to increase TRAIL sensitization and
prevent resistance is clear. Table 2 shows different approaches being carried out using
TRAIL as a therapeutic target in clinical trials that combine drugs or other strategies.

Table 2. Recombinant TRAIL use in clinical trials.

Recombinant TRAIL Disease Phase Clinical Trial

Recombinant human Apo-2 ligand for injection
Non-small-cell lung cancer

(NSCLC) stage IV
3 NCT03083743

Recombinant human TRAIL–trimer
fusion protein (SCB-313) Malignant pleural effusions 1 NCT038669697

Peritoneal malignancies 1 NCT03443674

Peritoneal carcinomatosis 1 NCT04047771

rhApo2L/TRAIL (AMG 951) with
chemotherapy bevacizumab

Non-small-cell lung cancer (NSCLC) 2 NCT00508625

Dulanermin plus rituximab Non-Hodgkin’s lymphoma 1, 2 NCT00400764

Dulanermin plus Camptosar® /Erbitux®

or FOLFIRI
Metastatic colorectal cancer 1 NCT00671372

Dulanermin with FOLFOX and bevacizumab Metastatic colorectal cancer 1 NCT00873756

Targeting CSCs by TRAIL can be difficult as fast resistance development is reported.
Todaro et al. presented that CD133+ CSCs from colon carcinomas can release IL4 to prevent
apoptosis. However, they can be sensitized, as Loebinger et al. showed that MSC-expressing
TRAIL can migrate to tumors and reduce tumor growth and metastasis of primary cancer. The
combination of TRAIL plus chemotherapy with mitoxantrone increases the synergistic effect,
improving apoptosis of putative CSCs. In CSCs that produce IL4, the administration of the
IL4Rα antagonist of anti-IL4 neutralizing antibodies enhances the sensitivity of CD133+ cells to
chemotherapy with oxaliplatin and 5-FU [105]. As another example, MSCs expressing TRAIL
inhibit metastasis of the non-small-cell lung cancer (NSCLC)-derived H460 cell line combined
with Claudin-7. This small molecule regulates mitogen-activated protein kinase/extracellular
signal-regulated kinase (MEK/ERK) signaling pathways. Other studies have shown that
targeting of the XIAP molecule increases CSC sensitivity to TRAIL in pancreatic cancer, reduc-
ing metastasis. CD133+ CSCs from brain overexpress BCL-2 after TRAIL induction, and its
knockdown enhances CSC sensitivity to TRAIL. In nasopharyngeal carcinoma, the use of a
second mitochondria-derived activator of caspases (SMAC) mimics the induced inhibitor of
apoptosis (IAP) degradation and enhances TRAIL apoptosis. Moreover, the knockdown of
Sirtuin 1 (SIR1) sensitizes CSCs from colon cancer to TRAIL cytotoxicity [106].

Some studies have shown that TRAIL-induced apoptosis is regulated by post-translational
modifications of death receptors [45]. O-glycosylation of DR4 and DR5 is proven to control
the sensitivity of many cancer cells to TRAIL [36]. Subsequently, Dufour et al. reported
that N-glycosylated DR4 promotes TRAIL signaling [46]. We previously found that DR5
is activated by fucosylation for TRAIL-induced apoptosis using our TRAIL variants [47].
A relationship between HDAC inhibition and glycosylation patterns has been reported.
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This finding can be an explanation for the increased sensitivity of TRAIL receptors in the
presence of HDAC inhibitors.

Epigenetic factors, such as drug resistance and immune evasion mechanisms, allow
tumor progression. Histone deacetylases (HDACs) are important promoters of TRAIL
resistance via TRAIL receptors. Since HDACs are associated with changes in glycosylation
patterns, O-glycosylation, N-glycosylation, and fucosylation in DR4 and DR5 receptors are
necessary to improve TRAIL signaling. Thus, HDAC inhibitors have been proposed as
another strategy against cancer since they maintain glycosylation in TRAIL receptors [107].
In addition, HDAC inhibitors act in synergy with TRAIL by upregulating the mitochondrial
pathway; downregulating NF-kβ and its gene products, such as cyclin D1, Bcl-2, Bcl-XL,
VEGF, HIF-1a, IL6, IL8, MMP-2, and MMP-9; and upregulating the pro-apoptotic proteins
Bax, Bak, and p21/CIP1 and TRAIL receptors DR4 and DR5 in cancer cells [108].

It has been reported that the HDAC inhibitor MS-275 can sensitize TRAIL-resistant breast
cancer xenografts in nude mice through upregulation of DR4 and DR5 TRAIL receptors,
inducing apoptosis, tumor cell growth inhibition, angiogenesis, and metastasis. All these mech-
anisms generate a reversion of EMT, upregulate E-cadherin, and downregulate N-cadherin
and transcription factors, such as Snail, Slug, and ZEB1 [108]. Moreover, the compound
suberoylanilide hydroxamic acid (SAHA), another HDAC inhibitor, significantly increases the
expression of Caspase-3 and the expression in MDA-MB-231 but not in MCF-7 breast cancer
cells [109]. Recently, hypersensitization of CSCs to TRAIL required TRAIL-R2 and increased
microenvironmental stress by the endoplasmic reticulum stress inducer celecoxib [110]. There-
fore, microenvironmental modification could be a strategy to improve TRAIL sensitivity of
CSCs. In addition, more research on agents that can act on CSC spheroids and thus avoid
tumor progression, metastasis, and angiogenesis is needed [111].Figure 2 summarizes the
different approaches that could be used against TRAIL resistance in CSCs.

Figure 2. Mechanisms again TRAIL resistance. Therapeutic agents against TRAIL resistance by

CSCs have been discovered. The use of anti-IL4 antibodies enhances the chemotherapy response.

HDAC inhibitors, such as MS-275 and second mitochon-dria-derived activator of caspases (SMAC),

sensitize CSCs resistant to TRAIL and potentiate apoptosis. Inactivation of BCL-2, SIR1, and XIAP

inhibits EMT. Some miRNAs and anti-miRNAs could be used as additional strategies against cancer.

Anti-miR-25 inhibits PI3K/Akt activation; miR-125b, miR-224, and miR-122 inhibit anti-apoptotic

proteins MCL-1 and BCL-W; miR-135a-3p activates pro-apoptotic proteins, such as BAX; and miR-

148a inhibits proteins related to inva-sion of CSCs, such as MMP15 and ROCK1. Created with

BioRender.com (accessed on 25 May 2021).

263



Pharmaceutics 2021, 13, 1062

9. Conclusions

Cancer treatments have evolved; however, cancer cells have developed several re-
sistance mechanisms. TRAIL research demonstrates that this protein can induce tumor
cell apoptosis of a wide variety of cancers when used as a recombinant TRAIL or TRAIL
receptor agonist. CSC populations inside tumors have developed ways to evade this mech-
anism and activate survival pathways, proliferation, and angiogenesis that allow tumor
progression. Likewise, CSCs can modulate the microenvironment to improve immune
cell and cytokine recruitment, hypoxia, and the action of microRNAs generated by those
cells. Thus, a reaction strategy has been developed that uses the combination of drugs and
chemotherapeutic agents to increase CSC sensitivity to TRAIL and thereby facilitate its
elimination, which reduces metastasis.
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Abbreviations

ABCG5 ATP-binding cassette transporter

APAF-1 Apoptotic protease activating factor 1

AP1 Activator protein 1

Apo2L Apo-2 ligand

Bcl-2 B-cell lymphoma 2

BPM Bone morphogenetic protein

CAD Caspase-activated DNase

CAF Cancer-associated fibroblasts

CRC Colorectal cancer

CRD Cysteine-rich domain

CSCs Cancer stem cells

CTLs Cytotoxic T cells

DAMPs Damage-associated molecular patterns

DCs Dendritic cells

DED Death-inducing signaling complex

DCRs Decoy receptors

DD Death domain

DISC Death-inducing signaling complex

DKK-1 Dickkopf-1

DR Death receptor

EGF Epidermal growth factor

ECM Extracellular matrix

EMT Epithelial–mesenchymal transition

EMILIN2 Elastin microfibril interface-located protein 2

FADD Fas-associated death domain

FLIP FLICE-like inhibitory protein

FOX Forkhead Box

264



Pharmaceutics 2021, 13, 1062

HGF Hepatocyte growth factor

HIF-1α Hypoxia-inducible 1alpha

ICAD Inhibitor of caspase-activated DNase

IFN-β Interferon-β

IL8 Interleukin 8

MAPK mitogen-activated protein kinase

MDP membrane-proximal domain

MDSC myeloid-derived suppressor cells

MET mesenchymal–epithelial transition

miRNAs or miRs microRNAs

MMP12 matrix metallopeptidase 12

MSCs Mesenchymal stem cells

NFAT Nuclear factor of activated T cells

NK Natural killer

NO Nitric oxide

NSCLC Non-small-cell lung cancer

OPG Osteoprotegerin

PDGF Platelet-derived growth factor

PI3K Phosphatidylinositol-3-kinase

PTEN Phosphatase and tensin homolog

rhTRAIL Recombinant human TRAIL

sTRAIL Soluble TRAIL

TAMs Tumor-associated macrophages

TGF-β Transforming growth factor-beta

Tregs Regulatory T cells

TILs Tumor-infiltrating lymphocytes

VEGF Vascular endothelial growth factor

TNF Tumor necrosis factor

TRAF2 Tumor receptor-associated factor 2

TRAIL Tumor necrosis factor (TNF)-related apoptosis-inducing ligand

TNF-α Tumor necrosis factor-alpha

VCAM-1 Vascular cell adhesion molecule-1

VEGF Vascular endothelial growth factor
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Abstract: Despite the development of new therapeutic strategies, cancer remains one of the leading
causes of mortality worldwide. One of the current major challenges is the resistance of cancers to
chemotherapy treatments inducing metastases and relapse of the tumor. The Hedgehog receptor
Patched (Ptch1) is overexpressed in many types of cancers. We showed that Ptch1 contributes to the
efflux of doxorubicin and plays an important role in the resistance to chemotherapy in adrenocortical
carcinoma (ACC), a rare cancer which presents strong resistance to the standard of care chemotherapy
treatment. In the present study, we isolated and characterized a subpopulation of the ACC cell line
H295R in which Ptch1 is overexpressed and more present at the cell surface. This cell subpopulation
is more resistant to doxorubicin, grows as spheroids, and has a greater capability of clonogenicity,
migration, and invasion than the parental cells. Xenograft experiments performed in mice and in
ovo showed that this cell subpopulation is more tumorigenic and metastatic than the parental cells.
These results suggest that this cell subpopulation has cancer stem-like or persistent cell properties
which were strengthened by RNA-seq. If present in tumors from ACC patients, these cells could be
responsible for therapy resistance, relapse, and metastases.

Keywords: Patched; chemotherapy resistance; metastases; cancer stem cells; persistent cells;
adrenocortical carcinoma

1. Introduction

Cancer development is a complex process combining mutational accumulation and
dynamic changes. Tumors usually involve heterogeneous cell populations (stem cells,
progenitors or differentiated tumor cells) with functionally divergent phenotypes (mitotic
or not, migratory or static, pro-angiogenic or not) [1,2]. Such heterogeneity underlies
the lethal outcome of cancer, therapeutic failure, and drug resistance [3,4]. Cancer stem
cells (CSCs) are of particular interest in this context. They are a subpopulation of tumor
cells with unlimited self-renewal potential, capable of giving rise to all tumor cell types
within a tumor, and resistant to many conventional anticancer treatments that affect more
differentiated tumor cells. In 2018, 18.1 million cancers were diagnosed worldwide and
9.6 million people died. These deaths were often the result of recurrences or metastases
due to the resistance of cancer cells to the chemotherapy treatments used and the lack of
response to immunotherapy.
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The resistance of cancer cells to chemotherapy is therefore one of the major challenges
in the clinical management of cancer. This phenomenon called multidrug resistance (MDR)
induces less sensitivity of cancer cells to classical and targeted chemotherapies, and has
been intensively studied. Many mechanisms such as increased DNA damage repair,
modification or alteration of drug or target proteins, drug efflux, reduced apoptosis, hypoxia
or transformation of epithelial cells to mesenchymal cells can induce MDR [5,6].

Drug efflux induced by the overexpression of the ATP-binding cassette (ABC) trans-
porters has been considered the most prominent underlying mechanism for MDR [7]. Since
the discovery of the P-glycoprotein (Pgp or MDR1) over 35 years ago, some studies have
linked ABC transporter expression to poor outcome in several cancer types, leading to the
development of Pgp inhibitors tested in clinical trials to overcome MDR [8]. At least three
generations of Pgp inhibitors have been tested. All these compounds failed in clinical trials
due to lack of potency, off-target effects or toxicity issues. Members of the ABC superfamily
transport toxins, sugars, amino acids, nucleotides and metabolites out of cells, and protects
cells against toxic molecules, including drugs with very different chemical structures [9].
Thus, ABC transporters are particularly important for the functioning of healthy cells,
and that is why, to date, no inhibitors of ABC transporters have obtained approval from
FDA [10,11]. Therefore, a treatment able to overcome chemotherapy resistance and then
eliminate the resistant cancer cells responsible for the relapse and metastases (also called
persister cells) is still an unmet, urgent medical need.

The Hedgehog (Hh) signaling pathway has a crucial role during early embryonic
development, controlling cell differentiation and proliferation. In adults, this pathway reg-
ulates stem cell homeostasis and tissue regeneration. The Hh signaling pathway activation
has been correlated with an increase in cancer development, progression and metastasis.
Indeed, many aggressive cancers present an aberrant activation of the Hh signaling path-
way [12], particularly in cells that present a chemotherapy resistance, i.e., cancer stem cells
(tumor-initiating cells/persistent cells) [13]. The expression of the Hh receptor, Patched
(Ptch1), is expressed upon activation of the Hh pathway. This receptor is overexpressed in
many primary cancers (i.e., brain, breast, colon, melanoma, prostate and ovary) (see [14]
for a review), and some studies proposed Ptch1 as an early marker of thyroid and gastric
cancers [15,16].

We have discovered that Ptch1 is a multidrug transporter that contributes to the efflux
of chemotherapeutic agents and plays an important role in the resistance to chemotherapy
in adrenocortical carcinoma and melanoma cells [17–19]. Adrenocortical carcinoma (ACC)
is a rare cancer which presents strong resistance to the most efficient available treatment
composed of a mixture of chemotherapeutic agents (etoposide, doxorubicin and cisplatin)
combined with the adrenolytic substance mitotane (EDP-M) [20,21]. Our analyses showed
that Ptch1 was present in primary tumor samples from the 70 ACC patients of the cohort
studied [18]. Decreasing endogenous Ptch1 expression using siRNA strongly inhibited the
efflux of doxorubicin (dxr) from ACC cells indicating that Ptch1 is involved in dxr efflux in
ACC cells. Accordingly, we showed that ACC cells rendered resistant to dxr express more
Ptch1 than parental cells.

In adults, Ptch1 is poorly expressed in healthy cells and functions as a drug efflux
pump only in cancer cells. Indeed, Ptch1 activity uses the proton gradient as an energy
source and transports chemotherapeutic agents out of the cells against a proton entry.
This requires the extracellular medium to be more acidic than the intracellular medium,
which is a characteristic of cancer cells known as the Warburg effect [22]. Indeed, the
high glucose consumption of cancer cells causes the extracellular medium to become more
acidic and allows Ptch1 to drive the chemotherapeutic agents out of the cells. This makes
Ptch1 an innovative and highly promising therapeutic target to improve the effectiveness
of anticancer chemotherapeutic treatments without toxicity for healthy cells.

We have developed screening tests to identify molecules that inhibit the resistance to
dxr conferred by human Ptch1 to yeast, and the efflux of dxr by Ptch1 [23]. This led to the
discovery of three inhibitors of Ptch1 drug efflux. Methiothepin, a drug-like compound
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antagonist of the serotonin receptor, increases the efficacy of dxr against ACC cells in vitro
and in vivo [18], and of dxr and vemurafenib against melanoma cells [24]; Astemizole,
a non-sedating antihistaminergic drug increases the efficacy of dxr and cisplatin against
ACC cells in vitro [25]; and Panicein A hydroquinone (PAH) produced by marine sponges
increases the efficacy of dxr and cisplatin against melanoma cells in vitro [26], and of
vemurafenib against BRAFV600E melanoma cells in vitro and in vivo [19].

In the present study, we isolated and characterized a subpopulation of the ACC cell
line H295R in which Ptch1 is overexpressed and more present at the cell plasma membrane.
The in vitro, in vivo and RNA-seq studies performed reveal that these cells are more
resistant to chemotherapy than the parental cell line and have cancer stem-like or persistent
cell properties.

2. Materials and Methods

2.1. Chemical and Biological Material

Doxorubicin hydrochloride (dxr) was purchased from Sigma-Aldrich, Burlington,
MA, USA, Methiothepin maleate (P375) was purchased from Santa Cruz, CA, USA: CAS
number: 20229-30-5; MW: 472.62; molecular formula: C20H24N2S2.C4H4O4.

The human adrenocortical carcinoma cell line H295R and H295R-PM-Ptc+ were cul-
tured in DMEM/F12 medium supplemented with 2% of NuSerum (BD), 1% ITS (1.0 mg/mL
recombinant human insulin, 0.55 mg/mL human transferrin (substantially iron-free), and
0.5 g/mL sodium selenite, 100×, BD), 1% GlutaMAX (Gibco), Penicillin/Streptomycin 1%
100x (Gibco). H295RdxrR was obtained by adding increasing concentrations of doxorubicin
up to 0.2µM in the culture medium over 6 months. Cells were cultured in Falcon flasks or
plates (Corning, Inc., Corning, NY, USA) at 37 ◦C and 5% CO2/95% air water-saturated
atmosphere.

2.2. Flow Cytometry

Cells were collected using Accutase (StemCell), centrifuged and incubated with mono-
clonal rat anti-Ptch1 antibody (MAB41051 R&D Systems; 10 µg/mL) and then with anti-rat
antibody coupled to Alexa 594 in ice in FACS buffer (PBS buffer with FBS 5% and EDTA
2 µM). FACS analyses were performed using DB LSRFortessa (BioSciences). Sorting of
H295R-PM-Ptc+ was performed using BD FACSAria III.

2.3. Immunofluorescence

Cells were seeded on coverslips in 24-well plates and allowed to grow to 80% conflu-
ence. Cells were fixed with 1% paraformaldehyde (PFA), incubated for 2 h on ice with rat
anti-Ptch1 antibody (MAB41051 R&D Systems; 10 µg/mL) and then with anti-rat antibody
coupled to Alexa 594 in PBS buffer with 0.1% BSA. Images were acquired with a Zeiss
Axioplan 2 fluorescence microscope coupled to a digital charge-coupled device camera
using a 40×/1.3 Plan NeoFluar objective and filter for Alexa 594.

2.4. Western-Blot

Western-blots were performed using standard techniques. Cells were lysed using
RIPA (radioimmunoprecipitation assay) buffer. Total protein amount from cell lysates
was determined using DC Protein Assay (500–0116; BioRad, Hercules, CA, USA). 80 µg
of total extract was loaded per sample and separated on an 8% SDS-PAGE gel, then
transferred to nitrocellulose membrane (Amersham). Unspecific binding was reduced by
incubating the membranes in blocking buffer (20 mM Tris-HCl pH 7.5, 45 mM NaCl, Tween
20 0.1% and non-fat milk 5%) for 1 h at room temperature. Nitrocellulose membranes were
then incubated overnight at 4 ◦C with rat anti-Ptch1 antibody (MAB41051 R&D Systems;
1 µg/mL), rabbit anti-ADCY2 (Abnova) (1/1000), rabbit anti-Gli2 (Abcam) (1/1000), rabbit
anti-ABCG2 (Genetex) (1/500), rabbit anti-GRK5 (Genetex) (1/1000), rabbit anti-SLUG
(SNAI2) (Genetex) (1/2500), rabbit anti-SOX5 (Genetex) (1/1000), rabbit anti-Nanog (Cell
Signaling Technology) (1/1000), and mouse anti-tubulin (Sigma) (1/1000) or rabbit anti-
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GAPDH (Abcam ab37168) (1/10,000). After 3 washes, membranes were incubated with
the corresponding horseradish peroxidase (HRP)-coupled secondary antibody for 45 min
(goat anti-rat IgG HRP conjugate (Life Technologies; 1/2000), goat anti-rabbit IgG HRP
conjugate (Invitrogen, 1/5000) or goat anti-mouse IgG HRP conjugate (Dako, 1/5000)).
HRP signal was revealed using an ECL Prime Western blotting detection reagent (RPN2232;
Amersham) and detected using a Fusion FX Imager (Vilber Lourmat).

2.5. Cytotoxicity Assay

Cytotoxicity assays were performed as described in [18]. Cells were grown in 96-
well plates until 70–80% of confluence before replacing medium with 100 µL of complete
medium containing methiothepin or DMSO as control (methiothepin solvent). Following
an incubation of 2 h at 37 ◦C and 5% CO2, 100 µL of medium containing increasing
concentrations of doxorubicin (dxr) were added to the cells. After 48 h incubation at 37 ◦C
and 5% CO2, the cytotoxic effect of dxr was addressed using neutral red assay (NR). NR
was diluted in complete medium (50 µg/mL), and cells were incubated for 3 h in 100 µL of
NR solution at 37 ◦C 5% CO2. NR incorporated into living cells by lysosomes was measured
using a Multiskan Go Microplate Spectrophotometer (Thermo Scientific, Waltham, MA,
USA). IC50 was calculated using GraphPad Prism 6 software.

2.6. Doxorubicin Accumulation in Cells

Cells were seeded on coverslips placed in 24-well plates. Once cells reached 80% of
confluence, the cells’ medium was replaced with a physiological buffer (140 mM NaCl,
5 mM KCl, 1 mM CaCl2, 1 mM MgSO4, 5 mM glucose, 20 mM HEPES, pH 7.4) containing
2 µM of doxorubicin (dxr). After different incubation time points (15, 30, 60, 180 and
240 min), coverslips were fixed with PFA 4% in PBS, washed with PBS and mounted using
a SlowFade Gold antifade reagent containing DAPI (Invitrogen). Images of the coverslips
were taken using a Zeiss Axioplan 2 fluorescence microscope coupled to a charge-coupled
device camera using a 40×/1.3 Plan NeoFluar objective and filters for Alexa 594. Dxr
fluorescence was measured using ImageJ software 2015. Around 100 cells (selection of cells
was performed randomly) from three different coverslips were measured for each time
point and condition of the experiment.

2.7. Clonogenic Assay

Five thousand cells were seeded in 24 well plates. After 14 days, cells were fixed using
PFA 4% and then colored using crystal violet 0.4%. Pictures of the colored colonies were
taken, and crystal violet was solubilized in PBS buffer containing SDS 2%. The absorbance
at 620 nm of the solubilized crystal violet was measured using Multiskan Go Microplate
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

2.8. Transwell Invasion Assay

Invasion was measured using a CytoSelect 24-well cell invasion assay according to the
manufacturer’s instructions (Cell Biolabs). Briefly, 3 × 105 cells were seeded in the upper
chamber of the transwell in complete culture medium, and complete culture medium was
added in the lower chamber. The plate was incubated at 37 ◦C in 5% CO2 for 6 days to
induce invasion towards the lower chamber. Noninvasive cells were removed from the
upper side of the chamber, and invasive cells were stained and quantified by optical density
at 560 nm using a Multiskan Go Microplate Spectrophotometer (Thermo Scientific, Waltham,
MA, USA). Obtained values were normalized to the number of cells (from triplicate wells).

2.9. Wound-Healing Assay

Cells were seeded in 24 well plates in complete culture medium. When cells formed a
confluent carpet, a wound was performed with a p200 tip. Two pictures were taken at two
different points of the wound for each well. The images were taken every 15 min during
24 h using a Cytation 5 Cell Imaging Multi-Mode Reader (Biotek, Agilent, Santa Clara, CA,
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USA). Images were analyzed using a macro for ImageJ developed by MICA (Microscopie
Imagerie Côte d’Azur) and the reclosing slope was calculated. Migration was measured as
the wound area decrease for 24 h (pixel2/time). Since cells could not completely reclose the
wound within 24 h, cells were kept in culture, and images were taken 12 and 20 days after
the wound, using Leica DM IRB (5×).

2.10. In ovo Experiment

In ovo experiments were performed by INOVOTION SAS (Biopolis, 5 avenue du
grand sablon, La Tronche, 38700, France–STU20210623).

Fertilized White Leghorn eggs were incubated at 37 ◦C with 50% relative humidity
for 9 days. On day 9, the chorioallantoic membrane (CAM) was dropped down by drilling
a small hole through the eggshell into the air sac, and a 1 cm2 window was cut in the
eggshell above the CAM. Then, 3 × 106 H295R or H295R-PM-Ptc+ cells were inoculated
onto the CAM of each egg and the eggs were randomized into groups. On day E18, the
upper portion of the CAM (with tumor) was removed, washed with PBS buffer and then
fixed in PFA for 48 h. After that, tumors were carefully cut away from normal CAM tissue
and weighed. Chicken embryos livers were collected (10 livers per group). Genomic DNA
was extracted using a commercial kit and analyzed by real time qPCR with specific primer
for Human Alu sequences [27]. Calculation of Cq for each sample, mean Cq and relative
amounts of metastases for each group were directly managed by the Bio-Rad CFX Maestro
software 2.0.

2.11. Experiments in Mice

Seven-week-old immunodeficient NMRI Nude mice were injected in renal subcapsular
with 3 × 106 H295R or H295R-PM-Ptc+ cells in 40 µL of PBS/matrigel 1:1 v:v. Ten mice
received H295R parental cells and 10 mice received H295R-PM-Ptc+ cells. Mice were
sacrificed 45 days after cell injection, and the tumors were collected, weighed, fixed and
included in paraffin. Project CEEA 17-108 accepted by the ethic committee under number
MESR 15476.

2.12. Immunofluorescence on Mouse Tumor Slides

Paraffin embedded tumors were sliced at 4 µm thickness using HM 340E Electronic
Rotary Microtome (Thermofisher Scientific). Tumor slices were rehydrated in xylene and
using decreasing concentrations of ethanol. Slices were deparaffinized at low pressure
at 100–106 ◦C for 20 min in citrate buffer at pH 6. PBS buffer with Triton 0.1% was
used to permeabilize cells. Unspecific binding was blocked using a PBS buffer with FBS
1%. Slices were incubated for 1 h with anti-human KI67 mouse antibody 556003 (BD
Biosciences, Franklin Lakes, NJ, USA) and then with anti-mouse antibody coupled to
Alexa 488. DAPI was used to stain nuclei. Images were taken with a Zeiss Axioplan
2 fluorescence microscope coupled to a digital charge-coupled device camera using a
40×/1.3 Plan NeoFluar objective and filter for Alexa 488. The diameters of 20 nuclei
of SRC (sample randomly chosen) were measured in two slices of each tumor using
imageJ software.

2.13. Statistical Analysis

Comparison between H295R and H295R-PM-Ptc+ cells analysis was done using a two
tailed student test, * for p-value < 0.05, ** for p-value < 0.001 and *** for p-value < 0.0001.

2.14. RNA-Seq

Libraries were generated from 500 ng of total RNA from parental H295R and H295R-
PM-Ptc+ cells using Truseq Stranded mRNA kit (Illumina). Libraries were then quantified
with Qubit dsDNA High Sensitivity Assay Kit (Invitrogen) and pooled. A measure of 4 nM
of this pool was sequenced on a NextSeq 500 platform (Illumina) with 2 × 75 bp paired-end
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chemistry. All sequencing results were submitted in the GEO database under the super
series accession number GSE189424 [28].

Reads were mapped with STAR 2.4.0a on human genome (build hg38). Counting was
performed with featureCounts (subread-1.4.6-p1-Linux-x86_64, “–primary-g gene_name
-p-s 1-M “ options) using Ensembl GRCh38.76 release. Statistical analysis was performed
using R version 3.3.1. The reproducibility of the replicates for each condition was assessed
by performing principal component analysis using the R package “htSeqTools” (R package
version 1.14.0; data not shown). Functions from the Bioconductor package DESeq2 were
used to normalize data for differences in their sequencing depth and assess differential
expression. The Benjamini–Hochberg method was used to control the false discovery
rate. Results of DESeq2 differential expression analysis are presented in Supplementary
Materials Table S1. Genes considered as differentially expressed with a p-value < 0.05 and
an absolute log2 fold change >1 are listed in Supplementary Materials Table S2. Genes
associated with a p-value < 0.05 are listed in Supplementary Materials Table S3.

Functional enrichments for Gene Ontology terms, KEGG, WikiPathways and Re-
actome Pathways were retrieved using Cytoscape [29] and the StringApp plugin [30].
The enrichments of differentially expressed genes reported in Supplementary Materials
Table S2 are listed in the “enrichments underexpressed”, “enrichments overexpressed” and
“enrichments all” worksheets in Supplementary Materials Table S2.

AMINE (Active Module Identification through Network Embedding) [31] was used to
identify modules of genes whose expression was triggered in the biological experiments.
The interaction of different genes in the experimental conditions were then compared to
a background database, indicating an involvement of these genes in the studied process.
String database [32] was used to retrieve gene interaction data with a combined evidence
score greater than 0.7. Measurements of the activity of genes are represented by the p-values
computed by DESeq2.

Internally, the method merges the interaction data with the genes’ associated p-values
to generate an attributed gene network in which vertices represent genes, edges represent
interactions between genes and each vertex is annotated with a numeric attribute reflecting
its associated p-value. The method relies on Node2vec [33] to learn a vector representation
of the interaction network. As a result, each gene is represented by a vector in an embedded
space in which the cosine distance between the vectors representing the nodes accurately
reflects their proximity in the original network. The algorithm then uses a greedy approach
to build increasingly large clusters of genes based on the similarity of their encoding vectors
and evaluates them according to a metric considering the activity of the contained genes.
The details of the method are described in [31].

However, this whole internal workflow is transparent to users who can simply apply
the method on their differential expression data from the web site [34]. On this site, it
is possible to perform the identification of the active modules by simply uploading the
file generated by DESeq2 and specifying the index of the column containing the gene
names, the index of the p-value column and the index of the log2 fold change. The output
generated by AMINE consists of an Excel file listing the identified modules.

3. Results:

3.1. A Small Subpopulation of the ACC Cell Line H295R Presents an Increased Amount of Ptch1 at
the Plasma Membrane

We previously showed that Ptch1 is well expressed in the ACC cell line H295R [18].
Here, the expression of Ptch1 at the cell surface of H295R cells was addressed by FACS
using an antibody directed against an extracellular loop of Ptch1. Surprisingly, only a small
percentage (1.26% ± 0.11; n = 9) of H295R cells presented Ptch1 at the plasma membrane
(PM) (Figure 1A). This subpopulation of H295R cells was sorted and amplified and named
H295R-PM-Ptc+. The immunofluorescence study performed with the same anti-Ptch1
antibody on non-permeabilized cells confirmed the presence of higher levels of Ptch1 at
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the plasma membrane from H295R-PM-Ptc+ cells as compared to parental H295R cells
(Figure 1B).
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Figure 1. A small population of ACC cells H295R overexpresses Ptch1 at the plasma membrane.
(A) H295R were labeled with an anti-Ptch1 antibody directed against the extracellular loop and cells
presenting Ptch1 at their plasma membrane (H295R-PM-Ptc+ AF594+ cells) were sorted. AF594+ in
blue represents the percentage of cells with Ptch1 at the cell surface (H295R-PM-Ptc+ cells). (B) Surface
labeling of Ptch1 using anti-Ptch1 antibody directed against the extracellular loop of Ptch1 (Alexa
594 in red) on nonpermeabilized parental H295R and H295R-PM-Ptc+ cells. Nuclei were stained with
DAPI (in blue). The histogram represents the mean ± SEM of Alexa 594 fluorescence intensity per
cell (****: p-value < 0.00005 (p-value = 2 × 10−36)).

3.2. H295R-PM-Ptc+ Cells Are More Resistant to Chemotherapy Than Parental Cells

When H295R-PM-Ptc+ cells were treated for 48 h with increasing concentrations of
doxorubicin (dxr), they showed an increased dxr IC50 compared to parental H295R cells
indicating that these cells are more resistant to dxr (Figure 2A,B). This is in good agreement
with our previous study showing that H295R cells rendered resistant to dxr express more
Ptch1 proteins than control cells [18]. Using the natural fluorescence of dxr, we measured
the accumulation of dxr in cells after various incubation times with dxr. As shown in
Figure 2C, dxr accumulates less in H295R-PM-Ptc+ cells than in H295R cells. The difference
in accumulation increases with the time of incubation with dxr indicating that these cells
efflux more dxr than the parental cells. This result is coherent with those obtained in our
previous study showing that the depletion by 60% of Ptch1 protein in H295R cells using
specific siRNAs equally reduced dxr efflux by 60%, confirming that Ptch1 is a major dxr
efflux pump in these cells [18]. To confirm that the increase of resistance to doxorubicin
of H295R-PM-Ptc+ cells was related to the increase in the level of expression of Ptch1 at
the cell membrane, we treated the cells with methiothepin, an inhibitor of Ptch1 drug
efflux activity, in the presence of increasing concentrations of dxr. As shown in Figure 2B,
methiothepin increased the cytotoxicity of dxr on H295R-PM-Ptc+ cells even better than on
parental H295R cells. Indeed, the presence of 10 µM of methiothepin decreased 14 times and
7 times the IC50 of dxr on H295R-PM-Ptc+ cells and on parental H295R cells, respectively
(Figure 2C). This result confirms that the stronger resistance of H295R-PM-Ptc+ cells is
correlated to the increased level of Ptch1 at the plasma membrane of these cells.
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Figure 2. H295R-PM-Ptc+ cells are more resistant to chemotherapy than parental cells. (A) Dox-
orubicin (dxr) cytotoxicity. H295R and H295R-PM-Ptc+ cells were treated for 48 h with increasing
concentrations of dxr before cell viability measure. (B) Doxorubicin IC50 of H295R-PM-Ptc+ and
H295R parental cells in the absence or the presence of 10 µM of the Ptch1 efflux inhibitor methiothepin.
(C) H295R-PM-Ptc+ cells accumulate less doxorubicin than parental H295R cells. Cells on coverslips
were incubated with 2 µM dxr for 15, 30, 60, 180 and 240 min and immediately fixed with PFA. Dxr
fluorescence was acquired using a filter for Alexa 594 and quantified using ImageJ software. About
100 cells (from three wells) were scored per condition per experiment. All data presented are the
mean ± SEM of at least 3 independent experiments. Significance is attained at p-value < 0.05 (*),
(**** p < 0.00005).

3.3. H295R-PM-Ptc+ Cells Show Superior In Vitro Clonogenic, Migratory and Invasive
Capabilities Than Parental H295R Cells

We observed that H295R-PM-Ptc+ cells presented a different growth pattern. They
formed cell clusters which look like spheroids instead of the single cell monolayer at-
tachment pattern of the parental H295R cells (Figure 3A), and they grew slightly but not
significantly slower than parental H295R cells (Figure 3B).

We then compared the ability of each cell group to form clones. For this, H295R-PM-
Ptc+ and H295R cells were seeded at 5000 cells/well in 24 well plates for 14 days, and
then fixed and colored using violet crystal. The quantification showed that H295R-PM-Ptc+
formed significantly more clones than the parental cell line (Figure 3C).

To compare the migration ability of these cells, we performed a wound healing assay
in which, after a scratch in a confluent monolayer of cells, the closing of the wound was
monitored by taking a picture of the wound every 15 min for 24 h. To measure the speed of
closing, the wound area was measured for each time point. H295R-PM-Ptc+ cells showed
a migration speed 1.3 times greater than the parental H295R cell line over the first 24 h
(Figure 3D). Accordingly, H295R-PM-Ptc+ cells were able to close the wound completely
after 20 days, whereas H295R cells did not.

The invasiveness properties of these cells were addressed using a transwell invasion
assay. After correction to take into account the proliferation differences in each experiment,
the data showed that the number of cells able to pass through the Matrigel-coated filters
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was significantly higher with H295R-PM-Ptc+ cells compared to the parental H295R cells
(Figure 3E).

Taken together, our results strongly suggest that H295R-PM-Ptc+ cells possess an
increased ability to form clones, to migrate and are more invasive than the parental cells.
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Figure 3. H295R PM-Ptc+ cells are more aggressive than parental H295R cells. (A) H295R-PM-Ptc+
cells present a different growth pattern. (B) H295R-PM-Ptc+ show non-significant lower proliferative
properties as H295R cells over 72 h (n = 3; no significant difference (ns)). (C) H295R-PM-Ptc+ cells
form more clones than ACC cells 14 days after seeding 5000 cells/well. Histogram represents the
quantification of clones formed using crystal violet for 3 independent experiments (p = 0.003). A
representative image of clones stained with crystal violet is provided for each cell group. (D) H295R-
PM-Ptc+ cells migrate faster than H295R cells. Migration ability of the two cell groups was evaluated
using wound healing experiment. Slope of migration for 24 h, normalized to H295R, n = 5, (p = 0.005).
H295R-PM-Ptc+ cells completely reclose the wound compared to H295R cells, images taken 12 and
20 days after producing the wound (5× objective, scale = 100 µm). (E) H295R-PM-Ptc+ cells are more
invasive than parental cells. More H295R-PM-Ptc+ cells were able to pass through Matrigel-coated
filters compared to H295R. Invasion was normalized to H295R and proliferation differences, cells
passed through the filter were counted and reported to the total cell number (n = 2). All data presented
are the mean ± SEM of independent experiments. **: p-value < 0.005, ***: p-value < 0.0005.

3.4. H295R-PM-Ptc+ Cells Are More Tumorigenic and Metastatic In Vivo Than Parental Cells

Tumorigenicity of H295R-PM-Ptc+ cells was addressed in mice. NMRI nude mice
underwent a renal subcapsular injection with H295R and H295R-PM-Ptc+ cells. Forty-five
days after the injection, mice were sacrificed, and tumors were collected, weighed, fixed
and included in paraffin for immunohistochemistry and immunofluorescence analyses.
The results show that H295R-PM-Ptc+ cells formed tumors significantly bigger compared to
the parental H295R cells (Figure 4A). The labelling of tumor slices with an antibody against
Ki67, a marker of proliferative cells, showed no difference in the amount of Ki67-positive
cells between both tumor groups (Figure 4B). Interestingly, the nuclei in H295R-PM-Ptc+
cells were significantly bigger when compared to those of the parental cells (Figure 4C).
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Figure 4. H295R-PM-Ptc+ cells are more tumorigenic than parental cells in mice. Each mouse
received a renal subcapsular injection of H295R PM-Ptc+ or parental H295R cells (3 × 106 cells;
10 mice for each cell group). After 45 days, mice were sacrificed, tumors were collected, weighed
and fixed. (A) The mean weight of H295R-PM-Ptc+ tumors is significantly higher than H295R
tumors (n = 9; *: p-value < 0.05 (p = 0.018)). (B) KI67 immunostaining on tumor slices. KI67 is
marked with anti-human KI67 antibody recognized with a secondary antibody coupled to Alexa
488 (green staining) and DAPI (blue staining). Images were taken with an epifluorescence microscope
(40×). (C) Tumors derived from H295R-PM-Ptc+ cells present bigger nuclei compared to tumors
from parental cells. For each tumor, 20 nuclei diameters were measured (SRC-sample randomly
chosen) from slides using imageJ software. Six H295R tumors and seven H295R PM-PTC+ tumors
(*: p-value < 0.005).

Tumorigenesis and metastases were then addressed in ovo. This system consists of the
injection of H295R-PM-Ptc+ cells or parental H295R cells at the chorioallantoic membrane
(CAM) of two groups of fertilized white leghorn eggs at day 9 of embryonic development
(E9). At day 18 of embryonic development (E18), tumors and embryos were collected
and analyzed (Figure 5A). The tumors originated from H295R-PM-Ptc+ were significantly
bigger than H295R tumors, confirming the results obtained in mice (Figure 5B). Metastasis
quantification was addressed using real time qPCR with human ALU sequences allowing
the detection of the presence of human cells in the chicken embryos’ organs. As ACC cells
have a hepatic tropism, genomic DNA was extracted from the livers of the embryos. Real
time qPCR revealed that there were more metastases in the livers of embryos from eggs
injected with H295R-PM-Ptc+ compared to those from eggs injected with parental H295R
cells (Figure 5C).
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Figure 5. H295R-PM-Ptc+ cells are more tumorigenic and metastatic than parental ACC cells in

ovo. (A) Schematic representation of the study. On day 9 of egg development (E9) 3 × 106 H295R-
PM-Ptc+ and H295R cells were injected in the chorioallantoic membrane (CAM) from two groups of
20 eggs. At E18 tumors from CAM and embryos were collected. (B) H295R-PM-Ptc tumors collected
on E18 were bigger than H295R tumors (n = 15 for H295R graft and n = 21 for H295R-PM-Ptc+;
****: p-value < 0.00005). (C) Metastasis in liver was addressed using human Alu sequences by real
time qPCR. H295R-PM-Ptc+ xenografted cells form more metastases in the embryo liver compared to
H295R xenografted cells (mean ± SEM n = 9, *: p-value < 0.05 (p = 0.03)).

3.5. H295R-PM-Ptc+ Cells Differentially Express Genes Associated with EMC, Invasion,
Metastasis and Cancer Stem Cell Properties

Differential gene expression analysis with DESeq2 was used to estimate the changes
between the experimental conditions. Standard filtering with a p-value < 0.05 and an
absolute log2 fold change >1 holds 57 underexpressed genes and 15 overexpressed genes
(Supplementary Materials Table S2). Functional enrichments for Gene Ontology terms,
KEGG, WikiPathways and Reactome Pathways identified with a false discovery rate (FDR)
<0.05 are listed in the “enrichments underexpressed”, “enrichments overexpressed” and
“enrichments all” worksheets in Supplementary Materials Table S2. No enrichments could
be attributed to overexpressed genes. Underexpressed genes, as well as the set of all
differentially expressed genes (DEG) were enriched with fairly broad annotations related
to development, morphogenesis, cell adhesion, response to stimulus or extracellular matrix
organization. Being more stringent, or looser in the selection of genes that are considered
over- or underexpressed does not help to obtain more precise insight into the biological
processes that are at work.

By selecting genes with a p-value < 0.05 and setting no constraints on their minimum
variation, we obtained 2374 differentially expressed genes with 1076 overexpressed genes
and 1298 underexpressed genes (Supplementary Materials Table S3). The functional en-
richments performed on this extended list result in annotations that were similar and as
broad as those obtained with the more stringent list presented in Supplementary Materials
Table S2. From the 2374 DEGs, we selected 41 DEGs of interest regarding the characteristics
of H295R-PM-Ptc+ cells with 26 overexpressed (in red) and 15 underexpressed (in blue)

281



Pharmaceutics 2022, 14, 988

(Table 1, Figure 6). As expected, Ptch1 gene was one of the most overexpressed genes.
All these DEGs are related to tumorigenicity, playing a role in the Hedgehog signaling
activation, tumor progression, cancer stem cell (CSC) maintenance, chemotherapy resis-
tance, epithelial to mesenchymal transition (EMT), metastasis and cancer cell survival
or endocytosis.

Conditions

Samples

H295R

H295R-PM-Ptc+

H295R-PM-Ptc+1

H295R-PM-Ptc+2

H295R-PM-Ptc+3
H295R1
H295R2

H295R3−1

−1.5

−0.5

1.5

1

0.5

Figure 6. Heat map of differentially expressed genes (DEG) between H295R-PM-Ptc+ and

parental H295R cells of interest for their role in cancer.
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Table 1. Differentially expressed genes (DEG) between H295R-PM-Ptc+ and parental H295R cells
selected for their role in cancer. Genes overexpressed are indicated in red and genes underexpressed
are in blue.

GDE
H295R-PMPtc+/

H295R Log2
p-Value Role in Cancer

Hedgehog (Hh) Signaling Pathway

PTCH1 +0.629 1.08 × 10−6 Hh target gene. drug efflux. chemotherapy resistance

GAS1 +0.724 4.52 × 10−8
Hh pathway activation

SHH +0.421 2.82 × 10−3

BOC −0.794 3.25 × 10−7 BOC endocytosis via NUMB is required for Ptch1 internalization and
Shh signaling

HDAC9 −0.925 6.59 × 10−17 Negative regulator of Hh signaling

GPR37L1 −0.548 1.27 × 10−4 Interacts with Ptch1 for Hh signaling modulation

NUMBL −0.286 1.47 × 10−2 Negative regulator of canonical Shh signaling. Required for BOC and
Ptch1 internalization

Tumor Suppressor

DNM3 −0.427 1.21 × 10−4 Decreased expression is associated with worse prognosis

RUNX1 −0.898 9.00 × 10−11 Represses breast CSC phenotype through direct inhibition of Zeb1/2.
Low RunX1 expression is associated with poor patient survival

CSC Maintenance

UGCG +0.418 2.70 × 10−7 CSC maintenance and chemotherapy resistance. increase antiapoptotic
gene expression

SOX5 +1.149 7.70 × 10−17 Overexpressed in CSC in lung cancer, promotes migration, invasion
and metastasis. Predicts poor prognosis

NANOGP1 +0.424 6.42 × 10−4 Self-renewal transcription factor, maintenance of CSC, EMT and
metastasis.

GATA6 +0.444 1.18 × 10−4 Maintenance of stem cell phenotype, regulated by Nanog

KLF7 +0.456 9.06 × 10−4 Upregulated in quiescent cells
Restores hematopoietic stem cells niche

COL5A1 +0.754 4.58 × 10−9 Quiescence and self-renewal of stem cells

CALCR +0.696 1.90 10−6 Maintains cells in a quiescent state

MITF −0.564 1.58 × 10−10 Low MITF is associated to slow cycling and senescence phenotype,
dedifferentiation and treatment resistance

GRB10 −1.104 5.20 × 10−16 Deletion promotes hematopoietic stem cell self-renewal and
regeneration

CSC and Chemotherapy Resistance

ABCG2 +0.592 1.39 × 10−4 Drug efflux. Resistance to chemotherapy

ABCC4 +0.352 1.94 × 10−2 Chemotherapy resistance. CSC marker

SLC47A1 +0.667 6.46 × 10−8 SLC transporters in chemotherapy resistance

SLC2A4 +0.429 9.32 × 10−4 Energy production of cancer cells, migration, metastasis

SLC22A3 +0.339 4.10 × 10−3 Cell invasion and filopodia formation, metastasis

ID2 +0.294 1.08 × 10−3 Inhibition of differentiation and maintenance of self-renewal and
multipotency in stem cells
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Table 1. Cont.

GDE
H295R-PMPtc+/

H295R Log2
p-Value Role in Cancer

EMT

TMSB4X +0.434 6.13 × 10−5 Suppresses E-cadherin expression, promotes cancer cell growth and
migration

SNAI2 +0.295 1.36 × 10−3 Triggers EMT, blocks cell cycle and confers resistance to cell death

RAB5A +0.256 8.33 × 10−4 Migration and metastasis

ASPN +1.476 2.51 × 10−22 Promotes cell migration and invasion

CDH2 +0.390 2.63 × 10−3 Mesenchymal marker

CD109 −0.425 6.50 × 10−3 Co-receptor of TGFB1
Inversely correlates with EMT, migration and invasion

TGFBI −1.75 2.83 × 10−29 TGFB1 deficiency predisposes mice to tumor development

Metastasis, Cancer Cell Survival

ADCY2 +1.56 5.63 × 10−24 Involved in metastasis. High expression related to worse survival.

DNM1 +0.452 1.05 × 10−4 Invasion and metastasis

GRK5 +0.831 3.84 × 10−9 Tumor progression

Endocytosis

S100A10 −1.473 3.86 × 10−21 Undifferentiated phenotype and poor prognostic-low level in
metastatic melanoma

ANXA2 −1.144 8.08 × 10−16 ANXA2 and S100A10 heterotetramer is involved in regulation of
endocytosis.

ST6GAL1 +0.668 1.54 × 10−10 Inhibition of endocytosis GL-Lect dependent. High tumor grade,
metastasis and reduced patient prognosisCERS6 +0.314 5.55 × 10−3

Adrenocortical Carcinoma Markers

STAR −0.289 4.21 × 10−2 Lower expression this steroidogenic enzymes is associated with a less
differentiated phenotype.

ZNRF3 −0.315 3.21 × 10−3 Low expression: negative prognostic marker of ACC

SYP −0.453 3.11 × 10−6 Differentiation marker in tumor diagnosis

From the raw output of DESeq2, we performed a search for active modules using
AMINE [31] which is a method designed to identify the modules of genes that are triggered
in a biological experiment (the output of AMINE is presented in Supplementary Materials
Table S4). Among the 188 active modules identified by AMINE, we selected those that
contain one or more of the identified genes of interest listed in Table 1. This enables the
identification of 21 modules, whose composition is detailed in Supplementary Materials
Table S5. A graphical representation of the interactions between the proteins encoded by
the genes within the outlined modules is proposed in Figure 7. In the figure, each module is
identified by its number (specified in Supplementary Materials Table S5). The details of all
the enrichments of the modules with a FDR < 0.05 are presented in Supplementary Materials
Table S6. Some modules that exhibit many interactions between their members have been
grouped together; this is the case for modules 4 and 8 as well as 17 and 165. Unlike the
enrichments obtained by selecting only the most deregulated genes, the identification of
active modules makes it possible to identify more specific molecular pathways or processes.
Modules 17 and 165 are in the center of the graph and interact with many of the other
modules. These modules contain components of the Hedgehog signaling pathway, and
their differential expression reveals an activation of the pathway. Indeed, Shh and Gli2
which are well-known activators of the pathway and Ptch1, which is an Hh target gene, are
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overexpressed. CDON and BOC are essential cell surface modulators of the Hh pathway.
In their absence, Gas1, an Hh-binding protein, mediates Hh signaling [35]. The number
and composition of the 21 active modules, their representative enrichment and the role of
differentially expressed genes (DEGs) in cancers are summarized in Table 2.

 

Figure 7. Network of protein–protein interactions between the members of the ac

bined evidence score ≥0.4. Each module is identified by its number (specified in Supplementary

Figure 7. Network of protein–protein interactions between the members of the active modules

containing one or more of the identified genes of interest listed in Table 1. The nodes on the
network correspond to genes. Node colors represent the log2 fold change values of the correspond-
ing gene on a scale varying from blue (for the most underexpressed genes) to red (for the most
overexpressed genes). Edges correspond to interactions reported in the String database with a com-
bined evidence score ≥0.4. Each module is identified by its number (specified in Supplementary
Materials Tables S2 and S3). The complete lists of the enrichments of all the modules are shown in
Supplementary Materials Table S4.
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Table 2. Composition of active modules containing one or more of the identified genes of inter-
est listed in Table 1 (in bold) with genes upregulated in red and genes downregulated in blue,
representative enrichment and role of differentially expressed genes (DEGs) in cancers.

Module Number and Composition Representative Enrichment Role of the DEGs in Cancer

1
ASPN, COL5A1, COL25A1, COL3A1, SFRP4 Extracellular matrix organization CSC maintenance, EMT

2
ANXA6, ANXA1, ANXA2, ANXA2R, GREG1,

FUCA1, PADi2, S100A10, S100A11
Vesicle transport, cell adhesion Cancer development and progression, poorer

prognosis

4 and 8
ADCY2, S1PR3, S1PR5, EDNRA, GNB4,

GNG4, GRK5, GNAT3, GPR37L1, PTGER3,
SSTR3, ECE1, GRPR, HCRTR2, PROK1

Signaling by GPCR Regulation of CSC, cancer cell survival,
metastasis, poor prognosis

5
NFATC1, SNAI2, ATF3, EGR1, FOSL2, GBP1,

GBP2, GBP3, IFIT3, IRF1, IRF6, JUN, XAF1
Regulation of cell population proliferation

Maintenance of mesenchymal phenotype,
invasive migration, metastasis, poor prognosis,

chemotherapy resistance

16
TMSB4X, ACTN4, ISLR, SERPINE1 Platelet degranulation EMT induction and metastasis

17 and 165
PTCH1, SHH, GLI2, CTNNA2, GAS1, BOC,

CDON, MEF2D, TNNT1, ZIC1, ACTA2,
ACTG2, MTSS1

Hedgehog signaling, cell differentiation, cell
fate specification, development

Hedgehog pathway activation, CSC
maintenance, tumor cell survival

20
GFRA2, GRB10, GRB7 RET signaling Stem cell self-renewal

29
ABCG2, CYP26B1 ALDH1A1, CYP2S1 Retinoic acid metabolic process Chemotherapy resistance, CSC, poor prognosis

51
EHBP1, GAPVD1, RAB5A, RAB31, EHD3,

MYOF, RAB11, FIP2, RAB38
Endosome membrane, endocytosis

Membrane trafficking, endocytosis, cancer cell
motility and invasiveness, cancer development

and progression, metastasis

77
DLX6, GREB1, HIST1, H2AC, CBFB, H2AFZ,

ITGBL1, PHC1, RUNX1, ZFPM1
Negative regulation of differentiation

Poor patient survival, malignant phenotype
and metastasis, tumor progression and

development, cell proliferation, migration and
EMT

79
CLTCL1, DNM1, HIP1, SYT2, DNM3

Endocytosis, membrane trafficking Proliferation, migration and invasion, cancer
progression and metastasis, poor prognosis

85
CEP85 SOX13 SOX5

Transcription factors, cell-cycle progression CSC maintenance, EMT, invasion, metastasis

89
CALCR, FOXE1, GPR176, PTHLH, TSHR,

VIPR1
G protein-coupled receptor activity Stem cell maintenance

98
CDH10, CDH2, CDH12, CDH24, JUP Cell–cell adhesion EMT, cell migration and invasion, poor

prognosis

104
CERS4, CERS6, UGCG, GBA, SMPD4 Sphingolipid metabolism Multidrug resistance, proliferation of cancer

cells, cell migration and metastasis

106
MITF, PMEL, POU3F2 Melanoma phenotype switching Enrichment of stem cells, de-differentiated

state and invasiveness

127
GBAS, NDUFA8 NDUFS1 PAAF1 UQCRC1

ZNF713, ANKFY1, NDUFA10 TSPAN11
Mitochondrial respiratory chain complex Malignant behavior of cancer cells, cell cycle

progression

178
SLC22A4 SLC29A4 SLC47A1

SLC-mediated transmembrane transport Cell proliferation, epithelial-to-mesenchymal
transition

We then performed Western-blots on H295R and H295R-PM-Ptc+ cell extracts to find
out if the differences observed at the RNA level were reflected at the protein level for
some DEGs. Figure 8 shows that the protein level of several DEGs such as Ptch1, Gli2,
ABCG2, SOX5, GRK5, ADCY2, Nanog and SNAI2 (Slug) was significantly increased in
H295R-PM-Ptc+ cell extracts. This result is in good agreement with RNAseq data and
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shows that some proteins involved in cancer stem cell maintenance are overexpressed in
H295R-PM-Ptc+ cells.
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Figure 8. Protein expression of some differentially expressed genes between H295R cells parental

and H295R PM-Ptc+ cells FACS sorted and amplified. Western blots were performed using anti-
DEG antibodies, and β-tubulin or GAPDH antibodies for the loading control. Signals on Western blots
were quantified using ImageJ software. Data presented are the mean ± SEM of at least 3 independent
experiments. p-values were calculated using Student’s t-test.

4. Discussion

In this study, we isolated and characterized a small subpopulation of the adrenocortical
carcinoma (ACC) cell line H295R that overexpresses Ptch1 and presents more Ptch1 at their
plasma membrane, called H295R-PM-Ptc+ (Figure 1). This cell subpopulation was found
to be more resistant to the chemotherapeutic drug doxorubicin (Figure 2). This is in good
agreement with our previous study showing that H295R cells rendered resistant to doxoru-
bicin express more Ptch1 than control cells [18]. These results also strengthen our previous
data suggesting that the Hedgehog receptor Ptch1 strongly contributes to chemotherapy
resistance of H295R cells by exporting drugs such as doxorubicin out of these cells [18].
We were more surprised by the results showing that this subpopulation of cells grew as
spheroids, and had a greater capability of clonogenicity, migration and invasion in vitro
than the parental cells (Figure 3). Moreover, xenograft experiments performed in mice and
in ovo demonstrated that cells amplified from the subpopulation of H295R-PM-Ptc+ were
more tumorigenic and more metastatic than the parental cells in vivo (Figures 4 and 5).
This is in good agreement with in vitro observations, and strongly suggests that H295R-
PM-Ptc+ have properties similar to those of cancer stem cells or tumor-initiating cells or
persistent cells. Cancer stem cells (CSCs) or persistent cells are a subpopulation of cells
identified in most types of liquid and solid cancers by cell surface markers more or less spe-
cific of the tumor-type that have the driving force of carcinogenesis [36,37]. CSCs present a
different behavior when compared to the other cells within the same tumor, in particular,
they have distinctive self-renewal, proliferation and differentiation faculties. CSCs play
a critical role in cancer initiation, progression and recurrence, metastases formation, and
resistance to therapy. The acquisition of this aggressive and MDR phenotype is due to
different cellular mechanisms, i.e., drug-efflux pump activation, enhanced capacity of
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DNA damage repair, dysregulation of signaling pathways involved in cell growth and
development, altered cell metabolism and diminished apoptosis response.

To better characterize H295R-PM-Ptc+ cells and confirm the hypothesis that these
cells are cancer stem-like cells, we performed an RNA-seq analysis which revealed that
2374 genes were significantly differentially expressed in H295R-PM-Ptc+ derived cells in
comparison with H295R parental cells. The overexpression of some of these genes was
confirmed at the protein level by comparing H295R-PM-Ptc+ cell extracts to parental H295R
cell extracts (Figure 8). These RNA-seq and the Western-blots analyses confirmed the strong
overexpression of Ptch1 in H295R-PM-Ptc+. Indeed, a variety of primary tumors and cancer
cell lines (i.e., lung, ovary, prostate, colon, brain and myeloid leukemia) overexpress Ptch1
(see the Human Protein Atlas website (http://www.proteinatlas.org/ENSG000001859
20-PTCH1/cancer, [14] for a review, accessed on 10 January 2022). Im and colleagues
showed that in 190 over 334 tissue microarrays from breast cancer patient samples the
overexpression of Ptch1 was significantly correlated with a more aggressive tumor growth,
advanced cancer stages and lymph node metastasis [38]. Papadopaulos and co-workers
reported an overexpression of Ptch1 in colorectal cancers, and their analysis of esophageal
biopsy specimens from patients treated with chemotherapy revealed elevated levels of
Ptch1 expression in 76% of the cases [39]. Interestingly, decreased response to chemotherapy,
large tumor size and locoregional progression of esophageal squamous cell carcinoma seem
associated to a high expression of Ptch1 [40]. Furthermore, Ptch1 expression has been
proposed to be an early marker for gastric and thyroid cancers [15,16], and more recently a
prognosis marker for relapse in high-risk prostate cancer patients [41]. Moreover, our recent
studies showed that Ptch1 is present in primary tumor samples from all adrenocortical
carcinoma patients of the cohort studied [18], and that Ptch1 is present in the metastases of
all 365 melanoma patients of a TCGA cohort and correlates with a poorer the prognosis [19].

The differentially expressed genes (DEGs) from the RNAseq analysis have been
grouped into 188 active modules. Twenty-one of these modules and their interactions
are presented in the Figure 7 and the Table 2. The differential expression of genes from
modules 17 and 165 revealed an activation of the Hedgehog (Hh) signaling pathway in
good agreement with the overexpression of Ptch1 which is an Hh target gene. Moreover,
the overexpression of the transcription factor Gli2 involved in the Hh signaling activation
was also shown at the protein level (Figure 8). The Hh signaling is a determinant path-
way for tumor progression and cancer stem cell maintenance. For example, decreased
CDON expression was also observed in a large fraction of human colorectal cancer and
was associated with intestinal tumor progression in mice [42]. BOC inactivation resulted in
reduced proliferation and progression of early medulloblastomas to advanced cancer [43].
Interestingly, CDON and BOC have been suggested to regulate Hh signaling through the
modulation of Ptch1 distribution at the cell surface. Their down-expression in H295R-
PM-Ptc+ cells could explain the presence of more Ptch1 at the plasma membrane of these
cells [44]. Remarkably, modules 17 and 165 are in the center of the graph and interact
with many of the other modules. The differential expression of the genes contained in
modules 1, 4 and 8, 5, 16, 17 and 165, 51, 77, 79, 98 and 178 is associated with epithelial to
mesenchymal transition (EMT) which can be triggered by tumor cells, cancer development
and progression, metastasis, and correlated with poor prognosis, while the differential
expression of the genes contained in modules 1, 5, 17 and 165, 20, 29, 85, 89 and 106 is more
involved in CSC maintenance, and that of the genes contained in modules 5, 17 and 165,
29 and 104 is associated with chemotherapy resistance. Some illustrations are given below:

Proteins from module 98, and more particularly the N-cadherin CDH2, present strong
interactions with proteins from modules 17 and 165. Cadherins are transmembrane gly-
coproteins involved in cell–cell adhesion during embryogenesis, tissue morphogenesis,
differentiation and carcinogenesis. The loss of epithelial cadherin (E-cadherin), by affecting
cell–cell adhesion, induces EMT and tumor progression. Many signaling pathways acti-
vated during tumorigenesis affect cadherin cell–cell adhesion which contributes to tumor
progression and metastasis [45]. N-cadherin promotes thyroid tumorigenesis through
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modulating major signaling pathways [46]. CDH2 has been reported to be highly expressed
in metastatic liver cancer. By analyzing gastric cancer (GC) patients in two independent
cohorts, Luo and co-workers showed that cadherins CDH2, CDH6, CDH7 and CDH10
were significantly associated with a poor GC prognosis [47]. Moreover, the knockdown of
JUP, a cell–cell junction protein homologue of β-catenin involved in adhesion junction and
desmosome composition, causes EMT, promotes GC-cell migration and invasion, and was
closely correlated with GC malignancy and poor prognostics [48].

Proteins from module 5, and more specifically Snai2 (Slug), are strongly interacting
with proteins from modules 17 and 165 and 98. H295R-PM-Ptc+ cells present an overexpres-
sion of Snail2 at the RNA and protein level. This C2H2-type zinc finger transcription factor
also called Slug has antiapoptotic activity, and participates in EMT, tumor progression, stem
and or/progenitor maintenance, tumor metastasis, cellular differentiation, vascular remod-
eling, and DNA damage repair. Snai2 plays a role in breast carcinoma as well as leukemia
by downregulation of E-cadherin, which supports the mesenchymal phenotype and enables
metastasis of tumor cells [49]. Snai2 is also associated with a poor prognosis of luminal
B HER2+/ERBB2+ breast cancers [50] and directly contributes to cisplatin resistance in
ovarian cancer [51]. NFATC1, a nuclear factor of activated T-cells c1, is also upregulated in
H295R-PM-Ptc+ cells and is associated with malignancy in several cancer models. Different
NFAT isoforms are overexpressed in diverse hematologic malignancies and solid tumors.
The overexpression of this gene seems to be involved in single cell fate, increasing the
ability of the cancer cells to migrate/invade and differentiate but also to survive in both the
tumor and the associated microenvironment. NFATC1 overexpression in high-grade serous
ovarian carcinomas was associated with poor overall survival and of early relapse [52].
GBP1, 2, 3 and ATF3 genes are downregulated in H295R-PM-Ptc+ cells. Guanylate-binding
proteins belongs to the dynamin superfamily. These GTPases are important effectors of cell
dynamics acting on membrane, cytoskeleton and cell cycle progression. GBP1, considered
a tumor-repressor gene, was found to be downregulated in colorectal cancer [53]. It was
reported that transfection of GBP2 in colorectal cancer (CRC) cells inhibited their growth
and increased their sensitivity to paclitaxel in a paclitaxel-resistant CRC, impairing Wnt
signaling [54]. Dysregulation of ATF3, a cyclic AMP-dependent transcription factor, has
been observed in diverse cancers, especially in various step of tumorigenesis. Low ATF3
expression was correlated to shorter survival and poorer prognosis in gastric cancer pa-
tients [55]. Moreover, the expression of ATF3 in SW620 CRC cells inhibits cell growth and
stem cell-like characteristics [56]. Overall, differential expression of genes from module
5 are involved in the maintenance of the mesenchymal phenotype, invasive migration,
metastasis, poor prognosis, and chemotherapy resistance.

Module 1 is in interaction with modules 17 and 165 and 16. It contains five DEGs
with two being highly overexpressed in H295R-PM-Ptc+ cells: ASPN and COL5A1. The
collagen family gene COL5A1 has been identified as a possible predictor of recurrence
after radiation therapy for vestibular schwannoma (VS) [57] and related to brain metastasis
in breast cancer patients [58]. The extracellular matrix protein asporin (ASPN) has been
shown to promote cell migration and invasion [59] and may be a key molecule in facilitating
tumor spreading [60]. Sasaki and co-workers recently suggested that asporin expression
could reprogram cancer cells to acquire resistance to oxidative stress [61].

Proteins from module 16 are in interaction with those from modules 17 and 165, 98 and
1. TMSB4X (Thymosin beta 4 X-linked), which is upregulated in H295R-PM-Ptc+ cells, has
been proposed to suppress E-cadherin expression, and to promote cancer cell growth and
migration. The overexpression of TMSB4X was found significantly associated with poor
prognosis of overall survival and recurrence-free survival in head and neck squamous cell
carcinoma (HNSCC) patients. The global proteomics analysis identified TMSB4X as a new
biomarker of HNSCC whose functions resulted in enhanced proliferation and metastasis
in vitro and in vivo [62].

Modules 4 and 8 contain the most overexpressed gene, ADCY2. ADCY2 overexpres-
sion was confirmed at the protein level. The adenylate cyclase ADCY2 is overexpressed
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in prostate and colon cancer metastases, and in pancreatic neuroendocrine tumors [63].
It is considered as a strong metastatic marker. The sphingosine-1-phosphate receptor
3 (S1PR3) and 5 (S1PR5) are closely related G-Protein-coupled receptors involved in the
lipid-mediated regulation of CSC via Notch signaling and cancer cell survival [64,65]. The
binding of the lipid S1P (Sphingosine-1-phosphate) to the Sphingosine-1-phosphate recep-
tors (S1PR1, S1PR2, S1PR3, S1PR4 and S1PR5) triggers different pathways involved in cell
differentiation, proliferation, angiogenesis and migration [66]. Upregulation of the guanine
nucleotide binding-protein gamma subunit 4 protein (GNB4) was significantly associated
with primary tumor, nodal metastasis, histological grade, vascular invasion and mitotic
rate [67,68]. High expression of EDNRA is associated with metastasis and poor outcome in
patients with advanced bladder cancer [69]. PROK1 gene which is involved in cell-to-cell
contact, epithelial tissue differentiation, Ca2+ release, lipid synthesis, and chemotaxis is
downregulated in H295R-PM-Ptc+ cells. Prostaglandin receptor EP3 (PTGER3) down-
regulation was shown to contribute to prostate carcinogenesis and to progression from
androgen-dependent prostate cancer to castration-resistant prostate cancer [70].

In Module 79, dynamin 3 (DNM3) which functions as a tumor suppressor in various
malignancies is downregulated in H295R-PM-Ptc+ cells. The low expression of DNM3
was significantly associated with high pathological grading of cervical cancer [71]. In
contrast, DNM1 is overexpressed in H295R-PM-Ptc+ cells, as in colon cancer where high
DNM1 expression was significantly correlated with perineural and lymphatic invasion
and predicted poor prognosis [72]. Moreover, the overexpression of Huntingtin-interacting
protein 1 (HIP1) has also been observed in prostate and colon tumor cells where HIP1
expression was significantly associated with prostate cancer progression and metastasis.
Studies suggest that HIP1 is a cellular survival factor which may play a role in tumorigenesis
by allowing the survival of precancerous or cancerous cells [73].

The overexpression of genes from module 104 is associated with sphingolipid pathway,
migration, metastasis and chemotherapy resistance. Sphingolipids are lipids associated
to the membrane implicated in signaling pathways which regulate cell migration, growth
and death. In cancers, sphingolipids regulate pathways involved in tumor progression,
metastasis, invasion and lethal mitophagy [74]. The activity of UGCG (UDP-glucose
ceramide glucosyltransferase) is related to multidrug resistance and cell proliferation in
different cancer types. In breast cancer cells, the overexpression of UGCG was shown to
increase glycolysis and oxidative phosphorylation [75]. The ceramide synthase encoded
by the gene CERS6 was shown to be required for cell migration and metastasis in lung
cancer [76].

Module 29 contains four DEGs in strong interaction with modules 17 and 165. The
RNAseq showed that ABCG2 is overexpressed in H295R-PM-Ptc+ cells, and this was con-
firmed at the protein level by Western-blot. This ABC transporter is a direct transcriptional
target of Hh signaling and has been shown to be involved in drug tolerance [77]. ABCG2 is
a well-known marker of cancer stem-like cells and contributes to the resistance of these
cells to chemotherapy [36].

Module 2 contains the two most underexpressed genes S100A10 and ANXA2. A
decreased expression of the S100 calcium-binding protein (S100A10) has been shown to
reduce the intracellular calcium concentration and the rate of phagocytosis. It may be
associated with an undifferentiated phenotype and poor prognosis in gastric cancer [78].
Annexin 2 (ANXA2) is an important regulator of cell–cell adhesion. This protein is nega-
tively correlated with the differentiation status of ESCC tumors with less differentiated
malignant tumors, having the lowest ANXA2 levels. ANXA2 depletion has been shown
to cause the depletion of S100A10 protein [79]. Indeed, S100A10 associates with ANXA2
and ANXA1 in heterotetramers involved in the regulation of endocytosis, exocytosis, focal
adhesion dynamics, cell proliferation, oxidative stress and apoptosis [80,81]. Silencing
ANXA2 was shown to downregulate S100A10 and to inhibit breast cancer proliferation and
invasion [82]. Moreover, a tissue microarray analysis described that decreased expression
of ANXA1 is correlated with breast cancer development and progression [83].
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Genes from module 51 are also involved in membrane trafficking, endocytosis, cancer
cell motility and invasiveness, cancer development and progression and metastases. Two
genes coding for RAB proteins are overexpressed in H295R-PM-Ptc+ cells, RAB5a and
RAB31. The RAB protein family belongs to the subgroup of the GTPase superfamily. RAB
proteins participate in cellular trafficking by regulating the dynamics of the membrane
compartments, the Golgi complex organization and the sorting and delivery of secretory
and membrane proteins. There is now a special focus on members of the RAB family due
to the possible implication in cancer progression [84]. RAB5a overexpression has been
identified to be involved in cancer cell motility and invasiveness. It has been associated
with lung, stomach, and hepatocellular carcinomas [85], and with axillary lymph node
metastasis in breast cancer patients [86]. Increased RAB31 expression in cancer-associated
fibroblasts was suggested to promote colon cancer progression [87].

Module 77 contains genes whose differential expression is associated with negative
regulation of differentiation. RUNX1 (runt-related transcription factor 1) is known as a
tumor suppressor in hematopoietic malignancies. Low RUNX1 expression is associated
with poor patient survival [88]. In renal cell carcinoma, DLX6-AS1 (long non-coding RNA
(LncRNA) distal-less homeobox 6 antisense 1) was shown as an oncogene, and its expression
was positively correlated with the development and progression of the tumor [89]. DLX6-
AS1 promotes cell proliferation, migration and EMT of gastric cancer [90], and enhanced
secondary cisplatin resistance of lung squamous cell carcinoma [91]. GREB1 (an estrogen
receptor-regulated tumor promoter) overexpression in ovarian cancer cell lines increased
cell proliferation and migration and promoted a mesenchymal morphology [92].

The overexpression of genes from modules 85 and 89 is associated with CSC main-
tenance, EMT, invasion and metastasis. The transcription factors SOX, belonging to the
sex-determining region Y (SRY)-related HMG-box family, are important for cell fate deter-
mination, embryonic and cancer development. RNAseq and Western-blot data indicate that
SOX5 is overexpressed in H295R-PM-Ptc+ cells compared to parental H295R cells. SOX5 is
known to participate in EMT in different cancer types (i.e., breast, prostate, hepatocellular,
lung adenocarcinoma and osteosarcoma) [93–95]. SOX13 promotes colorectal cancer metas-
tasis by transactivating SNAI2 and c-MET [96] and regulates cancer stem-like properties
and tumorigenicity in hepatocellular carcinoma cells [97]. Calcitonin receptor CALCR is
a G protein-coupled receptor that binds the peptide hormone calcitonin and is involved
in the maintenance of calcium homeostasis. Its overexpression has been shown to keep
muscle stem cells in a quiescent state [98]. The forkhead box (Fox) family of transcription
factors consists of more than 50 proteins that are Hh signaling targets and involved in
tissue-specific transcription and cell fate determination during embryogenesis and cell
survival. FOXP1 was shown to control mesenchymal stem cell commitment and senescence
during skeletal aging [99].

Interestingly, the downregulation of two genes from module 106 are associated with
cancer cell phenotype switching: the microphthalmia-associated transcription factor (MITF)
and the POU domain transcription factor POU3F2 (better known as BRN2) [100]. Cells
with low MITF have been assigned a quiescent invasive phenotype and display invasive
properties [101]. Moreover, a low transcriptional activity of MITF would predict poor out-
comes for melanoma patients. A zebrafish model that mimics human resistant-melanoma
subtypes exhibiting low MITF showed an upregulation of genes involved in stemness
and invasiveness [102]. Goding and co-workers reported that the level of MITF induces
different states of melanocytes: maintenance of differentiation (MITF-high), proliferation
(MITF-intermediate) or slow-proliferative and invasive cells with tumor-initiating prop-
erties (MITF-low). Melanoma cells could therefore change reversibly from a proliferative
status to an invasive state according to the so-called rheostat model [103].

Therefore, the results from our RNA-seq study are in good agreement with the features
of H295R-PM-Ptc+ cells observed in experiments reported in the Figures 1–5, and reveal
several aspects that help us to better understand and define H295R-PM-Ptc+ cells:
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1. The differential expression of genes from several modules suggests an inhibition of
membrane trafficking and endocytosis. Moreover, gene coding for ST6GAL1 and CERS6

known to inhibit the clathrin-independent endocytosis mediated by glycosphingolipid
and lectins (GL-Lect) [104] are overexpressed in H295R-PM-Ptc+ cells. The differential
expression of these genes could inhibit the endocytosis of Ptch1 normally induced by its
ligand Sonic hedgehog and explain the presence of Ptch1 at the plasma membrane of
H295R-PM-Ptc+ cells.

2. The overexpression of Ptch1 and its presence at the plasma membrane of H295R-
PM-Ptc+ cells explains that these cells are more resistant to chemotherapy. Several other
genes known to induce chemotherapy resistance are also overexpressed, supporting the
chemoresistance feature of these cells.

3. The differential expressions of genes from almost all the modules are involved in
cancer progression, cell migration or invasion, and are often associated with poor prognosis.

All these characteristics suggest that these cells are cancer stem-like or persistent
cells. Indeed, several differentially expressed genes are known to be involved in stem
cell and/or quiescence maintenance. The differential expression of other genes has been
associated to de-differentiation in different tumors. Several genes specific to adrenocortical
carcinoma are downregulated. One of these genes is STAR that encodes for a steroidogenic
acute regulatory protein responsible for cholesterol transport to the mitochondria which
is the rate-limiting step in steroid hormone production [105]. This transport protein is
present in steroid-producing cells such as ovary theca and luteal cells, testis Leydig cells
and some adrenocortical cells. A lower expression of steroidogenic enzymes such as STAR
is consistent with a less differentiated phenotype. Synaptophysin (SYP) is an integral
membrane glycoprotein that occurs in presynaptic vesicles of neurons and in similar
vesicles of the adrenal medulla. A study from Wiedenmann and co-authors [106] concluded
that synaptophysin was expressed independently of other neuronal differentiation markers
and proposed that it be used as a differentiation marker in tumor diagnosis. ZNRF3 was the
most frequently altered gene, corresponding to 21% of ACC cases [107]. This gene encodes
a cell surface transmembrane E3 ubiquitin ligase that acts as a negative feedback regulator
of the canonical Wnt/β-catenin signaling. The study performed on a cohort of 82 adults
with ACC suggested that the low expression of ZNRF3 was associated with a decrease in
overall survival, while high ZNRF3 expression was associated with optimistic recurrence-
free survival and concluded that low expression of ZNRF3 is a negative prognostic marker
of ACC [108]. Accumulating evidence indicates that H295R-PM-Ptc+ cells have a de-
differentiated state.

Two melanoma cell subpopulations were described as contributing to targeted therapy
and immunotherapy resistance [109]. These two subpopulations exhibited a slow cell cycle
activity, a de-differentiated state and invasiveness, and were described by two different
models, namely, the cancer stem cell (CSC) model and the microphthalmia-associated tran-
scription factor (MITF)-rheostat phenotype switching model. In the CSC model, melanoma
cells are organized hierarchically. Cells can differentiate from CSCs to progenitor cells
and then to fully differentiated melanoma cells but cannot de-differentiate in the oppo-
site direction. CSCs contribute to cell survival and multidrug resistance. They can give
rise to melanoma cell populations more resistant to treatments. In the MITF-rheostat
model, melanoma cells are organized horizontally. Their proliferative (high levels of MITF
expression (MITF-high) or invasive (low levels of MITF (MITF-low) phenotypes are in-
terchangeable. In this model, therapeutic resistance is induced by senescent subclones
exhibiting extremely high or low MITF expression levels. Bai and co-workers [109] pro-
posed a new model explaining the development of therapeutic resistance by the dynamic
fluctuation of cell states providing a reservoir of cells for tumor reorganization. This model
combines cell state dynamic oscillation at the single-cell level with the cell ensemble contin-
uous reshaping at the population level. This could also be the case of the ACC H295R cell
line and explain the presence of a small population of H295R cells with stemness, invasive
and chemoresistance properties.
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Altogether, our study strongly supports the hypothesis that H295R-PM-Ptc+ sub-
population has cancer stem-like or persistent cell properties. If present in ACC patients,
these cells could be responsible for therapy resistance, relapse and metastases, and may
be eliminated by using a Ptch1 drug efflux inhibitor in combination with chemotherapy.
Moreover, the presence of Ptch1 at the cell surface could be a marker of the presence of
these persistent cell populations in ACC patient biopsies.
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Abstract: Hepatocellular carcinoma (HCC) is a major health concern worldwide. A better under-

standing of the mechanisms underlying the malignant phenotype is necessary for developing novel

therapeutic strategies for HCC. Signaling pathways initiated by neurotransmitter receptors, such as

α5-nicotinic acetylcholine receptor (CHRNA5), have been reported to be implicated in tumor pro-

gression. However, the functional mechanism of CHRNA5 in HCC remains unclear. In this study, we

explored the role of CHRNA5 in HCC and found that CHRNA5 expression was increased in human

HCC tissues and positively correlated with the T stage (p < 0.05) and AJCC phase (p < 0.05). The KM

plotter database showed that the high expression level of CHRNA5 was strongly associated with

worse survival in HCC patients. Both in vitro and in vivo assays showed that CHRNA5 regulates the

proliferation ability of HCC by regulating YAP activity. In addition, CHRNA5 promotes the stemness

of HCC by regulating stemness-associated genes, such as Nanog, Sox2 and OCT4. Cell migration

and invasion assays demonstrated that CHRNA5 significantly enhanced the metastasis of HCC by

regulating epithelial–mesenchymal transition (EMT)-associated genes. Furthermore, we found that

CHRNA5 regulates the sensitivity of sorafenib in HCC. Our findings suggest that CHRNA5 plays a

key role in the progression and drug resistance of HCC, and targeting CHRNA5 may be a strategy

for the treatment of HCC.

Keywords: HCC; CHRNA5; metastasis; stemness property; sorafenib sensitivity

1. Introduction

HCC, one of the most common fatal tumors with an increasing incidence rate, is
the fourth most common cause of cancer-related death worldwide [1]. Various factors,
including chronic hepatitis B virus (HBV) infection, alcohol consumption, and type 2
diabetes, are regarded as triggers for HCC development [2,3]. Although great efforts
have been made in developing innovative therapeutic strategies for HCC, the five-year
survival rate remains low, mainly due to the high rates of drug resistance, tumor metastasis,
and recurrence [4]. Sorafenib is a well-known treatment agent for HCC. By targeting
several tyrosine kinases, such as VEGFR, PDGFR, and RAF, sorafenib can suppress the
proliferation and angiogenesis of tumors [5]. However, limited benefits were observed
in HCC patients receiving sorafenib treatment, mainly due to the development of drug
resistance [6]. HCC cells that survived long-term treatment with sorafenib exhibited
enhanced stemness properties and an EMT phenotype, which were closely associated with
the resistance of various anticancer therapies and cancer remission [7]. Thus, deciphering
the mechanisms underlying stemness properties and sorafenib resistance is essential for
HCC treatment.
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The Hippo signaling pathway plays a crucial role in regulating organ development,
tissue hemostasis, and regeneration [8]. Dysregulation of the Hippo signaling pathway has
already been observed in multiple tumors, including HCC [9]. Yes-associated protein (YAP)
and tafazzin (TAZ), two core transcriptional coactivators in the Hippo signaling pathway,
are regulated by a series of kinase cascades consisting of the serine/threonine kinases
mammalian sterile 20-like kinase 1 and 2 (MST1 and MST2) and large tumor suppressor 1
and 2 (LATS1 and LATS2) [10]. YAP and TAZ were retained in the cytoplasm and deprived
of transcriptional activity after being phosphorylated by LATS1/2. Inactivation of the
Hippo signaling pathway leads to increased YAP activity, contributing to the enhanced
malignant phenotype of tumor cells. In HCC, Hippo signaling can inhibit HCC formation,
and activation of YAP transcription activity is critical for HCC proliferation [11]. The
contribution of YAP to drug resistance in HCC was also reported, and manipulating YAP
activity may be a plausible therapeutic strategy for HCC.

Nicotinic acetylcholine receptors (nAChRs), ligand-gated ion channels that are mainly
expressed in the plasma membranes of certain neurons on the postsynaptic side of the
neuromuscular junction, are also expressed in some non-neuronal cells [12]. nAChRs can
be activated to mediate fast signal transmission at synapses by the endogenous neurotrans-
mitter acetylcholine (ACh) or by the exogenous tertiary alkaloids nicotine and tobacco
alkaloid [13–15]. nAChR-based targeted therapies for nervous system disorders, including
Alzheimer’s disease, depression, Parkinson’s disease, Tourette’s syndrome, and nicotine ad-
diction, have been investigated [15,16]. Recently, numerous studies revealed that nAChRs
also play significant roles in cancer progression [17]. For example, α7-nAChR was found to
be associated with cancer cell proliferation and migration, exhibiting the potential to serve
as a therapeutic target for tumors [18]. α5-Nicotinic acetylcholine receptor (CHRNA5) is a
member of the nicotinic acetylcholine receptor superfamily. CHRNA5 was initially recog-
nized as an important regulator in nicotine addiction and nicotine-dependent lung cancer
development [19,20]. CHRNA5-mediated Ca2+ influx was found to activate MAPK and
VEGF signaling pathways, thereby contributing to tumor progression in lung cancer [21].
Recently, several studies identified the critical role of CHRNA5 in several other cancers.
CHRNA5, upregulated in breast cancer, was identified as the secondary estrogen signaling
network and exhibited prognostic value in breast cancer [22]. In melanoma, CHRNA5
was reported to modulate cancer growth by regulating the Notch1 signaling pathway [23].
Another study found that CHRNA5 could promote radioresistance via regulating E2F
transcription factor activity in oral squamous cell carcinoma [24]. However, the role of
CHRNA5 in HCC remains largely unknown. Here, our study focused on revealing the role
of CHRNA5 in HCC progression. We found that CHRNA5 contributes to HCC progression
through the YAP-dependent modulation of proliferation ability, the EMT phenotype, and
stemness properties. Our study demonstrates the clinical and biological significance of
CHRNA5 in HCC, and CHRNA5 might serve as a promising prognostic biomarker and
therapeutic target for HCC.

2. Materials and Methods

2.1. Cell Culture

Human HCC cell lines Huh7 and PLC/PRF/5 (PLC) were obtained from Shanghai
Cell Bank, Chinese Academy of Sciences. All cell lines were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, HyClone, Logan, UT, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco, Carlsbad, CA, USA) and penicillin/streptomycin (1%; Gibco, Carlsbad,
CA, USA). Cells were maintained in a humidified incubator with 5% CO2 at 37 ◦C.

2.2. Patient Samples

In total, 70 paired HCC samples and adjacent normal counterparts were obtained
from Huashan Hospital from November 2015 to December 2016. Diagnoses were made by
two pathologists independently. All specimens were fixed with formalin and embedded
in paraffin. Written informed consent was provided by all patients. The methods and
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experimental protocols performed in this study were approved by the Human Research
Ethics Committee of Huashan Hospital.

2.3. RNA Interference and Plasmid Transfection

When the cells reached 70% confluence, transfection was carried out according to the
lipofectamine 3000 (Invitrogen, Waltham, MA, USA) instructions. Lentiviral short hairpin
RNA (shRNA) targeting CHRNA5 (CCGGGCTCGATTCTATTCGCTACATCTCGAGATG-
TAGCGAATAGAATCG AGCTTTTTG for sh1, and CCGGCCTGATGACTATGGTGGAAT-
ACTCGAGTATTCCACCATAGTCATCA GGTTTTTG for sh2) and control vectors (sh-NC)
obtained from Sigma-Aldrich were loaded into the PLKO plasmid. The CHRNA5 CDS
sequence was loaded into the PCDH plasmid for CHRNA5 overexpression in HCC cells.

2.4. Cell Viability Assay

CCK8 test kits were employed to test cell viability following the manufacturer’s
instructions. After being seeded in 96-well plates, cancer cells were incubated with DMEM
containing 10% CCK8 for 2 h, and the absorbance was measured at 450 nm.

2.5. TdT-Mediated dUTP Nick-End Labeling (TUNEL) Assay

To detect sorafenib-induced apoptosis, we conducted a TUNEL assay according to the
manufacturer’s instructions (Beyotime Biotechnology, Shanghai, China). DAPI was used to
stain the nucleus. Cells were imaged with a fluorescent microscope.

2.6. cDNA Synthesis and qRT-PCR Assay

Trizol reagent (Invitrogen, Waltham, MA, USA) was used to extract total RNA, and
NanoDrop2000 was used for RNA quantification. The total RNA was reverse-transcribed
into cDNA for qRT-PCR analysis following the manufacturer’s instructions for Prime-
Script RT Reagent Kit (TaKaRa, Otsu City, Shiga Prefecture, Japan). Then, quantita-
tive real-time PCR assays were conducted using the ABI7500 system according to the
protocol. The primer sequences for qRT-PCR were as follows: CHRNA5-Forward: 5′-
GCCAGAGTGCCAGTGAGAAG-3′, CHRNA5-Reverse: 5′-CGAGGCCAGCTGAGCAA-3′;
GAPDH-Forward: 5′- TCGGAGTCAACGGATTTGGT-3′, GAPDH-Reverse: 5′-
TTCCCGTTCTCAGCCTTGAC-3′.

2.7. Western Blot

The protein concentration was determined using a BCA kit after cells were lysed in
radioimmunoprecipitation assay (RIPA) buffer. Then, the proteins were boiled with loading
buffer at 100 °C for 15 min. Polyacrylamide gel electrophoresis and membrane transfer
were carried out as previously described [25]. The membrane was incubated with primary
antibodies against CHRNA5 (Thermo Fisher Scientific, Waltham, MA, USA), E-cadherin
(CST, Danvers, MA, USA), N-cadherin (CST, Danvers, MA, USA), vimentin (CST, Danvers,
MA, USA), YAP (CST, Danvers, MA, USA), OCT4 (Abclonal, Wuhan, Hubei, China), Nanog
(Abclonal, Wuhan, Hubei, China), Sox2 (Abclonal, Wuhan, Hubei, China), histone H3
(CST, Danvers, MA, USA), and GAPDH (CST, Danvers, MA, USA) at 4 ◦C overnight.
Then, the membrane was further incubated with secondary antibody for one hour at room
temperature, and enhanced chemiluminescence (ECL) reagent was used to visualize the
protein bands using a Gel Doc EZ Imager. GAPDH was used as an internal reference.

2.8. Colony Formation Assay

Transfected Huh7 and PLC cells (1000 cells/well) were seeded into 6-well plates and
cultured for 2 weeks. Finally, colonies were counted after being fixed with 4% paraformalde-
hyde and stained with 0.1% crystal violet.
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2.9. Cell Migration and Invasion Assay

Cells at the logarithmic growth phase were harvested and resuspended in serum-free
medium to be seeded in transwell chambers for detecting their migration ability. For the
invasion assay, cells were seeded in transwell chambers containing Matrigel. After 24 h or
48 h, the transwell chambers were collected. Cells were fixed with 4% paraformaldehyde
and stained with crystal violet. The numbers of invading and migrating cells were counted
under a light microscope.

2.10. CHRNA5 Expression and Clinical Information from the Cancer Genome Atlas (TCGA)

The RNA-sequencing-based gene expression data of 374 HCC tumor samples and 50
normal samples were downloaded using the “TCGAbiolinks” package (TCGAbiolinks: an
R/Bioconductor package for integrative analysis of TCGA data). The clinical data of the
corresponding 374 HCC patients were downloaded from The Cancer Genome Atlas (TCGA,
https://portal.gdc.cancer.gov/, last date for accession: 15 August 2021). We used “R” to
normalize the original RNA-sequencing data to transcripts per million reads (TPM) [26].
After excluding the samples lacking mRNA expression or clinical information, we included
370 HCC patients for the clinical and prognosis analysis.

2.11. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
Enrichment Analysis

The genes correlated with CHRNA5 were confirmed using “corr” packages in R. To
assess the biological function of CHRNA5-correlated genes, Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed
using the R package “clusterProfiler”, and values with p < 0.05 were considered to be
statistically significant [27]. All statistical data analyses in this study were performed using
R software (version 4.1.1).

2.12. Animal Study

PLC-NC, PLC-sh CHRNA5, Huh7-CMV, and Huh7-CHRNA5 OE cells (2 × 106) were
injected subcutaneously into the left flank of 3–4-week-old male nude mice kept in the SPF
animal laboratory. Tumor weight was measured after sacrificing the mice by anesthesia at
the end of the experiment. Every nude mouse received humane care in accordance with
the National Institutes of Health guidelines (NIH Publications No. 8023). The animal study
was performed following the protocols approved by the Institutional Animal Care and Use
Committee of Fudan University.

2.13. Statistical Analysis

For statistical analysis, experiments were repeated three times. All data were analyzed
by SPSS 21.0 (Chicago, IL, USA) and GraphPad Prism 8.0.1 (La Jolla, CA, USA). χ2-Tests, two-
tailed Student’s t-test, Spearman’s rank correlation, and Kaplan-Meier analysis were used
according to the data type. Values with p < 0.05 were regarded as statistically significant.

3. Results

3.1. CHRNA5 Is Significantly Overexpressed in Hepatocellular Carcinoma and Correlated with
Poor Prognosis of HCC Patients

To investigate the expression pattern of CHRNA5 in HCC tissues, we analyzed data
from the TCGA database and found that the mRNA expression level of CHRNA5 was
significantly higher in HCC tissues compared with that in adjacent normal liver tissues
(p < 0.05) (Figure 1A). We further detected the CHRNA5 protein level and also found
increased CHRNA5 expression in HCC tissues (Figure 1B,C). The correlation between
CHRNA5 expression and the corresponding clinicopathological parameters was analyzed
using data from the TCGA database. The results suggested that there was a close association
between the CHRNA5 mRNA expression level and tumor stage (Figure 1D), suggesting
that CHRNA5 plays a role in tumor progression. We further explored the relationship

302



Pharmaceutics 2022, 14, 275

between the CHRNA5 expression level and the clinical characteristics of HCC patients,
including gender, age, T stage, distant metastasis, AJCC phase, and vascular invasion.
The results revealed significant correlations between the CHRNA5 expression level and T
stage (p < 0.05) and AJCC phase (p < 0.05) (Table 1). Using the GEPIA database to analyze
the prognostic value of CHRNA5 in HCC, we found that HCC patients with a higher
mRNA expression level of CHRNA5 exhibited poorer disease-free survival and overall
survival after surgery (Figure 1E,F). These results indicate that CHRNA5 contributes to
cancer progression and poor prognosis in HCC patients.

Figure 1. Increased expression of CHRNA5 in HCC. (A) Increased mRNA expression of CHRNA5 in

HCC compared with that in normal liver tissue; (B,C) increased protein expression of CHRNA5 in

HCC compared with that in normal liver tissue; (D) CHRNA5 mRNA expression level in HCC at

different stages; (E,F) relationship between CHRNA5 expression and the prognosis of HCC patients.

* p < 0.05.

Table 1. The association between CHRNA5 mRNA expression and clinicopathological characteristics

in HCC.

Characteristics
CHRNA5 Expression

p Value
High Low

Age
≤65 66 65

0.7963
>65 34 38

Gender
Male 57 78

0.0072
Female 43 25

T stage
T1 46 68

0.0074
T2-4 54 35

Metastasis
M0 97 102

0.3639
M1 3 1

AJCC phase
I 46 66

0.0112
II–IV 54 37

Vascular Invasion
No 63 73

0.296
Yes 37 30
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3.2. CHRNA5 Promotes Proliferation of HCC Cells

To explore the cellular functions of CHRNA5 in HCC, we generated a CHRNA5-
overexpressing Huh7 cell line and a CHRNA5-silencing PLC cell line based on the basal
expression level of CHRNA5 in Huh7, PLC, and 97H (Figure 2A–C). The CCK8 assay
revealed that silencing CHRNA5 markedly inhibited the proliferation ability of PLC cells,
and CHRNA5 overexpression improved the proliferation ability of Huh7 cells (Figure 2D,E),
suggesting that CHRNA5 plays a critical role in promoting HCC cell proliferation. We
carried out a colony formation assay to further observe the long-term effect of silencing or
overexpressing CHRNA5 on the proliferation of HCC cells. As expected, the number of
colonies was significantly reduced after silencing CHRNA5 in the PLC cell line and was
markedly increased after CHRNA5 overexpression in the Huh7 cell line (Figure 2F,G). To
investigate the growth-promoting effect in vivo, we developed subcutaneous xenograft
models of PLC-NC, PLC-shCHRNA5, Huh7-CMV, and Huh-CHRNA5 OE cells in nude
mice. The results revealed that CHRNA5 silencing significantly inhibited tumor growth,
and CHRNA5 overexpression markedly promoted tumor growth in vivo (Figure 1H,I),
further suggesting that CHRNA5 plays a critical role in promoting the proliferation ability
of HCC cells.

 

Figure 2. CHRNA5 regulates the proliferation ability of HCC cells. (A) The protein expression level

of CHRNA5 in HCC cell lines, including MHCC-97H, Huh7, and PLC cells; (B) real-time qPCR and
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Western blot analysis of the knockdown efficiency of CHRNA5 in PLC cell lines; (C) real-time qPCR

and Western blot analysis of the overexpression efficiency of CHRNA5 in Huh7 cell lines; (D) CCK8

assay of PLC-NC and PLC-sh CHRNA5 cell lines; (E) CCK8 assay of Huh7-CMV and Huh7-CHRNA5

OE cell lines; (F) colony formation assay of PLC-NC and PLC-sh CHRNA5 cell lines; (G) colony

formation assay of Huh7-CMV and Huh7-CHRNA5 OE cell lines; (H) image of tumors from PLC-NC

and PLC-sh CHRNA5 cell lines subcutaneously injected into mice and tumor weight; (I) image of

tumors from Huh7-CMV and Huh7-CHRNA5 OE cell lines subcutaneously injected into mice and

tumor weight. * p < 0.05.

3.3. CHRNA5 Promotes Invasion and Migration of HCC

Furthermore, silencing CHRNA5 markedly inhibited the migration and invasion
ability of PLC cells (Figure 3A,B) and downregulated the expression of EMT-associated
markers, such as N-cad and vimentin (Figure 3C). Accordingly, CHRNA5 overexpression
significantly increased the migration and invasion ability of Huh7 cells by upregulat-
ing EMT-associated genes (Figure 3D–F). These results revealed that CHRNA5 was also
involved in the migration and invasion of HCC cells by regulating the EMT phenotype.

 
Figure 3. CHRNA5 promotes HCC migration and invasion via regulating EMT phenotype.

(A,B) Effects of silencing CHRNA5 on HCC migration and invasion were determined by transwell as-

says; (C) effects of silencing CHRNA5 on expression of EMT-associated markers in HCC; (D,E) effects

of CHRNA5 overexpression on HCC migration and invasion were determined by transwell assays;

(F) effects of CHRNA5 overexpression on expression of EMT-associated markers in HCC. * p < 0.05.

3.4. CHRNA5 Promotes Stemness Properties of HCC

From the TCGA database, we observed that CHRNA5 was positively correlated with
stemness-associated genes, such as Sox2, CD133, and OCT4 (Figure 4A–C). The tumor
spheroid formation assay is a commonly used method to detect the stemness properties
of cancer cells [25]. To further determine whether CHRNA5 plays a regulatory role in
maintaining the stemness properties of HCC, we carried out a spheroid formation assay.
The results showed that silencing CHRNA5 inhibited the tumor spheroid formation ability
of PLC cells (Figure 4D,E), and CHRNA5 overexpression increased the tumor sphere
formation ability of Huh7 cells (Figure 4F,G), indicating that CHRNA5 has a regulatory
role in maintaining the stemness properties of HCC cells. In addition, Western blot analysis
revealed that CHRNA5 participated in regulating stemness-associated genes, such as OCT4,
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Nanog, and Sox2 (Figure 4H,I). These results indicate that CHRNA5 maintains stemness
properties by regulating stemness-associated genes in HCC.

Figure 4. CHRNA5 promotes HCC spheroid formation ability via regulating stemness-associated

genes. (A–C) Correlation between CHRNA5 mRNA expression level and stemness-associated

genes in TCGA database; (D,E) effects of CHRNA5 silencing on HCC spheroid formation ability;

(F,G) effects of CHRNA5 overexpression on HCC spheroid formation ability; (H) effects of CHRNA5

silencing on the expression of stemness-associated genes; (I) effects of CHRNA5 overexpression on

the expression of stemness-associated genes. * p < 0.05.

3.5. CHRNA5 Regulates YAP Activity in HCC

We used the online analysis tool LinkedOmics to identify genes that were significantly
correlated with CHRNA5 in HCC. Genes negatively correlated with CHRNA5 (Figure 5A,B)
and positively correlated with CHRNA5 (Figure 5C,D) were incorporated into KEGG and
GO analyses. The results reveal that CHRNA5 is associated with many important cancer-
related signaling pathways, such as cell cycle regulation, DNA replication, mismatch repair,
and the Hippo signaling pathway in HCC. YAP is an important component of the Hippo
signaling pathway and plays a critical role in pro-proliferation and anti-apoptosis [28]. To
further check whether CHRNA5 can regulate the Hippo signaling pathway in HCC, we
detected the YAP expression level after silencing or overexpressing CHRNA5. The results
revealed that YAP expression was significantly downregulated after silencing CHRNA5
and markedly upregulated after overexpressing CHRNA5 in HCC cells (Figure 5E,F). The
transcriptional activity of YAP was closely associated with its subcellular localization.
Therefore, we further detected the YAP expression level in the cytoplasm and nucleus after
CHRNA5 knockdown or overexpression. The results revealed that silencing CHRNA5
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significantly inhibited the nuclear accumulation of YAP in the PLC cell line, and CHRNA5
overexpression markedly augmented YAP nuclear accumulation in the Huh7 cell line
(Figure 5G,H), further suggesting that CHRNA5 has a critical role in regulating YAP activity.

Figure 5. CHRNA5 regulates YAP activity in HCC. (A) KEGG analysis of genes negatively correlated

with CHRNA5 in HCC; (B) GO analysis of genes negatively correlated with CHRNA5 in HCC;

(C) KEGG analysis of genes positively correlated with CHRNA5 in HCC; (D) GO analysis of genes

positively correlated with CHRNA5 in HCC; (E) Western blot analysis of YAP in PLC-NC and PLC-sh

CHRNA5 cell lines; (F) Western blot analysis of YAP in Huh7-CMV and Huh7-CHRNA5 OE cell lines;

(G) Western blot analysis of YAP expression in cytoplasm and nucleus from PLC-NC and PLC-sh

CHRNA5 cell lines; (H) Western blot analysis of YAP expression in cytoplasm and nucleus from

Huh7-CMV and Huh7-CHRNA5 OE cell lines.

3.6. YAP Plays an Essential Role in the Contribution of CHRNA5 to Malignant Phenotype of HCC

To uncover whether YAP plays an essential role in the contribution of CHRNA5 to
the HCC malignant phenotype, we overexpressed YAP in CHRNA5-silencing PLC cell
lines and silenced YAP expression in CHRNA5-overexpressing Huh7 cell lines. The re-
sults revealed that YAP overexpression partially reversed the inhibitory effect of silencing
CHRNA5 on the migration ability and expression of EMT-associated markers (Figure 6A,B).
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Furthermore, the inhibitory effects of silencing CHRNA5 on the tumor spheroid forma-
tion ability of PLC cell lines and the expression of stemness-associated genes were also
attenuated after overexpressing YAP (Figure 6C,D). Accordingly, the opposite effect was
observed after silencing YAP in CHRNA5-overexpressing Huh7 cell lines (Figure 6E–H).
These results suggest that CHRNA5 can regulate the malignant phenotype of HCC cell
lines by modulating YAP activity.

Figure 6. YAP plays an essential role in the contribution of CHRNA5 to malignant phenotype of

HCC. (A) YAP overexpression partially rescued the inhibitory effect of silencing CHRNA5 on the

migration ability of HCC cells; (B) YAP overexpression partially rescued the inhibitory effect of

silencing CHRNA5 on the expression of EMT-associated markers; (C) YAP overexpression partially

rescued the inhibitory effect of silencing CHRNA5 on the spheroid formation ability of HCC cells;

(D) YAP overexpression partially rescued the inhibitory effect of silencing CHRNA5 on the expression

of stemness-associated genes; (E) the inhibitory effect of silencing CHRNA5 on the migration ability

of HCC cells was attenuated after overexpressing YAP; (F) the inhibitory effect of silencing CHRNA5

on the expression of EMT-associated markers in HCC cells was attenuated after overexpressing YAP;

(G) the inhibitory effect of silencing CHRNA5 on the spheroid formation ability of HCC cells was

attenuated after overexpressing YAP; (H) the inhibitory effect of silencing CHRNA5 on the expression

of stemness-associated genes in HCC cells was attenuated after overexpressing YAP. * p < 0.05.
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3.7. CHRNA5 Regulates Sorafenib Sensitivity in HCC

Several studies have already uncovered that YAP activity is closely associated with
sorafenib resistance in HCC [29,30]. In addition, stemness properties were also reported
to share a close association with sorafenib sensitivity in HCC [31]. Therefore, we further
evaluated the effect of CHRNA5 on HCC sensitivity to sorafenib. From the TCGA database,
we observed that a higher expression level of CHRNA5 was correlated with a worse OS
in HCC patients receiving sorafenib treatment (Figure 7A), suggesting that CHRNA5
might be associated with sorafenib sensitivity in HCC. An in vitro assay also revealed that
silencing CHRNA5 significantly decreased the IC50 of HCC cells (Figure 7B,C), which
was markedly increased when CHRNA5 was overexpressed (Figure 7D,E). The TUNEL
assay also revealed that CHRNA5 silencing augmented the apoptosis of HCC cells induced
by sorafenib, whereas CHRAN5 overexpression attenuated the apoptosis of HCC cells
induced by sorafenib (Figure 7F,G). These results suggest that CHRNA5 contributes to
sorafenib resistance in HCC and has the potential to serve as an indicator for predicting
sorafenib sensitivity in HCC patients.

 

Figure 7. CHRNA5 regulates sorafenib sensitivity in HCC. (A) The effect of CHRNA5 on the OS of

HCC patients receiving sorafenib treatment; (B,C) IC50 of sorafenib in PLC-NC and PLC-sh-CHRNA5

cell lines; (D,E) IC50 of sorafenib in Huh7-CMV and Huh7-CHRNA5 OE cell lines; (F) TUNEL

detection of PLC-NC and PLC-shCHRNA5 cell lines treated with sorafenib; (G) TUNEL detection of

Huh7-CMV and Huh7-CHRNA5 OE cell lines treated with sorafenib. * p < 0.05, + Censored Data.

4. Discussion

CHRNA5, a member of the superfamily of ligand-gated ion channels, is a vital receptor
for nicotine [32]. Thus, previous studies regarding CHRNA5 have largely focused on its
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role in nicotine dependence and lung cancer progression [33]. In this study, for the first time,
we investigated the role of CHRNA5 in HCC. The results reveal that CHRNA5 expression
level is upregulated in HCC tissues and is closely associated with tumor T stage, AJCC
phase, and patient prognosis. These results suggest the involvement of CHRNA5 in HCC
progression. The role of CHRNA5 in tumor proliferation was previously reported. In
oral squamous cell carcinoma, CHRNA5 was reported to regulate the activity of the E2F
signaling pathway, a critical regulator of cell cycle and stemness properties (33986804),
contributing to tumor growth and treatment resistance [24,25]. Ozlen Konu et al. also
reported that CHRNA5 silencing in breast cancer significantly inhibited tumor growth,
which might be attributed to the significant inhibition of cell-cycle-associated genes after
CHRNA5 silencing [34]. Their study suggested that CHRNA5 might regulate cell cycle
arrest during the G1 phase by modulating the activity of retinoblastoma family proteins
(RB), which regulate E2F1 activity by binding with E2F1 [35]. To further validate the
functional role of CHRNA5 in HCC, we induced lentivirus-mediated overexpression or
silencing of CHRNA5. We found that CHRNA5 is crucial for the proliferation of HCC cells
both in vitro and in vivo, consistent with the conclusion of previous studies in other types
of cancers. Tumor invasion and metastasis are challenges in the clinical treatment of HCC.
EMT is regarded as a critical step in tumor invasion and metastasis [36]. A previous study
suggested that CHRNA5 could regulate the migration and invasion ability of melanoma
cells [23]. Similarly, our study indicated that CHRNA5 could enhance the invasion and
metastasis ability of HCC by regulating EMT-associated genes. All of these data suggest
that CHRNA5 plays a critical role in the malignant phenotype of HCC.

Sorafenib is a multitarget molecular drug and is one of the main treatment strategies
for advanced HCC. By suppressing the activity of various receptor tyrosine kinase and
VEGF/Raf/MER/ERK-mediated multiple signaling pathways, sorafenib can inhibit tumor
cell proliferation and angiogenesis in vivo [37]. Despite the fact that sorafenib can extend
the patient’s overall survival, limited benefits were observed in more than 70% of patients
with advanced HCC as a result of drug resistance. Therefore, it is clinically meaningful
to explore the mechanisms of sorafenib resistance in HCC patients. Our results revealed
that CHRNA5 silencing could augment sorafenib sensitivity, and CHRNA5 overexpression
could attenuate sorafenib sensitivity, indicating the regulatory role of CHRNA5 in sorafenib
sensitivity in HCC. Accordingly, among patients receiving sorafenib treatment, those with
a higher expression level of CHRNA5 exhibited a worse OS compared with those with a
lower expression level of CHRNA5. These results indicate that CHRNA5 has a pivotal
role in sorafenib resistance in HCC. There is a growing amount of evidence indicating that
stemness properties, closely associated with cancer initiation and progression, also play a
significant role in treatment resistance [38]. The maintenance of stemness properties relies
on the activation of stemness-associated genes, such as Sox2, OCT4, and Nanog [38]. More-
over, several stemness-associated signaling pathways, such as Wnt/β-catenin signaling,
Notch signaling, and JAK/STAT signaling, also greatly contribute to stemness properties
in HCC [39]. In HCC, stemness properties are closely associated with drug resistance,
tumor metastasis, and recurrence [39]. Stemness properties are closely associated with
the EMT phenotype, which was previously reported to contribute to sorafenib resistance
in HCC [40,41]. Several other studies also reported that stemness properties are closely
associated with sorafenib resistance in HCC [42]. Ozlen Konu et al. observed a close associ-
ation between CHRNA5 and Wnt/β-catenin signaling, from which we can propose that
CHRNA5 might also regulate the stemness properties of breast cancer cells [34]. Consistent
with their study, our study also indicated that CHRNA5 could maintain the stemness
properties of HCC cells by regulating stemness-associated genes, to which the regulatory
role of CHRNA5 in sorafenib sensitivity could be partially attributed. Stemness properties
are also closely associated with chemotherapy resistance and radiotherapy resistance [43].
Thus, it is possible that CHRNA5 might also contribute to resistance to chemotherapy
and radiotherapy in HCC, but further experiments are needed to test this hypothesis. In
fact, previous studies have already identified the role of CHRNA5 in the resistance to
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chemotherapy in breast cancer and the resistance to radiotherapy in oral squamous cell
carcinoma [24].

YAP, playing an essential role in cancer progression, was reported to be implicated
in modulating various malignant phenotypes of cancer cells, such as cell proliferation,
migration, invasion, apoptosis resistance, EMT phenotype, and stemness properties [44–46].
In this study, data from the TCGA database exhibited a close association between CHRNA5
and the Hippo signaling pathway in HCC. Further in vitro assays revealed that CHRNA5
could regulate YAP activity, and YAP silencing was sufficient to reverse the CHRNA5-
mediated tumor-promoting effect. Thus, these results suggest that CHRNA5 promotes HCC
progression by modulating YAP activity. Recent studies also suggested the contribution of
YAP to drug sensitivity in HCC through various mechanisms. Yuan Zhou et al. reported that
YAP contributes to chemotherapy resistance via regulating the Rac family small guanosine
triphosphatase 1 (RAC1)—reactive oxygen species (ROS)—mTOR signaling pathway [47].
Darko Castven et al. reported that YAP induced stem-like properties and accounted for the
acquired resistance to sorafenib in HCC cells [48]. Ruize Gao et al. also reported that YAP
could transcriptionally initiate the expression of SLC7A11, a key transporter maintaining
intracellular glutathione homeostasis, causing resistance to sorafenib-induced ferroptosis
in HCC [29]. Consistent with previous studies, our study reveals that downregulation
of YAP activity caused by CHRNA5 silencing leads to enhanced sensitivity to sorafenib.
Thus, YAP plays a critical role in the contribution of CHRNA5 to stemness properties, EMT
phenotype, and sorafenib resistance in HCC.

5. Conclusions

In conclusion, our study demonstrates that CHRNA5 plays a significant role in pro-
moting the malignant phenotype of HCC by regulating YAP activity. Its role in sorafenib
resistance suggests the potential of CHRNA5 to serve as an indicator for sorafenib sensitiv-
ity, and targeting CHRNA5 might be a strategy for HCC treatment.
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Abstract: Cancer is one of the major leading causes of mortality in the world. The implication of

nanotherapeutics in cancer has garnered splendid attention owing to their capability to efficiently

address various difficulties associated with conventional drug delivery systems such as non-specific

biodistribution, poor efficacy, and the possibility of occurrence of multi-drug resistance. Amongst a

plethora of nanocarriers for drugs, this review emphasized lipidic nanocarrier systems for delivering

anticancer therapeutics because of their biocompatibility, safety, high drug loading and capability to

simultaneously carrying imaging agent and ligands as well. Furthermore, to date, the lack of inter-

action between diagnosis and treatment has hampered the efforts of the nanotherapeutic approach

alone to deal with cancer effectively. Therefore, a novel paradigm with concomitant imaging (with

contrasting agents), targeting (with biomarkers), and anticancer agent being delivered in one lipidic

nanocarrier system (as cancer theranostics) seems to be very promising in overcoming various hurdles

in effective cancer treatment. The major obstacles that are supposed to be addressed by employing

lipidic theranostic nanomedicine include nanomedicine reach to tumor cells, drug internalization in

cancer cells for therapeutic intervention, off-site drug distribution, and uptake via the host immune

system. A comprehensive account of recent research updates in the field of lipidic nanocarrier loaded

with therapeutic and diagnostic agents is covered in the present article. Nevertheless, there are

notable hurdles in the clinical translation of the lipidic theranostic nanomedicines, which are also

highlighted in the present review along with plausible countermeasures.

Keywords: cancer; multi-drug resistance; enhanced permeation and retention effect; nanotherapeu-

tics; cancer theranostic; clinical translation

1. Introduction

At present, cancer is one of the leading causes of mortality worldwide. As per the
demographic provided by the world health organization (WHO), cancer is accountable
for approximately 10 million deaths in 2020 [1–4]. The emerging area of nanotechnology
has proved very promising in cancer therapeutics [5]. Despite tremendous efforts in the
research area of carcinomas alleviation through nanomedicines, there are a very few ap-
proved nanomedicines such as Doxil®, Myocet®, Abraxane®, Depocyt®, Genexol® [5,6].
The FDA-approved Doxil was thought to be a revolutionary lipidic nanomedicine when
it was successfully developed. However, it was demonstrated in a clinical study that it
exhibited poor therapeutic efficacy [7,8]. Harrington and colleagues conducted a study in
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which they monitored tumor uptake of 111In-labelled poly(ethylene glycol) coated (PEGy-
lated) liposomes in 17 patients with locally advanced cancers [9]. In this study, they were
able to successfully demonstrate the major reason for the therapeutic failure of Doxil [9].
The study outcome revealed a very important and highly ignored aspect of in vivo fate
of nanomedicines, targeting different forms of carcinomas. The study has confirmed that
the accumulation of 111In-liposomes did take place in tumor restricted areas, but the con-
centration of nanoformulation that was retained in the tumor cells varied largely across
different patients and tumor types [9,10]. In cancer patients, it has been established that
enhanced permeation and retention effect (EPR) in which tumor vasculature becomes im-
paired and lymphatic drainage becomes deficient, felicitates drug accumulation in tumor
cells, but that concept cannot be generalized after such findings [9,10]. Several factors affect
nanomedicine accumulation and retention in tumor cells that need substantial considera-
tion, such as tumor heterogeneity that causes diversified uptake of nanomedicines [11,12].
Tumor heterogeneity could be attributed to the distinctive cellular morphology, expres-
sion of efflux or influx transporters such as P-glycoprotein, presence of receptors, gene
expression, metabolism, proliferation, and metastatic potential.

Besides, there is considerable constraint at different levels of nanomedicine adminis-
tration (as shown in Figure 1) journey in vivo that governs the overall therapeutic efficacy
of nanomedicines. When nanomedicine is administered systemically, then it encounters
different physical, chemical, and physiological barriers that hinder its reach to tumor
cells. After getting across these barriers, there are significant hindrances at the tumor
microenvironment level that severely affect drug accumulation [11–13]. These hindrances
include abnormal structure and highly variable density of tumor vasculature that greatly
interfere with the optimal diffusion of nanomedicines. In addition, the pressure exerted
by interstitial fluid and tightly packed tumor cells is very high, which avert the diffusion
of nanomedicines across the tumor milieu. Moreover, a highly dense extracellular matrix
greatly restricts nanoparticle extravasation and interstitial diffusion (Figure 1) [11–13].

 

Figure 1. Barriers to efficacious in vivo performance of nanomedicines.

Therefore it was realized that there is a major lacuna in our knowledge of the patho-
physiological complexities and heterogeneity of tumor sites that affect the therapeutic
efficacy of nanomedicines. Those patients are not even identified who are likely to benefit
most from given nanomedicine-based chemotherapy [14].
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Then next, the in vivo nanomedicine behavior knowledge is restricted to animal data
and the animal models used do not mimic the actual in vivo conditions [15–20]. Usually, the
NPs targeted for solid tumors after systemic administration are accumulated in the tumor
through the EPR effect. Nevertheless, several crucial aspects related to EPR interpretation
have been greatly overlooked, such as the influence of nanomedicine–protein interaction,
blood circulation, tumor tissue penetration, and tumor cell internalization. Furthermore,
all these biological processes are greatly affected by nanomedicine properties (for example,
size, geometry, surface features) thus there are so many factors governing EPR effects driven
in vivo nanomedicine behavior that cannot be predicted from animal data for humans. To
date, there is not a single model that can completely replicate the entire facets of human
malignancy [15–17]. This issue can be addressed if diagnosis and therapy can be combined
as one approach in developing lipidic nanomedicines targeting cancers (Figure 2).

 

Figure 2. Brief depiction of how lipidic theranostic can help in cancer alleviation via multi-functionalized aspects such as

coupling of the imaging probe, surface with gold nanoparticles for photothermal therapy.

A cancer diagnosis has a very significant role in the context of precision of chemother-
apeutic medication. Diagnosis specifically implicates recognizing the presence of a tumor
in the body and evaluating its extent to identify if it is at its early developmental stage or
re-occurrence case [1,2]. Importantly, identification of precancerous lesions could result in
a successful intervention of cancer and its complete alleviation. Early diagnosis is certainly
life-saving in cancer treatment. Once the existence of cancer is confirmed, diagnostic tools
are implicated in identifying specific molecular abnormalities in tumors that govern the
medications to be provided accordingly. Nowadays, with advances in biomedical technolo-
gies, novel diagnostic approaches are being investigated that will enable the identification
of cancerous and precancerous cells at the molecular level and provide information about
their pathophysiology. The combination of diagnostics with therapeutics makes it easy to
know the progress of treatment and the real-time state of cancer while receiving therapy.
Moreover, imaging agents/drug trackers can help greatly to know the in vivo fate or trav-
eling of a drug in systemic circulation or at the tumor and can also determine the kinetics
aspect of anticancer drug/drug loaded formulation [20,21]. That is why the use of imaging
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biomarkers such as radioactive substances taken up by tumors and visualized through diag-
nostic modalities such as Computed Tomography (CT), Magnetic resonance imaging (MRI),
positron emission tomography (PET), and single-photon emission computed tomography
(SPECT) is attaining a lot of attention in oncology these days. Taking into consideration
the phenomenon of tumor metastases on the way to cancer mortality, the combinatorial
approach of diagnosis and treatment that is theranostic will be of substantial importance for
the assessment of EPR and nanomedicine penetration. The clinical translation of anticancer
nanomedicines could see a breakthrough outcome via the introduction of a theranostic
approach that can intently trace the in vivo fate of drugs and assess the progression of
alleviation of human tumors via encapsulated nanomedicines [18–21].

Therefore, the diagnosis in combination with therapy is quintessential for embarking
on a level of cancer treatment that could offer highly efficacious clinical outcomes. In this
review, an insight of a combination of therapy and diagnosis, which is called theranostic, is
provided, covering the brighter prospects and the challenges accompanied with it. The
lipidic nanomedicine-based theranostic is also the highlight of this present review. A
comprehensive account of different research updates in the field of lipidic nanocarrier
loaded with diagnostic agents is envisaged. Nevertheless, there are notable hurdles in the
clinical translation of the lipidic theranostic nanomedicines, which are also discussed in
the upcoming section of the present review.

2. Significance of Lipid-Based Theranostic Nanoparticles in Cancer Therapy

Early detection of carcinomas is of great pertinence for their successful alleviation.
Firstly the diagnosis of the type of tumor, its metastatic state, and the patient history need to
be identified to initiate the appropriate therapy. Here theranostic plays a crucial role. Once
correctly and profoundly diagnosed, then the nanomedicine-based therapy could be started
relevantly. However, the monitoring of the in vivo fate of nanomedicine is a vital aspect of
assessing the progression and efficacy of cancer therapy. That is why co-encapsulation of
imaging agents and drugs in a single nanocarrier system could contribute significantly in
assessing the progression of treatment and exact and precise state of the response of cancer
towards provided therapy [21–23].

Theranostic nanomedicine could be prepared in multiple manners. The lipid nanocar-
riers have been proven superiority over polymeric and inorganic nanoparticles in terms
of biocompatibility, safety, and biodegradability besides other beneficial considerations
from a cancer theranostic perspective (as summarized in Figure 3) [7–9]. Therefore, in
this review, we are concerned with lipidic theranostic for cancer, and we will be focusing
on the vesicular or micellar lipidic structures. Different shapes and structures can be
formulated depending on the type of lipidic nanocarrier chosen (as shown in Figure 4). In
nanoemulsions, the theranostic agent and drug are entrapped in oil globules targeted for
specific tumor sites. In liposomes, imaging agents can be encapsulated with drugs either in
an aqueous core or bilayer lipidic shell. In solid lipid nanostructure (SLN), the imaging
agent is intercalated in the solidified lipid matrix. Whereas, in nanostructure lipid carrier
(NLC), the drug and the imaging agent are dispersed in the imperfections of oil and solid
lipid hybrid matrix. However, optimizing lipid theranostic nanomedicines with balanced
size, shape, polydispersity index, surface charge, and stability, is a challenging task in itself
that we will discuss in detail in later sections.

The imaging agent that is incorporated with the drug in lipidic vesicles must possess
great compatibility with conventional diagnostic techniques such as X-ray, ultrasound
(US), CT, MRI, PET, or SPECT [24]. The contrasting agents used in theranostic usually
include metals or inorganic agents (such as iron oxide) as they exhibit free electrons whose
excitatory phase can be used as imaging modalities (MRI). Different semiconductor-based
nanoparticulate systems (such as quantum dots) of colloidal dimension are also being
extensively employed in in vivo diagnostics [25]. Fluorescent silicon nanoparticles are also
employed as an imaging agent for foreseeing in vivo prospects [26].
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MRI is one of the most commonly used diagnostic modalities, which depends upon
mobile protons of water molecules for detecting signals. The MRI images can be perceived
via proton concentration in body tissues or else via their longitudinal and transversal
relaxation times, T1 and T2, respectively. A plethora of contrast agents are being used for
MRI. Amongst them, fluorine-containing contrast agents have garnered splendid attention.
Owing to its excellent magnetic property, 100% natural abundance, one-half spin, sensitivity,
and gyromagnetic ratio comparable to a proton, fluorine has become the contrast agent of
choice for MRI. Furthermore, with 19F in vivo tracing and imaging can be accomplished
without any background signals created by endogenous fluorine. Nonetheless, there has
been a limitation with fluorine as its large concentration (10–50 millimolar) is needed for
adequate signal intensity in comparison to other contrast agents [27].

The promising combination of imaging along with nanomedicine-based therapy has
the extremely worthy potential of overcoming the pathophysiological hurdles that under-
mine the efficiency of cancer therapy. The simultaneous examination of nanomedicine reach
to tumor cells, amount of drug release, off-site tumor drug distribution, and uptake via host
immune system are those aspects, which can tremendously affect the therapeutic outcome.

Until recently, the lack of interaction between diagnosis and treatment has hampered
efforts to deal with cancer effectively. This new paradigm with simultaneous multifunc-
tionality of imaging (with contrasting agents), targeting (with biomarkers), and delivering
chemotherapeutic agents in one lipidic nanocarrier system seems to be very promising in
overcoming various hurdles in effective cancer treatment.

 

Liposomes: Highly biocompatible, high drug loading, Long circulating half life via
PEG coating, high accumulation in tumor tissue, diagnosting agent can br successfully
incorporated, multifunctionalized capacity

Nanoemulsion: Effecient encapsulation and release of poorly soluble drugs,
safe to administer, efficient accumulation in tumor cells, Biocompatible, non-
toxic, multicomponent lodging

SLN: Sustained and substantialy increased accumulation of drug at tumor
cells, prolonged in vivo circulation half life, non-toxic, biocompatible,
theranostic agent can be easily encapsulated

NLC: Efficient encapsulation of poorly soluble drugs and theranostic agents, By
pass hepatic uptake, promote lymphatic uptake, high drug loading capacity,
sustained release of anticancer agents, enhanced antitumor activity

Polymer-lipid hybrid: High stability, greater drug loading, substantially enhanced
anticancer and imaging potential, great scope of improvisation with different
advancements in targeting strategies

Figure 3. Potential advantages of different types of lipidic formulations in cancer theranostic.
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Figure 4. Different types of lipid nanoparticles viz. nanoemulsion, liposome, solid lipid nanoparticle (SLN), nanostructured

lipid carrier (NLC), and micelles with significant utility in cancer imaging and therapy.

3. Different Types of Lipid Nanoparticles for Cancer Theranostics: An Update of
Recent Studies

Biocompatibility and safety are the major reasons for choosing a lipidic nanocarrier
system as cancer theranostic in this review. Certainly, prolonged in vivo circulation half-
life, high encapsulation capacities for drug and imaging agents, substantial accumulation
at tumor sites, and improvisation susceptibility for multiple functioning are the other
significant advantages with lipidic nanocarrier system [28–30]. Lipidic nanocarriers have
their own sets of advantages, which give them an edge over other nanoformulations.
Recent research studies demonstrated lipidic theranostic nanomedicines to be a promising
and potential approach for raising the efficacy of cancer treatment to a hallmark level, as
discussed hereunder. The different lipidic nanocarriers include liposomes, nanoemulsions,
SLN, NLC, and lipid nanocapsules. However, advanced lipidic nanocarriers such as SLN
and NLC are still unexplored for cancer theranostic as there are very few studies conducted
thus far.

3.1. Nanoemulsion

Nanoemulsions have gained huge attention for the efficient delivery of lipophilic
anticancer drugs. The nanometric size, large surface area, thermodynamic stability, high
drug loading capacity, easy scalability, biocompatibility, favorable drug release profile
are the characteristic attributes of nanoemulsion that make it worthy of profound explo-
ration in chemotherapeutics [31,32]. The nanoemulsions, mostly oil-in-water types, are
optically transparent colloidal dispersion constituted of oil and water, wherein surfactants
and co-surfactants create a stable coating over the dispersed droplets to form a physic-
ochemically stable nanoformulation [32]. The excipients of nanoemulsion are generally
recognized as safe (GRAS) grade making the formulation highly safe to administer with
improved bioavailability and therapeutic efficacy. Different strategies have been reported
of late, wherein contrast and chemotherapeutic agents are entrapped in nanoemulsion for
selectively targeting tumor microenvironment (TME) for both diagnostic and therapeutic
drive [33–37]. Nonetheless, there are many obstacles in their journey from animal models
to afflicted cancer patients, including firstly physicochemical stability of theranostic na-
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noemulsion, subsequently, its in vivo fate, then degradation, and clearance from the system,
along with long-term stability and toxicities concerns. Various attempts have been made
thus far to surmount these hurdles and to entrap chemotherapeutic agents and diagnostic
agents in nanoemulsion, particularly from the perspective of developing an efficient cancer
theranostic agent that is highly capable of clinical translation (Figure 5).

 

α β

Figure 5. Brief depiction of how lipidic theranostic can help in cancer alleviation via multi-functionalized aspects such as

coupling of the surface with targeting ligand; entrapped theranostic agent, PEG coating on the surface for evading systemic

clearance, bound oxygen for enhancing photothermal therapy, surface anchored contrasting agent.

The major challenge associated with developing lipid theranostic nanomedicine,
which is also the major limitation in their clinical translation, is that the incorporation of
several components in one nanocarrier [38]. This integration of numerous constituents
in nanodispersion causes polydispersity, heterogeneity, and also difficulty in scalability
issues [38]. In an attempt to address these issues, Zhang and coworkers 2020, developed
fluorinated nanoemulsions with remarkably improved fluorescence imaging signals for
selective and sensitive tumor detection [38]. Their theranostic approach was highly ca-
pable of selectively recognizing the specific type of tumor (integrin αvβ3 overexpressed
cancer cells), potential tracing of in vivo fate of nanoemulsion, and offering highly efficient
photodynamic therapy. The meticulous approach averted many ingrained concerns with
conventional nanomedicine, including polydisperse polymers, heterogeneous constituents,
and complex formulation. Importantly, this approach imparted multiple functional aspects
to the nanoparticles with tumor-targeting accompanied with quantitative and sensitive mul-
timodal imaging (FL, 19F MRI, 129Xe hyper-CEST MRI), and PDT with a high therapeutic in-
dex [38]. Huang and associates 2019, designed an integrated system of multimodal imaging
signals and PDT function into a poly(ethylene glycol)-boron dipyrromethene amphiphile
(PEG-F54-BODIPY) with 54 fluorine-19 (19F), as an “all-in-one” nanocarrier [39]. This novel
amphiphile acquired various unique and desirable attributes that make it potential cancer
theranostic agents. The developed nanoemulsion was having distinctive structure-based
fluorescent, photoacoustic, and magnetic resonance properties and prolonged tumor re-
tention time for repeated PDT treatment, and great biocompatibility. The study outcomes
revealed in the melanoma cancer xenograft model, developed nanoemulsion can be effi-
ciently used as an activatable nanoprobe with improved sensitivity of multimodal imaging
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for tumor recognition [39]. One more very interesting attempt was made by Fernandes
and Kolios 2019, to increase the selectivity and targeting of nanomedicine for substantially
afflicting cancer cells without causing any harm to nearby cells and off-tumor areas [40].
The fabricated perfluorohexane nanoemulsions possess the ability to selectively target
cancer cells as these nanoparticles carry therapeutic agents, which have slow release rates
and become vaporized into perfluorohexane bubbles without any rise in temperatures
that could affect normal cellular function. Their ability to use higher concentrations of
theranostic agents could be of significant advantage in improving therapeutic efficacy and
imaging ability in clinical applications. In this study, the ability of nanoemulsions to cart
therapeutic agents, doxorubicin, and paclitaxel, specifically for the treatment of breast
cancer, was investigated. The study outcome revealed that perfluorohexane nanoemulsion
could be efficiently internalized in cancer cells and could cause significant cell death. The
developed nanoemulsion with concurrent laser excitation capability exhibited tremendous
potential for destroying all tumor cells and emerging as a competent theranostic agent
for averting the growth of cancer cells [40]. Furthermore, Zheng and associates, 2019
fabricated a novel nanoemulsion with a porphyrin shell (NewPS), and it was the simplest
yet multifunctional nanoemulsion system developed thus far [41]. The porphyrin salt shell
permitted the encapsulation and stabilization of the oil core, yielding a monodisperse,
spherical nanostructure with excellent colloidal stability. The inherent multimodality of
porphyrins enabled the multifunctionality of NewPS for imaging and phototherapy. More-
over, the oily core felicitates the efficient loading of hydrophobic anticancer molecules. The
study established formable and intelligible, surfactant-free nanoplatforms for theranostic
cancer applications. This novel two-component NewPS served as an innovative avenue for
multimodal cancer imaging, phototherapy, and image-guided drug delivery [41].

In light of such studies, it is anticipated that nanoemulsions-based theranostic could
offer promising opportunities in cancer treatment.

3.2. Liposomes

Liposomes stand tall in the crowd of conventional lipidic nanocarrier systems owing
to their inimitable characteristic attributes. Their unique structure comprised of unilamellar
lipid bilayers that nest an aqueous core offers great flexibility of easy incorporation of
multicomponent. It also provides an option for both hydrophilic and lipophilic chemothera-
peutic drugs and contrast agents. Besides biocompatibility, safety, biodegradability aspects,
liposomes also offer an enormous scope of surface improvisation for selectively targeting
tumor cells [42]. Recent literature highlights that liposomes have been amongst the topmost
area of active research of cancer theranostics. At present, they are being largely investi-
gated for incorporating and targeting cancer via contrast agent such as 64Cu [43] and 14C
isotopes [44], QDs [45], gadolinium (Gd)-based contrast agents [46], super paramagnetic
iron oxide particles (SPIONs) [47], and fluorescent probes [46,48].

The upcoming section will throw light upon the latest research studies that have con-
firmed the substantial potential of liposomes as cancer theranostic that could be successfully
taken to clinics.

Prasad and associates 2021; fabricated liposomal nanotheranostics in which gold
nanoparticles (AuNPs) and emissive graphene quantum dots (GQDs) were encapsulated
along with a chemotherapeutic agent [49]. The surface of the liposome was functionalized
with folic acid for targeted delivery. The prepared targeted liposomal theranostic demon-
strated site-specific tumor diagnosis and photo-triggered tumor extirpation. The study
outcome confirmed specific and enhanced cellular uptake, prolonged internalization in
tumors, and substantial contrasting and therapeutic efficacy of nanotheranostic liposomes
with dual imaging probes. The synergistic effect of anticancer drugs and photothermal
effect exhibited superior tumor impedance, in contrast, to stand-alone therapy. Moreover,
these multicomponent loaded liposomes have good colloidal stability, biocompatibility,
and biodegradability as demonstrated in in vivo imaging. Therefore the developed nano
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hybrid liposome nanotheranostic served as a safe and tremendously potential platform for
multifunctional tumor diagnosis and targeted therapy [49].

Furthermore, Karpuz and associates 2020, investigated the in vivo therapeutic prospect
and contrasting efficacy of paclitaxel and vinorelbine loaded, Tc-99m radiolabeled, folate
targeted nanosized liposomes [50]. The study outcomes demonstrated targeted delivery of
chemotherapeutic agents, which got efficiently lodged in tumor vasculature and resided
there for a prolonged time, causing substantial reduction of tumor growth. The in vivo
images confirmed mitigated off-site accumulation and toxic effect of liposome theranostic
nanomedicines [50].

In another interesting research study, a very serious issue of brain metastasis (BM) and
tyrosine kinase inhibitor (TKI) resistance that are the two major challenges in non-small
cell lung cancer (NSCLC) treatment were addressed [51]. Yin and associates designed a
dual-targeting liposomal system for co-delivery of gefitinib and simvastatin to treat BM of
NSCLC. The study confirmed via fluorescence imaging that dual-targeted liposome could
efficiently cross the blood–brain barrier and is highly capable of reversing drug resistance.
Therefore, the developed liposomal formulation represents a potential strategy for treating
advanced NSCLC patients with BM [51].

Bush and coworkers 2020 also came up with an interesting concept of acoustic cluster
therapy (ACT) that constitutes of co-administration of a formulation containing microbub-
ble constellations, along with regular anticancer drug and local US insonation of the
targeted tumor tissue. The microbubble cluster efficiently resided in the tumor’s mi-
crovasculature [52]. The therapeutic efficacy of ACT with liposomal doxorubicin for the
treatment of triple-negative breast cancer using orthotopic human tumor xenografts in
athymic mice was assessed. The study outcome established substantial increase in the
therapeutic efficacy of Doxil® when combined with ACT [52]. Another crucial study that
encourages the concept of application of liposome in cancer theranostic was conducted
by Prabhakar and Banerjee 2019 [53]. They formulated submicron-sized (528.7 ± 31.7 nm)
nanobubble-paclitaxel liposome (NB-PTXLp) complexes for ultrasound imaging and ultra-
sound responsive drug delivery in cancer cells. The concept resulted in more than 300-fold
higher anticancer activity of NB-PTXLps in the presence of ultrasound in MiaPaCa-2, Panc-
1, MDA-MB-231, and AW-8507 cell lines, in contrast to commercial formulation Abraxane®.
Therefore, the novel NB-PTXLps served to be a promising and triflingly invasive theranostic
scaffold for cancer therapy in the forthcoming scenario [53].

The research studies discussed in this section undoubtedly unveiled enormous oppor-
tunities to facilitate the targeted chemotherapeutic delivery with concomitant in vivo imag-
ing utilizing liposomes. Further research is envisaged to take these studies to clinical trials.

3.3. Solid Lipid Nanoparticles (SLN)

The second-generation lipid nanocarrier includes SLN, which are spherical colloidal
nanoparticles with a solid lipid core comprised of waxes, triglycerides, fatty acids, and
are stabilized by surfactants. Their size usually falls within the 50–100 nm range and is
exclusively known for their biocompatibility, higher susceptibility of lymphatic uptake, and
sustained drug release [54,55]. In cancer, alleviation chemotherapeutics loaded SLN is very
promising [54–56]. Nonetheless, they are capable of efficiently carrying contrast agents
along with anticancer drugs and provide simultaneous treatment and diagnosis, as evident
in outcomes of recent research studies. Kuang and coworkers have demonstrated in their
study that solid lipid nanoparticles (SLNs) conjugated with c(RGDyK) were designed
as efficient carriers to improve the targeted delivery of IR-780 to the tumors [57]. The
multifunctional cRGD-IR-780 SLN significantly improved the tumor-specific targeting,
efficacy of photothermal therapy along with spontaneous imaging of in vivo journey of
SLN incorporated IR-780 iodide nanomedicine [57].

SLNs have been investigated for integrating many contrasting agents, particularly su-
perparamagnetic iron oxide [58], technetium-99 (99mTc), 64Cu [59], and quantum dots [60,61].
Very recently, a research study came up with SLN cancer theranostic wherein SLN was
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encapsulated with QD as a contrast agent [54,62]. The chemotherapeutic agent was the
combination of Paclitaxel and siRNA. The solid lipid matrix was interspersed with pa-
clitaxel and QD whereas siRNA, which was anionic, was electrostatically linked on the
outer cationic surface. The combination of dual therapeutic agent paclitaxel and siRNA
loaded in SLN got efficiently accumulated in lung carcinoma and exhibited synergistic
anticancer activity. Importantly QD fluorescence in SLN made it possible to track higher
in vivo cellular uptake of SLN on-site and mitigated uptake at off-site cancer cells. This
study confirmed the potential theranostic applicability of SLN as a nanocarrier [54,62].

In another interesting research study, Morel and associates have revealed the successful
integration of gadolinium (Gd) (III) complexes in SLN that would be contributing as an
efficient and favorable oral contrast agent for MRI [63]. The percentage of Gd (III) complex
entrapped in SLN was substantially higher as confirmed by average longitudinal relaxivity
for Gd (III) complex in SLN system and pure water (25 ◦C, pH 7, 20 MHz) [63].

Another research study conducted by Andreozzi and associates is clear evidence of
the multifunctional theranostic ability of SLN [59]. They radiolabelled SLN with 64Cu
and assessed its bio-distribution by in vivo quantitative assessment, PET imaging, and ex
vivo gamma counting. The study outcomes validated the simultaneous in vivo imaging
and tumor ablation potential SLN theranostic, which is also safe, biocompatible, and
biodegradable [59].

The research studies conducted thus far are very limited in numbers, and several
other important aspects of SLN also need profound exploration from a cancer theranostic
perspective, such as stimulation of lymphatic absorption by SLN. Whatever literature we
have discussed can corroborate the efficient in vivo imaging and drug delivery utilizing
SLNs along with the safe theranostic application, biocompatibility, and biodegradability, of
developed nanomedicine. The results established that the SLN theranostic nanoformulation
developed is optimistic for hallmark contribution in the field of cancer treatment with
simultaneous diagnosis.

3.4. Nanostructured Lipid Carriers (NLC)

NLC is a smart next-generation nanocarrier with a unique hybrid matrix of solid and
liquid lipids stabilized by surfactants. The imperfect crystalline or amorphous structure
possesses an enormous potential of high drug loading and improvised drug release. Latest
research studies indicate the promising role of NLC in cancer theranostic. Of late, Li and
coworkers successfully developed a multifunctional nanocarrier of Coumarin 6 fluorescent
dye and IR 780 encapsulated CXCR4-targeted NLCs for breast cancer alleviation also
employing photodynamic therapy [64]. The developed system proved to be highly efficient
in debilitating tumor progression and metastasis and concurrently allowing imaging [64].

Olerile and coworkers prepared a NLC loaded with QD and paclitaxel that was highly
capable of monitoring and tracking tumor growth and simultaneously impeding tumor
cells in the murine tumor model of hepatocellular carcinoma [65]. Researchers confirmed
the great cancer theranostic potential of NLC as it was efficiently enabling targeted delivery
with concomitant in vivo imaging [65].

Another very promising approach in the area of cancer theranostic utilizing NLC
was reported. Camptothecin encapsulated-NLC was formulated conjoined with QD and
fluorescent imaging probes that were capable of detecting the lodging, internalization,
cytotoxicity, and biodistribution of NLC nanomedicine [66]. The study outcome established
that NLC coordinated with QDs and an anticancer drug offered efficient tumor imaging and
drug delivery and such accomplishment with a novel nanocarrier system was remarkable
and worth mentioning here [66].

An interesting attempt was made to deliver paclitaxel-loaded NLC with folic acid
dispersed hybrid lipid matrix [67]. The paclitaxel-loaded NLC was radiolabeled with
99mTc(CO)3+. Due to the imperfection in a matrix structure, too many components were effi-
ciently loaded in NLC as reflected by in vitro stability of developed formulation, which was
up to the mark (>90%). Results indicated that 99mTc(CO)3+-radiolabelled paclitaxel NLC

324



Pharmaceutics 2021, 13, 840

was capable of identifying folate receptors overexpressed in tumor cells. The developed
formulation was successfully localized at the specific targeted tumor areas without any
off-site distribution and the uptake by RES on intravenous administration. The concurrent
imaging efficiently depicted the in vivo fate of paclitaxel-loaded NLC that is very much
desirable for an optimal therapeutic implication [67].

As the data concerning NLC theranostic for cancer is very restricted, there is a
great need for a lot more investigation to be envisaged to explicitly explore multiple
beneficial aspects of advanced lipid nanocarrier and pave the way for their successful
clinical translation.

3.5. Lipid Nanocapsules (LNCs)

LNCs are also amongst the next-generation lipid nanocarrier systems with lipoprotein-
like structures whose size falls within 1–100 nm. The structure of LNCs is a blend amidst
polymeric nanoparticles and liposomes as they have an oily core with an exterior built
of a tensioactive rigid membrane. LNCs are a novel lipid nanocarrier system and can be
prepared via phase inversion of emulsions and organic solvent-free-based procedures [68].

Nevertheless, researchers consider LNCs as an optimistic platform for cancer ther-
anostic as well. A very recent study further confirmed the promising outlook of LNCs
in cancer theranostic. To selectively target tumor cells, QDs-based lipid nanocapsules
(LNCs) encapsulated with celecoxib, and honokiol were designed and investigated. The
study outcome revealed efficient accumulation and intracellular uptake of LNCs in tumor
cells, and their internalization was progressively traceable via fluorescence restoration.
The LNCs established highly improved and superior anticancer efficacy of LNCs against
breast cancer cells. The developed system could be applied as a potential multifunctional
nanotheransotic for imaging and targeted therapy of breast cancer [69].

3.6. Lipid-Based Micelles

Lipid-based micelles are the spherical structure of lipid molecules, in which they
aligned themselves in aqueous solutions. This class of lipid nanocarrier system is un-
explored to date, but it could also serve as a potential and promising therapeutic cum
diagnostic nanomedicine for cancer treatment. In a study, Ma and coworkers developed
a lipid-based micelle encapsulated with docetaxel (M-DOC) that possessed marked an-
ticancer efficacy and mitigated toxicity in the xenograft breast cancer model [70]. The
lipid-based micelles need to be duly explored for their cancer theranostic potential in the
near future.

Table 1 enlists the different lipidic nanomedicine investigated for the theranostic applica-
tions in cancer and summarizes their theranostic outcomes in different experimental models.

Table 1. Theranostic application of lipidic nanomedicines for cancer therapy.

Lipidic Nanocarrier
Chemotherapeutic

Agent
Diagnostic Agent/Modality

Experimental
Model

Theranostic Outcome Ref.

Nanoemulsion

PDT

fluorinated cryptophane-A and
porphyrin self-assembled onto the

surface of fluorinated
nanoemulsions-19F MRI and

fluorescence imaging

Xenograft A549
tumor mice.

A high therapeutic efficacy; low
toxicity;

high tumor
accumulation of nanoemulsion

[38]

PDT
Fluorescence probe/photoacoustic/19F

magnetic resonance multimodal
A375 melanoma
xenograft model

The remarkable efficiency of PDT on
hypoxic solid tumors via a single
injection of the drug; outstanding

diagnostic ability

[39]

Doxorubicin and
Paclitaxel

Perfluorohexane (PFH) vaporized
bubbles as an Ultrasound contrast agent

MCF-7 cells

Markedly enhanced PFH-NEs
targeting and lodging in tumor region

with simultaneous treatment
monitoring.

[40]

Paclitaxel and PDT
Porphyrin NE shell-based photoacoustic

imaging and
fluorescence imaging; CT contrast

Mice bearing
tumors

multimodal cancer imaging,
highly efficient phototherapy and

image-guided drug delivery
[41]
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Table 1. Cont.

Lipidic Nanocarrier
Chemotherapeutic

Agent
Diagnostic Agent/Modality

Experimental
Model

Theranostic Outcome Ref.

Liposomes

Doxorubicin HCl
gold nanoparticles (AuNPs) and
emissive graphene quantum dots

(GQDs)

Breast
tumor-bearing
mice models

specific and enhanced cellular uptake,
prolonged internalization in tumor

and substantial contrasting and
therapeutic efficacy

[49]

Paclitaxel and
vinorelbine

Tc-99m radiolabeled
NSCLC

tumor-bearing
C57BL/6 mice

Effectively inhibited tumor growth
completely restricted lung metastasis

[50]

Gefitinib and
simvastatin

Fluorescence imaging

Brain Metastasis
(BM) mouse model

developed by
intracranial

transplant of the
H1975 NSCLC cells

Efficient permeation across the
blood–brain barrier and high
capability of reversing drug

resistance.

[51]

Doxorubicin
Acoustic cluster therapy (ACT);

Ultrasound insonition

orthotopic human
tumor xenografts
in athymic mice

Substantial increase therapeutic

efficacy of Doxil® when combined
with ACT

[52]

Paclitaxel and
ultrasound

responsive drug
delivery

Ultrasound imaging
MiaPaCa-2, Panc-1,
MDA-MB-231, and
AW-8507 cell lines

300-fold higher anticancer activity in
contrast to ABRAXANE.

[53]

SLN

Paclitaxel and
siRNA

Quantum dots A549 cancer cells
Efficient in situ

visualization of intracellular
translocation of SLNs into cancer cells.

[54,
62]

64Cu, PET imaging, and ex vivo gamma
counting

Mice

64Cu-radiolabelled SLN and their
biodistribution was efficiently

quantitatively evaluated
[59]

NLC

Paclitaxel Quantum dots
HepG2

cells/Female
Kunming mice

Imaging established splendid
capability of the co-loaded NLC to

specifically target and detect the H22
tumor.

[65]

IR 780 and
Photothermal

therapy
fluorescent probe coumarin 6

4T1-luc cell line in
BALB/c female

mice

Notably enhanced photothermal
anti-tumor effect as well as

anti-metastatic efficacy in vivo
[64]

Camptothecin Quantum dots Melanoma cells
camptothecin accumulation in

melanomas increased by 6.4-fold
[66]

Paclitaxel 99mTc(CO)3+ Wistar Albino rats.
Substantially high cellular uptake and

concurrent imaging
[67]

Lipid nanocapsule
Celecoxib and

honokiol

fluorescent mercaptopropionic
acid-capped cadmium telluride was

coupled with quantum dots as an
imaging probe

human breast
cancer cells: MCF-7
and MDA-MB-231;

EAT model

Highly improved and superior
anticancer efficacy; Efficiently
traceable LNC internalization

[69]

Lipid-Polymer
Hybrid

Platinum (IV)
(Pt(IV)) prodrug

(glutathione (GSH)-sensitive platinum
(IV) for Ultrasound imaging

αvβ3-
and αvβ5-positive

SKOV3 human
ovarian tumor cells

and αvβ3- and
αvβ5-negative
A2780 human

ovarian
tumor cells

Significant therapeutic efficacy and
limited side effect

[71]

4. Advancement in Lipid-Based Nanoparticles for Cancer Theranostics

4.1. Polymer-Lipid Hybrid System

Lipid polymer hybrid is next-generation lipid nanocarriers and has obtained its
foundation from the amalgamation of liposomes and polymeric nanoparticles. They have
a polymeric core enclosed by a lipid bilayer shell kind of structure. Many researchers claim
it to be a very promising nanocarrier for anticancer drug delivery, however, its potential is
not duly tapped and remains unexplored to date. In recent research, Huang and associates
developed multifunctional tumor-targeted polymer-lipid hybrid nanoformulation, which
was loaded with ultrasound contrast agents (glutathione (GSH)) and prodrug (Pt(IV))
for targeted delivery of theranostic nanomedicine against ovarian cancer. The nanosized
formulation was composed of a perfluorohexane (PFH) liquid core, a hybrid lipid-polymer
shell, and an active targeting ligand, which demonstrated improved cellular uptake. The
study findings established Pt(IV) encapsulated lipid-polymer as a novel multimodality
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platform exhibiting excellent anticancer activity and substantially reduced toxicity and
signifying a powerful theranostic nanomedicine for combating ovarian cancer [71]. The
research outcome encourages further exploration of this class of lipidic nanocarriers to be
envisaged for beneficial prospects in the field of cancer theranostic.

4.2. Endogenous High-Density Lipoprotein Derived Nanoparticles

Nanocarrier systems comprising endogenous high-density lipoprotein (HDL) could
emerge as potential lipidic nanocarrier-centered cancer theranostic options owing to their
non-immunogenicity, complete biodegradation, and infrequent reticuloendothelial system
(RES) uptake [72–74]. HDL-like peptide- phospholipid nanovesicles (HPPS) imitate the
structural and functional attributes of plasma-derived HDL [74–77]. He and coworkers
recognized a TfR mAb (monoclonal antibody) tailored nanomedicines for improved tumor
targeting. They demonstrated that drug entrapped HPPS based nanomedicines adapted
with explicit ligands could muddle to receptors on the surface of tumor cells, resulting
in the accretion of nanomedicines on the exterior surface of targeted cells [75–90]. It was
concluded that developed HPPS based nanomedicine holds the potential to strengthen
targeting to tumor cells and attains favored recognition by specific antibodies in a complex
biological setting [91]. Such intricately woven novel research concept needs to be brought
forth and encouraged thus that these kinds of potential research perceptions can be mul-
tiplied. Huge benefits can be extracted from such studies for accomplishing successful
targeting of lipidic cancer theranostic nanomedicine.

Fayad and coworkers presented very interesting work on HDL-based multimodal
nanotheranostic for targeting and imaging tumors [92]. The developed HDL nanoparticles
got non-selectively accumulated and selectively binding to angiogenic active blood vessels.
For targeting such angiogenic endothelial cells, HDL was reconstituted with gadolinium
chelates and fluorescent dyes, and their surface was functionalized with αvβ3-integrin-
specific RGD peptides. The incorporation of such peptides felicitated uptake of HDL-based
nanoparticles by angiogenic endothelial cells as visualized in MRI after administration
of developed nanoparticles in tumor-bearing mice. The study findings demonstrated
the substantial possibility of redirecting HDL from their natural route towards tumor-
ridden blood vessels along with successful imaging and tracing of an entire pathological
process [92].

4.3. Hybrid Lipid-Inorganic Nanomaterials

Most recently, there has been a paramount focus shifted towards an exploration of hy-
brid lipid-inorganic nanomaterials, which combine and multiply the desirable attributes of
both classes of nanocarriers, including lipidic nanocarriers and inorganic nanoparticles. The
lipid nanocarrier system employed for such application includes liposomes, nanoemulsion,
solid lipid nanoparticles, and lipoproteins. In contrast to singly functionalized counterparts,
this hybrid multifunctional system offers many beneficial outcomes in cancer theranostic
such as stimuli-triggered anticancer drug release, photothermal therapy, and bioimag-
ing. The internalization of inorganic material inside the lipid nanocarrier governs their
functional aspects as there are different spatial lodging based on the structure of lipidic
assemblies. The inorganic material can reside in the surface coating of lipid nanocarriers as
surface-bound nanomaterial, or it can be lodged in bilayer lipids lamellae in liposomes,
and certainly, the inorganic material can also be internalized in the core structure of lipidic
nanocarrier [93]. A plethora of investigational studies are reported in which gold (Au) was
used as an inorganic nanomaterial for preparing hybrid lipid-inorganic nanoparticles for
cancer theranostic. The considerably low toxicity, ease of improvising surface chemistry,
tunable size and shape, and substantial electronic property make Au a metal of choice for
preparing inorganic nanoparticles and their hybrid lipid nanoformulations that have great
potential for bioimaging site-specific drug release, and photothermal cancer therapy [93].
Other potential inorganic materials that have been explored for preparing hybrid lipid-
inorganic nanomaterial include silver and palladium nanoparticles. In addition, one of
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the most commonly used approaches include SPIONs, which are ideal contrast agent for
MRI owing to their biocompatibility and distinctive magnetic properties [94]. Moreover,
the potential of semiconducting nanoparticles (QDs) is becoming widely accredited in
bioimaging as optical probes over conventional organic dyes [95].

The recent study findings focusing on hybrid lipid-inorganic nanomaterials are clear
evidence of their potential in cancer theranostic. In a study, Kang and Ko have developed a
hybrid lipid inorganic nanomaterial by efficiently incorporating docetaxel in Au nanoparti-
cles and then encapsulating this Au nanoparticle in thermosensitive phospholipid lipid
bilayer coating [96]. The outcome of the study established enhanced cellular uptake, in-
ternalization, and cytotoxicity of hybrid lipid inorganic nanoformulation in comparison
to uncoated drug-loaded Au nanoparticles. The study findings strongly encourage the
implication of drug-encapsulated lipid-coated anisotropic nanoparticles for amplifying
therapeutic prospects of chemotherapy [96]. The recent research concluded the feasibil-
ity of breast cancer cell detection via conformance of the inorganic metal-nanoemulsion
hybrid [97]. An improvisation was made in perfluorocarbon or QD nanoemulsions by incor-
porating N-hydroxysuccinimide modified phospholipids in the surfactant formulation, as
this would enable conjugation of prepared hybrid QD nanoemulsion with the amine groups
in antibodies. Such antibodies targeting growth factors are overexpressed in human breast
cancer cells, which would be easily able to bind with nanoemulsions. The research study
demonstrated the selective linking of hybrid nanoemulsion with its target breast cancer
cell line [97]. Interestingly, low-density lipoprotein (LDL) encapsulating Au nanoparticles
were explored for their biolabeling capability [98]. Administration of dodecanethiolcapped
Au nanoparticles loaded LDL in mice with B16-F10 tumor resulted in selective uptake
by tumor-associated macrophages that play a vital role in metastasis of tumor cells. The
study findings confirmed the substantial potential of hybrid Au-LDL nanoformulation in
in vivo tracking and treating of tumors without causing off-site damage [98]. In another
study by Bao and coworkers, hybrid liposome nanoformulation wherein paclitaxel Au
nanoparticles were embedded in its bilayer lipid lamellae demonstrated remarkably pro-
longed release rate and extended circulation time. The hybrid exhibited notable potential
for enhancing the therapeutic efficacy of incorporated anticancer agents [99]. Mounting
evidence has elucidated the potential of palladium nanoparticles as contrast agents for
photothermal and anticancer therapy. Nevertheless, research works focused on hybrid lipid
assemblies incorporating such palladium nanoparticles established excellent anticancer
activity as well as site-specific uptake and internalization of a therapeutic agent through
these hybrids [100,101]

Certainly, there are serious toxicity concerns with the use of inorganic nanomaterial.
For example, oxidation of silver (Ag) to toxic Ag+ ion in biological milieu can cause toxic
effects that must be controlled. Here hybrid lipid encapsulation could come to the rescue
of such lethal transformation. By tuning the lipidic membrane composition, the release of
Ag+ ions can be prevented. Moreover, studies have established that the physicochemical
features, size, shape, surface, coating, surface area contribute significantly in dictating the
hybrid lipid inorganic nanomaterial toxicity and its biological interactions [102]. Therefore,
skillfully designed hybrid lipid inorganic nanomaterial exhibits the potential of overcoming
the toxicity issue of incorporated metals.

4.4. Cancer Tumor Cell Targeting Theranostic Vector

At present, the active area of targeting circulating tumor cells (CTC) via theranostic
vectors before the homing and progression of carcinomas is largely explored for improving
cancer therapeutic intervention. The CTCs are those cells that are detached from primary
solid tumors and traverse through blood and lymph to form secondary tumors [103]. There-
fore, detection and targeting of CTC may result in early diagnosis and prevention of cancer
and its metastasis. Determination of CTC concentration in blood could provide valuable
information about the diseased state [103]. Therefore, estimating CTC concentration would
contribute significantly in monitoring remission and relapse and assessing response to
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chemotherapy [103]. In a study by Bhattacharyya and associates, antibody-targeted Au
nanoparticles were employed for CTC detection in breast cancer cell line T47D [103]. The
study outcomes established Au nanoparticles as a promising approach for detecting and
capturing CTC in a photoacoustic flowmeter. The study findings established an abundant
scope of diagnosis of disease at an early stage in various solid tumors and its successful
treatment. Such encouraging findings mark a new paradigm for cell-specific molecular
analysis for individualized cancer therapy via capturing of CTC [103].

5. Impact of Physicochemical Attributes of Lipid Nanoparticles in Improving In Vivo
Performance of Cancer Theranostics

A recent study conducted by Tahmasbi and associates established that physicochemi-
cal facade, predominantly shape and size, greatly influences the efficiency of the lipidic ther-
anostic nanomedicines [104]. Mounting literature confirmed that spherical nanomedicines
having a diameter within 20−100 nm lead to optimal tumor accretion owing to the EPR
effect. However, dissimilar EPR attributes have been testified owing to nonspherical
nanostructures (i.e., nanorods) [104,105].

The EPR effect refers to the selective buildup of lipidic theranostic nanomedicine at the
tumor locations through extravasation via endothelial cells from the dripping vasculature.
Accounting to the recent evidence, the physicochemical attributes of the lipidic theranostic
nanomedicine comprising size, shape, charge, etc., possess greater potential in dictating
tumor accumulation in contrast to active targeting on the exterior of nanomedicines [105].
Consequently, lipidic theranostic nanomedicine can be formulated for targeted tissues
as well as for non-specific cell absorption by optimizing their physicochemical prop-
erties in the absence of targeted ligands [105]. Lately, it has been verified that shape
greatly impacts cellular uptake [106,107]. Myriads of studies confirmed the diversified
morphology-dependent anticancer efficacies for the same chemical compositions [108,109].
For the discoidal shape of lipidic nanomedicine having sizes <50 nm, tumor accumulation
efficiency is not explored until recently [110–113]. For lipidic theranostic nanomedicine
greater than 100 nm, needle-like rods have shown the maximum cellular uptake, trailed by
shapes such as spheres, cylinders, and cubes, as evident in supporting studies [104,105].
For sub-100 nm lipidic theranostic nanomedicine, spheres demonstrated enhanced uptake
by tumor cells over rods [104,105].

Nonetheless, the fluidity of lipid membranes can fluctuate with charge (negative or
positive) and may persuade local gelation [104]. Neutral and slightly negative lipidic
theranostic nanomedicine are found to maintain the longest half-life in blood [104,112,113].
Lipidic theranostic nanomedicine that has a positive charge could ensue the issues of
platelet aggregation and hemolysis [104,112,113]. The competence of such a platform
to fine-tune surface charge is another benefit in addition to size and shape adjustment
that plays a crucial role in improvising biological behavior and clinical outcomes of lipid
theranostic nanomedicines [104].

The absence of specificity with inactive targeting determined by the nanosize of lipidic
theranostic nanomedicine has restricted efficiency. Mounting literature revealed that active
targeting to the tumors might augment the intracellular uptake and lessen the lipidic
theranostic nanomedicine’s spread in healthy tissues. A rational approach to attain this
objective is to exploit specific interactions between the targeting molecules on the lipidic
theranostic nanomedicine’s surface and overexpressed receptors of the cancer cells. Few
ligands, namely transferrin, and folate can considerably enhance site-specific targeting [104].
Predominantly, folate has emerged as one of the targeting ligands for selective delivery of
involved diagnostic and therapeutic agents owing to the overexpressed folate receptor (FR)
in a myriad of tumor tissues, including kidney, lung, ovarian, cervical, breast, epithelial,
brain and colon tumors, whereas limited in healthy organs and tissues. Folic acid being
nonimmunogenic, unchanging over wide ranges of temperatures and pH values, can bind
to the folate receptor after pairing with drugs or imaging markers. Consequently, folic acid
has been extensively used as targeted therapy in cancers on account of its high binding
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affinity to FR, simplicity of conjugation to different lipidic theranostic nanomedicine, and
the widespread distribution of FR in a substantial portion of human cancers [104]

6. Limitation of Lipid Nanoparticles-Based Cancer Theranostics

The major limitation with lipidic nanoparticles is their tendency to fuse, especially if
the size of prepared nanoformulation is below 100 nm [114]. The fusion, in turn, results
in increased non-uniformity and dispersity in size and escape of encapsulated contents
from the lipid vesicles [114]. However, this issue can be addressed by covering the surface
of lipid nanoparticles with polyethylene glycol coating. Another issue of great concern
with lipidic nanoparticles is their stability over a longer duration of periods. It is certain
that after storage for long periods, apparently intact lipid nanomaterials show a different
biodistribution due to changes in physicochemical characteristics and alterations of the
surface coating attributes [114].

Nonetheless, Carregal-Romero and associates have raised forth this very significant
aspect of the influence of long-term stability of polyethylene glycol coating on contrast
agent encapsulated nanoparticles and its in vivo fate [114]. They investigated the biodis-
tribution of iron oxide nanoparticles, which were employed as dual contrast agents for
MRI and SPECT imaging [114,115]. They developed these theranostic nanoparticles by co-
precipitation of 111In-doped magnetic nanoparticles, followed by coating with polyethylene
glycol [115]. Then they examined the physicochemical characteristics of freshly prepared
nanoparticle solution and an aged nanoprobe solution that was stored for 9 months. The
characteristic evaluation demonstrated comparable results of size distributions, zeta poten-
tials, and morphology. However, after systemic administration of these two nanoparticle
preparation in mice, completely distinct biodistribution pattern were observed [115]. The
freshly prepared nanoprobe solution was mostly internalized in the kidney, whereas the
aged nanoparticles were heavily concentrated in the liver. Therefore, the study outcomes
concluded that there might occur some small level structural changes in polyethylene gly-
col coating that cannot be detected by dynamic light scattering and transmission electron
microscopy, which have led to a remarkable alteration in in vivo behavior. Therefore this
report established a substantial role of long-term stability polyethylene coating in dictating
the biological behavior of theranostic nanoparticles [115].

The size of theranostic nanomedicine is also very crucial in determining its in vivo
fate and clinical outcomes. It has been established in different studies that if the diameter
of nanoparticles is larger than 100 nm then the particles get accumulated in the liver
and spleen, whereas nanoparticles having a diameter smaller than 10–15 nm are usually
eliminated by renal clearance [114]. Therefore nanomedicines with desirable particle
diameters between 10 and 100 nm are supposed to have longer blood circulation times and
accessibility to tumoral tissues and organs [114]. Furthermore, low polydispersity index
(PDI) and size stability are very significant as they avert aggregation of nanoparticles, which
could occur because of an inappropriate surface coating. The aggregated nanoparticle
can be easily engulfed by the RES [114,115]. Nonetheless, polyethylene glycol coating
is very effective in ensuring stability to the nanoparticles and thereby mitigating their
opsonization, macrophage uptake, and RES clearance and increasing the blood circulation
time [114].

Importantly, with every approved lipid nanomedicine, a possibility of intratumoral
heterogeneity and variability of response to chemotherapy is evident. Unquestionably, the
tumor microenvironment contributes largely in dictating how chemotherapeutic agents
interact with cancer cells in that particular microenvironment, which in turn can impact
proliferation, differentiation, morphology, and a range of cellular functions [116]. To envis-
age the clinical outcome of lipid-based theranostic nanomedicine, substantial emphasis
should be given to universal heterogeneity issues with extraordinary conformity in terms of
cancer cells, tumor microenvironment, and pathophysiological architecture [116]. However,
with current theranostic and imaging modalities, complete biological approximation of the
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interaction of native tumor and a chemotherapeutic agent is not possible, which greatly
hampers the accurate mapping and clinical findings.

7. Challenges in Clinical Translation of Lipid Nanoparticles for Cancer Theranostics

An extensive scope has been conveyed by lipidic theranostic nanomedicine in enhanc-
ing the health of humans through providing an understanding of diagnosis, prevention,
and treatment of diseases. Even after substantial technological advancement in this area
(as presented in Table 2), there is still a long way ahead for lipidic cancer nanotheransotic
in becoming a new criterion for the diagnosis and treatment of diseases. Nano-bio interac-
tion is a prime opposition for the transferal of lipidic theranostic nanomedicine to clinics.
Disorders like inflammation, immunoreactions, or related illness can come up when a
contrasting agent in lipidic theranostic nanomedicine interacts with biological material
because of its incompatibility or potential toxicity. The extent of toxicity is immensely
based on some parameters, which include the solubility of the nanoformulation, size, and
zeta-potential [117]. Once entered into a biological system, nanovesicles tend to interact
with proteins, and that results in the development of ‘corona’ on its surface. Such adsorp-
tion, in turn, results in the alteration of their stability, biodistribution, dispersibility, toxicity
profile, pharmacokinetics, and size [118,119]. This has also been shown in many studies
that adverse immunogenic reactions and allergies are happening by nanoparticles [120,121].
Hence, it becomes vital to study the physicochemical characteristics of nanomedicines for
heterogeneity and pathophysiology of human diseases. More importantly, a generalized
size outlook of lipidic theranostic nanomedicine is not possible as chemotherapy is distinct
for every patient, and this may pose a hurdle in clinical translation [122]. Nanomedicines
with good therapeutic efficacy might not be a good diagnostic tool necessarily, as sug-
gested by the evidence. In a recent study, it was found that tumor uptake and tumor
visualization performed with anti-EGFR coated gold nanoparticles with 20 nm size showed
increased tumor uptake, whereas the same gold nanoparticles of 50 nm size illustrated
excellent CT contrast [123]. This study suggested that the size-dependent distribution of
theranostic nanomedicines in tumors limits its use as a theranostic agent [123]. Hence, the
safety profile of nanotheransotic in humans continues to be a major concern for which
long-term monitoring of patients in both early and advanced phases of clinical trials is
required. One more important obstruction for the clinical translation of lipidic theranostic
nanomedicines is the complexity in formulating a reproducible and controllable synthesis
process. Nanomedicines synthesis on a large scale faces challenges like varied physical
and chemical characteristics, low yield, and insufficient batch-to-batch reproducibility.
The complex and laborious manufacturing process of nanomedicines makes it difficult to
focus on physic-chemical attributes as the emphasis is more on quality and cost [122,124].
It becomes a task to produce lipidic theranostic nanomedicines on a large scale as they
constitute more precise chemistry and multifunctional unit. Moreover, control along with
good manufacturing practices are required to boost lipid theranostic medicine’s reach to
clinics from a laboratory.
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Table 2. Lipidic nanocarrier based cancer theranostic in clinical stage of progress.

Lipidic
Nanocarrier

Attributes Cancer Type Sponsors Clinical Trial ID/Phase

Liposomes

Evaluating Immunogenic
Chemotherapy

Combined With Ipilimumab
and Nivolumab

in Patients With Metastatic
Luminal B Breast Cancer

Breast Cancer
Oslo University

Hospital
NCT03409198, Phase 2B

Liposomes

To study the distribution
profile and radiation

dosimetry of
188Re-BMEDAliposomes.

Tumors
Nuclear Energy

Research Institute of
Taiwan.

NCT02271516
Phase 1

Liposomes

To study the MTD of EphA2
siRNA –encapsulated

liposomes, evaluate efficacy in
the tumor cell, which we

cannot be cured by treatment.

Solid Tumors

M.D. Anderson Cancer
Center

National Cancer
Institute

(NCI)

NCT02191878
Phase 3

Lipid-based
Nanoparticles

To study proposes targeted
delivery cytotoxic drugs, via

formulated LTSL activated by
using

focused ultrasound (FUS).

Liver Tumor University of Oxford
NCT02181075

Phase 1

Another important issue that is required to be addressed is the extensive gap between
regulatory authorities and the scientific community. Many government agencies are
monitoring the commercialization of nanomedicine based on regulatory issues related to
the safety profile, quality control, patent protection, and manufacturing practices. Lack of
clear regulatory and safety guidelines affects the timely and effective translation of lipidic
theranostic to market [125,126]. Even though the general regulatory standards have been
cleared by the nanomedicines presently available in the market, further revision is required
to be sure of the safety, efficacy, and quality of other nano theranostic for human use since
the present standards might not be sufficient.

Approach to Overcome the Challenges

A lot of research efforts are required to overcome the biological barriers associated
with lipidic cancer nanotheransotic. It is important to have a profound understanding of
the correlation of disease heterogeneity and patient biology with nanomedicine, which is
also the prime reason for the failures of promising nanoformulation in clinical trials. One
of the strategies for mitigating clinical translation failures is the arduous assessment of
nanoformulation in various animal models before starting the clinical trials. Expedient
information regarding the suitability of lipidic theranostic nanomedicine can be obtained
through preclinical studies before treatment and imaging of human subjects [127]. Nanotox-
icology profiles consisting of standardized assay protocols for immunotoxicity, genotoxicity,
and cytotoxicity should be to be implemented and followed to evaluate the potential risk
in patients [128].

Academic laboratories are coming up with nanomedicine-based drug-delivery systems
with great emphasis on new technological and scientific developments that succeed at a
small scale. These laboratories normally know the technical issues, which occur in the
industry for the commercializing processes. A strong collaboration among pharmaceutical
companies and academic laboratory groups is required to be established to bridge this gap.
There is a need to develop modified rules, which will be listed under good manufacturing
practices that are suitable for large-scale synthesis of lipidic theranostic nanomedicines.
To identify the key process and formulation variables for nanomedicine optimization
and address batch-to-batch variation, optimization software such as Aspen (AspenTech,
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Bedford, MA, USA) can be implemented in an industrial setting. For tightly controlled and
robust manufacturing, this might be instrumental [129]. In conclusion, a positive outcome
in manufacturing depends highly on how well the personnel is trained regarding the
challenges, hurdles, and specificities related to the products. There is no doubt regarding
the influence of lipidic theranostic nanomedicines on the health of humans in the clinic
still. If the aforementioned lessons are applied in the early stages of development, it can
help the producers prepare to develop efficient products.

8. Conclusions

The present manuscript brings forth the latest research updates in the field of lipid-
based nanocarriers on cancer theranostic. The study findings are very motivating and
strongly encourage a splendid exploration of lipidic nanocarrier in the area of cancer
theranostic and make the outcomes clinically swappable. Moreover, this review provides
a sound discussion over the impact of physicochemical attributes of lipid nanoparticles
in improving in vivo performance of cancer theranostics. The review also discusses the
limitations and suggests relevant solutions for the successful development of lipid-based
cancer theranostic nanomedicines of improved attributes to pave their way to the clinics.
Additionally, this review will provide a convenient guide for the researcher to know the
significant findings of the recent studies carried out in the field of lipid nano carrier-based
cancer theranostic in the last few years.
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Abstract: Recently, drug delivery using natural biological carriers has emerged as one of the most

widely investigated topics of research. Erythrocytes, or red blood cells, can act as potential carriers

for a wide variety of drugs, including anticancer, antibacterial, antiviral, and anti-inflammatory,

along with various proteins, peptides, enzymes, and other macromolecules. The red blood cell-based

nanocarrier systems, also called nanoerythrosomes, are nanovesicles poised with extraordinary

features such as long blood circulation times, the ability to escape immune system, the ability to

release the drug gradually, the protection of drugs from various endogenous factors, targeted and

specified delivery of drugs, as well as possessing both therapeutic and diagnostic applications in

various fields of biomedical sciences. Their journey over the last two decades is escalating with fast

pace, ranging from in vivo to preclinical and clinical studies by encapsulating a number of drugs into

these carriers. Being biomimetic nanoparticles, they have enhanced the stability profile of drugs and

their excellent site-specific targeting ability makes them potential carrier systems in the diagnosis

and therapy of wide variety of tumors including gliomas, lung cancers, breast cancers, colon cancers,

gastric cancers, and other solid tumors. This review focuses on the most recent advancements in the

field of nanoerythrosomes, as an excellent and promising nanoplatform for the novel drug delivery of

various drugs particularly antineoplastic drugs along with their potential as a promising diagnostic

tool for the identification of different tumors.

Keywords: nanoerythrosome; nanoerythrocyte; nanovesicles; biomimetic; cancer therapy; diagnos-

tics; imaging agents

1. Introduction

Erythrocytes (ER) or the red blood cells (RBC) are the most abundant blood cells re-
sponsible for the transport of gases from lungs to the tissues [1]. Over the past two decades,
they have been exploited to develop various biomimetic cell-based carrier systems, includ-
ing resealed erythrocytes (RE), genetically engineered RBCs, as well as RBC-membrane
coated nanoparticles (NP) (RBC-m-NP) for various biomedical applications. Their transi-
tion from preclinical studies to clinical stage is a proof of being smart and effective enough
to be used as novel drug delivery vehicles. Other than erythrocytes, other blood cells such
as platelets and leukocytes can also be used as carrier system for a variety of drugs [2].
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All these cell-based drug carrier systems are superior and have various advantages over
other drug-delivery systems such as micro- and nano-particles in terms of properties such
as prolonged circulation time, biocompatibility, biodegradability, non-immunogenicity,
ease of preparation, and flexibility in use [3], apart from improved patient compliance by
extending the time of release of drugs from these systems. Escaping the rapid clearance
from body and specificity for the target are other major advantages associated with such
carriers [4]. These extraordinary features helped the carrier erythrocytes (C-ER) to emerge
as potential drug-carrier systems for the therapy of cellular infections, cardiovascular
disorders, cancer therapy, gene therapy, and other ailments [5]. Recently, several other cell-
based drug delivery strategies such as bacterial ghosts, dendritic cells (DC) and genetically
engineered stem cells have also emerged owing to the successful application of C-ERs [6].

Nanoerythrosomes (NER) are the C-ERs which are recognized as modern day, novel,
and smart drug delivery systems associated with increased bioavailability, improved phar-
macokinetics, and low toxicity [7]. As a physiological carrier, NERs can release the drug
in circulation for weeks, have high loading capacity, are easy to be processed and have
good ability to accommodate biologics, antigens, contrasting agents, peptides, proteins,
enzymes, and macromolecules using different chemical and physical based methods [8,9].
Innumerable examples are available in the literature discussing the drug delivery by C-ERs
for applications in drug targeting to the reticuloendotehlial system (RES), enzyme therapy
and improvement in the delivery of oxygen to the tissues [10,11]. One of such example
is the delivery of bovine serum albumin (BSA) as a model antigen, which can be loaded
on the human erythrocytes and delivered to the RES [12]. C-ERs are the unique drug
delivery system that is also known to be capable of modulating the immune responses [13].
Amongst different antineoplastic drugs, methotrexate, etoposide, doxorubicin, and car-
boplatin have been successfully encapsulated in these carriers previously [14]. C-ERs are
shown to protect the carried therapeutics such as antibiotics, antineoplastics, corticos-
teroids, peptides, and enzymes from being inactivated by different endogenous factors.
The three main mechanisms, by which these C-ERs work are prolongation of circulation
half-life, slow drug release, and organ-specific targeting [15]. Regulatory aspects of carrier
erythrocytes and industrial developments are evolving day by day. However, their pro-
duction scalability, process validation and quality control is still challenging enough for
successful industrialization [16].

This review focuses on the NERs which have emerged as a promising and versatile
platform for the successful delivery of a number of drugs in particular the antineoplastic
drugs. Recent advancements in the field of NERs along with the nanoformulations de-
veloped and used in the cancer and non-cancer therapy are covered. The diagnostic and
imaging applications of NERs, as well as the recent patents and clinical trials associated
with these carriers have also been discussed.

2. Fabrication of NERs

Various methods have been successfully utilized for the fabrication of NERs in order to
enhance membrane permeability and cellular targeting of therapeutic agents. These meth-
ods are described below [17–20].

2.1. Dilutional Hemolysis and Resealing Method

Hemolysis and resealing method is commonly used method for drug loading into ery-
throcytes. In this technique, the erythrocytes are exposed to hypotonic solution (0.4% w/v
sodium chloride) until it reaches a critical value of volume or pressure in order to rupture
the cells. Then, resealing is carried out in order to restore osmotic properties [19]. Dilu-
tional hemolysis utilizing hypotonic solution (0.4% w/v sodium hydroxide) at 0 ◦C and
resealing at 37 ◦C has been utilized as cellular carriers for the successful delivery of low
molecular weight drugs like β-glucosidase and β-galactosidase [20]. This technique is the
simplest and fastest technique for the preparation of NERs. The main disadvantages of this
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technique are low drug loading efficiency (1–8%) and considerable loss of hemoglobin and
other cellular components [19,20].

2.2. Preswell Dilutional Hemolysis Method

The preswell dilutional hemolysis technique has been developed for the improvement
of drug loading efficiencies. In this technique, an initial swelling of erythrocytes is achieved
using slightly hypotonic solution, followed by low-speed centrifugation. The drug load-
ing efficiencies of some drugs such as ibuprofen and thyroxin have been significantly
increased using preswell dilutional hemolysis technique compared to dilutional hemolysis
technique [17].

2.3. Hypotonic Dialysis Method

The main problems of dilution techniques is the low drug-loading efficiencies. This prob-
lem of such dilutional techniques can be overcome using hypotonic dialysis technique. In hy-
potonic dialysis technique, the lysis and resealing are carried out within dialysis tube. This
technique offers high drug entrapment efficiency, high drug-loading efficiency, and high
cells recovery compared to dilutional techniques. However, long processing time and special
instruments are required for this technique. This method has been successfully utilized for
the loading of various enzymes (asparginase, galactosidase, and glucoserebrosidase, etc.) and
drugs (gentamicin, adriamycin, and furamycin, etc.) [17,21].

2.4. Use of Red Cell Loader

The instrument like red cell loader is used for the loading of non-diffusible drugs into
erythrocytes. Using this technique, the drugs are loaded into small volume of blood within
2 h at room temperature under blood banking conditions. The drug loading up to 30% and
cell recovery of 30–50% can be achieved using this technique [18].

2.5. Isotonic Osmotic Lysis

It is also known as osmotic pulse technique which can be achieved by chemical or
physical means. The chemical which are used to achieve isotonic hemolysis are urea,
polyethylene glycols, and ammonium chloride. This technique is not immune to the
changes in the composition of membrane structures [17,18].

2.6. Membrane Perturbation Technique

This technique is based on the enhancement in the membrane permeability of ery-
throcytes when the cells are exposed under certain chemicals or drugs. The membrane
permeability of erythrocytes was enhanced under exposure to an antibiotic amphotericin B.
This technique has been applied to load an antitumor drug daunomycin into erythrocytes of
rat and human. However, this technique is irreversible and hence not very popular [17,18].

2.7. Lipid Fusion Technique

This technique is used for the loading of drug-loaded lipid vesicles into erythrocytes.
Drug-loaded lipid vesicles can be directly fused into human erythrocytes, which could
result into exchange with a lipid-entrapped drug. This technique has been successfully
applied for the loading of inositol monophosphate into human erythrocytes for the im-
provement of oxygen carrying capacity of the cells. However, the drug-loading capacity of
this technique is too low (1%) [18,19].

Some other techniques such as extrusion, sonication, and electrical breakdown tech-
niques have also been utilized for the loading of drugs into human erythrocytes [18].

3. NERs as an Efficient Drug Delivery Tool

The compendium of knowledge and several research studies available on the RBC-
based carrier systems led to the development of more advanced RBC-membrane derived
liposomes also called as NERs. It has opened a new vista of its futuristic application in
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the field of nanomedicine with greater potentials. These are NPs often designated with
other names such as functionalized-NPs, hybrid-NPs, biomimetic-NPs, and targeted-NPs
in the literature [22–24]. The NERs, being nanosized derivatives of erythrocytes, exhibit
important properties such as biodegradability, biocompatibility, excellent release profiles,
and organ and site-specific targetability. The prolonged circulation time in blood for
NERs is owing to the higher surface area-to-volume ratio than the parent erythrocytes
(approximately 80 times higher). Extra care is necessary while handling parent erythrocytes
for maximum drug loading. The hemoglobin and cytoplasmic contents of the erythrocytes
are removed using a controlled hypertonic solution mediated hemolysis followed by the
loading of therapeutic agents. This process of removal of cellular contents should be in
such a controlled manner that the plasma membrane should not be disrupted and the
cells are allowed to form seamless nanosized capsule. One erythrocyte can be fragmented
into thousands of NERs depending upon the recovered cell percentage post removal of
its organelles. The NERs are prepared from the hemoglobin (Hb)-free erythrocyte ghosts
using sonication, extrusion, and electrical impulses techniques. Uniform nanosized NERs
are obtained using extrusion technique which is the most efficient technique amongst all.
The nanosizing technique, lysis media, and processing temperature have considerable
impact on the development of stable and viable NERs-based formulations. Owing to the
biomimetic properties of NERs, these can be utilized for the efficient encapsulation of
peptides, enzymes, genetic materials, toxins, and contrasting agents which can be applied
for the treatment of liver, lymph nodes, and spleen disorders, as well as various types
of carcinomas [23–25]. Similar to liposomes, NERs are the nanovesicles prepared by the
extrusion of RBC ghosts, are membrane-covered nanoscale containers, discrete spherical
in shape, with unilamellar membrane of 4.5 µm thickness and having diameter up to
100 nm (Figure 1). However, the disadvantages associated with liposomes and monoclonal
antibodies are not present in NERs and these show excellent colloidal stability in both
buffer and serum at room temperature [25].

 

Figure 1. Preparation of nanoerythrocytes (NER) from normal erythrocytes (ER).

4. Applications of NERs in Cancer Therapy and Diagnosis

4.1. NERs in Cancer Therapy

The important studies on NERs and their formulations for the application in cancer
therapy are summarized in Table 1. NERs are artificial, synthetic, biomimetic, and presently
the most investigated and sought after RBC cell-based carrier systems under this cate-
gory. These RBC cell-based carrier systems have covered a path of progress from conven-
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tional REs (microscale) to the most advanced NERs (nanoscale). These RBC-nanovesicles
(RBC-NV) are fused onto the core NPs through extrusion, sonication, and electropora-
tion techniques. Being biomimetic NPs, NERs attain specific functions including ligand
recognition, tumor-targeting, longer blood circulation time, and ability to escape the im-
mune system. These activities lead to the core-shell interactions, mimicking the source
cells, and improving the therapeutic efficacy of drugs through specific delivery and en-
hanced drug-accumulation inside the tumor [26]. NERs marked the beginning of an
unparalleled approach towards the therapy of a number of diseases including cancer
owing to multiple advantages such as small size, ability to encapsulate antineoplastic
drugs, and organ-specific targeting which further gave them added advantages over their
other carrier counterparts in cancer nanomedicine. The surface of NERs can be modified
using tumor-targeting ligands, which further improve the drug efficacy and optimize drug
pharmacokinetics.

The loading and delivery of antineoplastic drugs using various pharmaceutical and
nanotechnological engineering techniques is one of the most important applications of
NERs. The unique techniques of surface modification and functionalization provide
additional attractive feature to this delivery system and further increase its potential in
cancer therapy (Figure 2).

 

Figure 2. Role of NERs in cancer therapy.

Numerous studies have been performed in the field of cancer therapy using NERs over
the last two decades and multitude of its medical applications in other ailments diversify
their applications in the arena of drug delivery as therapeutic, diagnostic, theragnostics,
and imaging tool [27]. The nanomedicines have the ability to deliver the drugs directly to
the individual organs to avoid the adverse or side effects; however, the drug delivery by
conventional nanocarriers is limited by difficulty in delivering to most target organs and
dire need of the affinity moieties [28].

The poor drug loading, low anti-tumor efficacy, and rapid clearance from the blood
circulation are the major challenges faced by the conventional anti-cancer nanocarriers.
The most challenging part is the high uptake of nanocarriers by the liver and spleen
because of RES. The majority of nanocarriers injected intravascularly end up in the liver
causing hepatotoxicity [29]. The NERs, as an innovative drug delivery system, provides
with high drug loading capacity, specificity in targeting tumor cells, and synergistic anti-
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cancer sensitization using human erythrocyte membrane as delivery platform. This novel
technology can be used in treating and preventing cancer metastasis such as breast cancer
metastasis, mainly by blocking the circulation of metastatic cancer cells by inhibiting
angiogenesis and capturing circulating endothelial progenitors that are recruited to the
tumor. They also physically block (infarction) the capillaries of the tumor or the metastasis.
The inhibition of molecular pathways of the metastatic invasion and cancer growth is the
latest therapeutic approach for cancer metastasis. The physical blocking of metastasis and
angiogenesis by incorporating tumor-and angiogenesis-specific ligands such as antibodies,
small molecules and peptides into the plasma membrane of erythrocytes is very novel [30].

Polymeric-NPs as intravascular drug delivery vehicles have been studied extensively
in past but their applications are beset by rapid clearance from the circulation by RES. This
led to the development of NERs as novel cancer drug delivery systems for the optimal
delivery of various anticancer pharmaceutical agents. These anticancer drugs, when admin-
istered intravenously, cannot reach the tumor site efficiently owing to their weal specificity
which results into lower therapeutic potential and serious side effects. One of the major
reasons of multidrug resistance (MDR) and thereby chemotherapy failure is the efflux
of anticancer drugs mediated by P-glycoprotein (P-gp). This problem is overcome to an
extent when these anticancer agents are delivered to the tumors in combination with P-gp
inhibitors and this has proven to be an effective strategy [31]. An organ-specific or site-
specific nano-drug delivery system based on human RBCs is a newer and effective strategy
of the present decade (Figure 3).

 

Figure 3. Summary of red blood cell (RBC)-based anticancer nanoformulations (anti-cancer-loaded-

NERs) along with their mechanisms.

The anticancer drug delivery using NERs was first carried out by a team of researchers
two decades ago in 1994, when they explored the anticancer drug daunorubicin (DAU)
and prepared the DAU-NERs for enhanced antineoplastic potential. DAU was linked
covalently to the NERs using glutaraldehyde as homobifunctional linking arm, and it
was observed that the cytotoxicity of conjugated drug was higher as compared to the
free drug when assessed on P388D1 cancer cell line [32]. Results indicated that these
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DAU-NER conjugates could potentially be utilized as drug carriers in CDF1 leukemia
tumors. The mechanism behind the cellular uptake was neither the diffusion through
cell membrane nor endocytosis but free DAU was found to slowly release by hydrolysis
of glutaraldehyde linking arm, producing a high concentration of free DAU in the cells
vicinity for a long period of time [33], and phagocytosis of DAU-NER complex was not
involved [34]. The biodistribution of 125I-NERs purified by dialysis followed by intra-
venous (IV) and intraperitonial (IP) injections in CD1 mice was investigated in another
study. NERs were rapidly (less than 30 min) removed from the systemic circulation after
IV administration, however, the IP administration showed a higher uptake by liver and
spleen, accumulation in lungs and marked activity was observed in the inguinal lymph
nodes after 2 h of the administration [35].

Earlier, the surface modification of NPs could be achieved using polymers such as
poloxamines, poloxamers and polyethylene glycols, to avoid opsonization, but now, these
NPs could be anchored to the surface of RBCs to escape the clearance by RES as the RBCs
are able to do so. This leads to a novel approach in the intravascular drug delivery system
as RBC-anchored NPs. The RBC-anchored polymeric NPs were prepared using polystyrene
NPs modified with carboxyl groups (110, 220, 450, and 1100 nm in diameter). An improved
in vivo circulation lifetime was achieved using RBC-anchored NPs [36]. In another study by
the same research group, RBC-anchored NPs were eventually get detached from RBCs ow-
ing to the shear forces and subsequently get cleared up in the liver and spleen [37]. The sur-
face modifications of NERs is possible with glutaraldehyde, antibodies, and carbohydrates
(sialic acid), which improve their target specificity and prolong their in vivo circulation
time, helps escape the RES and protects the drug from the inactivation by endogenous
chemicals and enzymes [38,39]. Based on this approach, a top-down biomimetic approach
was reported utilizing particle functionalization. The fluorophore-loaded biomimetic NPs
were prepared using poly (d,l-lactide-co-glycolide) (PLGA) polymer and fused with RBC-
derived vesicles. The prepared RBC-fused biomimetic NPs were injected in mice. Results
revealed superior circulation half-life in cases of biomimetic-NPs as compared to control
group-NPs which were coated with conventional synthetic stealth materials. An increased
particle retention time of 72 h in the blood was observed which proved the approach as very
unique and effective in the NPs functionalization [40]. In another study, RBC-membrane-
cloaked polymeric NPs were prepared by lipid-insertion technique utilizing fluorescein
isothiocyante (FITC)-polyethylene glycol (PEG)-lipid. The FITC-PEG-lipid NPs were func-
tionalized with folate and nucleolin-targeting aptamer AS1411 showed a receptor-specific
targeted delivery when tested against the cancer cell lines models [41]. Another promising
integration of cell-based drug delivery and nanotechnology was seen when RBCs were
linked to iron oxide-NPs pre-coated with chlorine-e6 and a well-known chemotherapeutic
drug, doxorubicin (DOX) was loaded for an imaging-guided combined chemotherapy-
photodynamic therapy of carcinomas. Interestingly, the marked synergism and excellent
therapeutic results were observed in animal tumor model [42]. In another report, the oxy-
gen self-enriched biomimetic RBCs were prepared by cloaking the albumin-NPs containing
indocyanine green (ICG) and perfluorocarbon (PFC) with RBC membranes. The rapid clear-
ance of conventional nanocarriers by RES and low singlet oxygen quantum (0.08) of ICG
often resulted into limited phytotherpaeutic efficacy. The prepared oxygen self-enriched
RBCs had long circulation time, high oxygen carrying capacity, and biomimetic properties
ideal for clinical cancer phototherapy treatment [43]. Another novel NERs-ghost delivery
system was developed to transport sodium transhinone-IIA sulphonate (STS-Nano-RBC)
for IV use in rats. These nanosystems had narrow particle size distribution, good stabil-
ity for 21 days, and better loading efficiency as compared to conventional STS injections
in vivo [44].

BackgroundIt is now evident that the adverse effects associated with the conventional
cancer therapy (chemotherapy, surgery, and radiotherapy) can effectively be addressed by
applying the nanomedicine approach. Nano-engineering makes targets achievable and
with diverse surface functionalization methods, nowadays RBCs are not only targeting
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drug carriers but therapeutic and imaging diagnostic tools as well, what we commonly
term as theranostics [45]. Recently, RBC membrane-loaded with hydrophobic drug camp-
tothecin were prepared which were non-covalently labeled with amphiphilic fluorophore
nanovesicles (NVs). These NVs were overall stable, nonphagocytic and exhibited minor
stimulation of macrophages for cytokine release. Intravenously injected NVs in balb/c
mice exhibited better retention over 48 h and minimal accumulation in vital organs such as
heart, liver, and kidneys [46]. NE-membrane-chaperoned 5-fluorouracil (5-FU) liposomes
were also prepared as biomimetic delivery system to target hepatocellular carcinoma cell
lines. Liposomes of 5-FU were prepared by thin film hydration method using dipalmitoyl
phosphatidylcholine (DPPC) and cholesterol. NE-membrane-chaperoned 5-FU liposomes
were prepared by extrusion technique. The drug-targeting capability of NE-membrane-
chaperoned liposomes was higher than conventional 5-FU solution [47]. The most recent
advances in this field include antigen delivery systems using NERs in which the tumor anti-
gens are loaded onto the NERs using fusion tumor cell membranes. This nanosystem was
shown to markedly inhibit the tumor growth in B16F10 and 4T1 tumor models in vivo [48].
A new NER-tailoring technique evolved recently, wherein, the NERs in the size range
of 200 to 300 nm were produced by addition of phospholipids DPPC to ghost RBCs [49].
In yet other significant research, bio-hybrid microswimmers were developed which had the
integration of motile-microorganisms with artificial cargo carriers to revolutionize targeted-
cargo delivery. In this study, genetically-engineered flagellated Escherichia coli species were
integrated with RBC-derived NERs through conjugation of streptavidin-modified microor-
ganisms with biotin-modified NERs using non-covalent streptavidin-biotin interactions.
The high fabrication efficiency and good motility performance was achieved with these
personalized biohybrid microswimmers, as shown in Figure 4 [50].

 

Figure 4. Biohybrid microswimmers using genetically modified E. coli bacterium and NERs for

targeted cargo-delivery (Image adopted from reference [50], APL Bioeng, 2020, which was published

under a creative commons attribution (CC BY) license).

4.2. NERs in Immunotherapy

The main focus of cancer immunotherapy is to manipulate the patient’s own immune
system to recognize and destroy the cancer cells. The NPs-based drug delivery systems
show their therapeutic potential by evading the immune system of hosts and delivering
the drug efficiently and safely to the site of action. In lieu of this, an erythrocyte membrane-
enveloped PLGA NPs (PLGA-NP) based nanovaccine was developed for hgp 10025-33,
an antigenic peptide and monophosphoryl lipid (MPLA), a toll-like receptor-4 agonist.
To target the antigen presenting cells (APC), a mannose-inserted membrane structure
was constructed in the lymphatic organ and the prepared nanovaccine showed increased
retention of protein content in the erythrocytes, improved in vitro cellular uptake, inhibition
of tumor growth, prolonged tumor-occurring time, and reduced tumor metastasis, resulting
in a potential nanoplatform for the delivery of antigens in the immunotherapy of cancer [51].
After the conventional mono-chemotherapy, research was carried out on combination
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chemotherapy approach for cancer treatment by these carrier systems. A programmed
co-delivery of paclitaxel (PAX) and DOX as the hydrophilic-lipophilic chemotherapeutic
drug pair into the magnetic O-carboxymethyl-chitosan NPs further masked using Arg-Gly-
Asp anchored erythrocyte membrane was achieved and compared with the conventionally
prepared PEG coated NPs. Superior circulation time, improved tumor accumulation, and
better tumor uptake was demonstrated using biomimetic-NPs with much lower side effects
as compared to their counterpart [52].

In an attempt to counter the insufficient targeting ability of NERs which beset their
clinical applications [53], several PAX-loaded polymeric NPs were linked to the biomimetic
4T1-breast cancer cell membranes. Polymeric NPs were prepared using poly(caprolactone)
and pluronic copolymer F68. The novel nanoformulation demonstrated superior inter-
actions with the source tumor cells, prolonged circulation time, and higher cell-specific
targeting of the homotypic primary tumors and metastasis [54]. The in-combination advan-
tages of erythrocytes and NPs have so far offered three types of RBC-based nanomedicines:
(i) whole erythrocytes, (ii) cell membrane-coated NPs, and (iii) NERs and together they
offer optimal blend of important features as a multifunctional platform in the cancer im-
munotherapy [55]. Similarly, curcumin-loaded NERs (CUR-NER) were prepared by sonica-
tion method showing nearly uniform spheres with diameter (245.7 ± 1.3 nm), encapsulation
efficiency (50.65% ± 1.36%) and loading efficiency (6.27% ± 0.29%). These CUR-NERs
were efficiently taken up by the cancer cells which displayed good anti-tumor efficacy [56].

The molecular targeting of the RBC membrane glycophorin-A (GPA) receptor can
mediate the membrane attachment of protein based-therapeutics which can open diverse
applications of NERs for preclinical and clinical biocompatibility [57]. A cell membrane-
coated NP platform for the new antitumor drug gambogic acid (GA) was developed in
order to improve its limited clinical applications owing to its poor aqueous solubility.
The biomimetic nanocarrier system was prepared using PLGA polymer. The prepared
PLGA nanocarrier system was found to show improved stability and biocompatibility.
In addition, the GA-loaded RBC-m- PLGA-NPs showed better antitumor efficacy and lesser
toxicity as compared with the free GA in the treatment of colorectal cancer [58]. In another
study, a novel RBC-based artificial APC (aAPC) system was developed which can mimic
the antigen presenting dendritic cells (DC) and activate T-cells. This system had promising
applications in the transfer of adoptive T-cells and even in the activation of circulating
T-cells directly for the immunotherapy of cancer [59].

4.3. NERs in Cancer Imaging and Diagnostics

For the in vivo cancer imaging, RBC-up-conversion NPs (RBC-UCNP) were developed
for cancer targeting and imaging recently. UCNPs were functionalized using 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium
salt) (DSPE-PEG). RBC-UCNPs were obtained using extrusion method and showed supe-
rior chemical and optical features. These RBC-UCNPs were utilized successfully for in vivo
tumor imaging [60]. The biomimetic RBC membrane-coated ferric oxide (Fe3O4) magnetic
NPs (RBC-MNP) prepared using microfluidic electroporation strategy also exhibited better
treatment effect in imaging-guided cancer therapy [61]. Therefore, biomimetic-NPs derived
from erythrocytes, white blood cells, cancer cells, stem cells, platelets, or bacterial ghost
cells are engineered therapeutic carrier system presently garnering lot of attention for their
applications in diagnostics, imaging, drug delivery, vaccines, and immune-modulation,
etc. [62]. The limitations of fluorescence image-guided tumor surgery and photodynamic
therapy including lesser penetration depth, lower signal-to-noise ratio of traditional first
near infra-red (NIR) window (NIR-I) fluorescence, as well as the hypoxic tumor environ-
ment can be overcome by RBCs-based multimodal probe. This probe was able to show
improved tumor targeting and fluorescent probes retention post IV injection, therefore,
the second NIR window (NIR-II) fluorescence bioimaging-guided absolute tumor resection
and highly efficient photodynamic therapy could be achieved [63].
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4.4. NERs in Cancer Combination Therapy

In continuation to explore the cancer combination therapy using NERs, a hybrid
biomimetic RBCs-melanoma cells (B16-F10) coating (RBC-B16 hybrid membrane) along
with the loading of camouflaged DOX on the hollow copper sulfide (CuS)-NPs were de-
veloped for the melanoma therapy and compared with the bare CuS-NPs. Interestingly,
the DOX-loaded RBC-B16-coated CuS-NPs exhibited excellent synergistic effects as the
photothermal-chemotherapeutic agent and were 100% effective in inhibiting the melanoma
tumor growth [64]. Small molecular drug co-assemblies of 10-hydroxycampthothecin
(10-HCPT) and ICG were fabricated in RBC membranes as a biomimetic and combinational
therapeutic tool for prolonged circulation time, controlled drug release, and synergistic
chemo-photothermal therapy. The prepared NPs had a diameter of ~150 nm, core-shell
structure, high drug load (~92 wt%), and decreased uptake by RES. Compared to indi-
vidual treatment, the NPs under dual stimuli showed high increased apoptosis in tumor
cells [65]. PAX-loaded biocompatible nanosystems derived from human ER membranes
were constructed to enhance the targeting of the drug for the treatment of gastric cancer.
With a lipid insertion method, a phospholipid derivative, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-(maleimide[polyethyleneglycol]-3400) (DSPE-PEG-MAL) was
inserted into the ER membrane-derived tumor-targeting molecular vesicles. The spher-
ical and uniformly sized (171.7 ± 4.7 nm) nanosystems were obtained which exhibited
biphasic release pattern of the drug. When subjected to in vivo testing in Balb/c nude
mice, the nanosystems showed accumulation of the drug into the tumor site within 2 h of
the administration reducing the tumor volume to 61% [66]. In a similar study, folic acid
(FA) as a tumor-targeting molecule and magnetic nanoparticles (MNP) were coated on the
RBC-surface using lipophilic interaction and chemical conjugation techniques, respectively.
MNPs were functionalized using DSPE-PEG-FA. Functionalized MNPs were conjugated
with RBC ter 119 antigen. These engineered RBCs quickly adhered to the circulating tumor
cells (CTC) and conjugated to form RBC-CTC conjugates which released the CTCs upon
treatment with RBC-lysis buffer followed by centrifugation [67]. The targeted delivery
of DOX in the treatment of liver cancer was also studied in another report. The surface
modified NERs loaded with DOX were prepared and their surfaces were modified with FA
and PEG for their tumor targeting ability. Compared to the conventional DOX injection,
FA-PEG-DOX-Nano-RBCs were reported to prolong the drug circulation time in vivo and
augmented the concentration and accumulation of drug in liver tumor cells [68].

A novel, targeted, biomimetic nanoplatform for combined cancer chemotherapy and
phototherapy was achieved by embedding the BSA encapsulated with 1,2-diaminocyclohexane-
platinum (II) and ICG for targeting peptide-modified erythrocyte membrane in order to
improve the tumor internalization. The nano-therapeutic system had tumor-specific targeting
ability with efficient removal of tumors, as well as suppression of metastasis in vivo by
combined photothermal therapy and chemotherapy under phototriggering [69]. A nanoworm,
biomimetic NER for siRNA delivery has also been reported in literature wherein, the RBC
membrane cloaking protected siRNA from degradation by RNAse A. The siRNA vector stayed
longer in the blood circulation than that of both negatively charged BSA spheres, as well as
positively charged BSA and showed the ability to escape from late lysosomes and endosomes
in order to achieve efficient transfection for knockdown of genes. These biomimetic worm-
like NERs charge reversible gene vector is a novel method for much effective in vivo siRNA
therapy [70].

The magnitude of research carried out on the delivery of drugs bound to erythrocytes
emphasized more on controlled release, improved pharmacokinetics and pharmacody-
namics profiles of drugs such as anti-neoplastics, anti-inflammatory, anti-thrombotics, and
anti-microbials, etc. [71]. Poised with unique advantages in drug transportation, RBC-
based systems were further developed and in yet another study, an albumin bound NIR
dye and DOX as a chemotherapeutic agent were co-encapsulated inside the RBCs and
their surfaces were modified using target protein to achieve tumor targeting. The RBC
membranes were destroyed using an external NIR laser and light-induced photothermal
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heating which resulted into the release of drugs effectively. This work was novel, smart,
and highly promising in the field of targeted combination therapy of cancer (photothermal
and chemotherapy) [72]. Similarly, the immunocompatible nanocarriers cloaked in RBC
membrane were utilized for drug targeting. DOX-loaded PLGA NPs were prepared using
double emulsification method and RBC membrane vesicles were prepared using a sonica-
tion method. Biomimetic RBC-NPS were prepared by fusing DOX-loaded PLGA NPs into
RBC membrane vesicles. The prepared biomimetic-NPs of DOX shrouded inside the RBC
membranes showing good inhibition of tumor growth as compared to the treatment with
free drug [73]. Recently, dual-functional exosome-based super-paramagnetic NP-clusters
were developed for the cancer therapy and the in vivo studies on murine hepatoma-22
subcutaneous cancer cells demonstrated the suppression of tumor growth by these novel
drug carriers under an external magnetic field [53].

The photothermal therapy (PTT) is a highly efficient method for the induction of tumor
neoantigen release in situ and it has great potential to be used in the cancer immunother-
apy. Nanovesicles of biomimetic black phosphorous quantum dots (BPQD) coated with
ER membranes (RM) nanovesicles [BPQD-RMNV] exhibited longer circulation time and
better tumor accumulation in vivo in breast cancer cells. The BPQD-RMNV mediated PTT
combined with anti-program death-1 (aPD-1) treatment markedly deferred residual and
metastatic cancer growth in vivo. Therefore, the combination of BPQD-RMNV-mediated
PTT with immune checkpoint-blockade antibodies were found to improve the permeation
and efficacy of CD8+ T cells inside the tumor restraining the growth of basal-like breast
cancer cells in vitro [74]. In another study, graphene oxide NPs were prepared by incor-
porating ICG as photosensitizer along with DOX as the chemotherapeutic agent and the
shell was made of RBC-membrane inserted with FA as targeting molecule. These NPs
showed excellent biocompatibility and remarkable ability to evade the RES clearance [75].
Hybrid membranes of various kinds of cells could efficiently be coated onto the surface of
NPs in order to achieve the desired functions [76]. The coating using cell membranes has
emerged as an upcoming strategy for improving the properties of nanomaterials. In lieu
of this, RBC membrane was fused with MCF-7 breast cancer cell membrane and hybrid
membrane-camouflaged melanin NPs were prepared for improving the therapeutic poten-
tial of PTT. Melanin-RBCs showed both prolonged blood circulation time and homotypic
targeting to the MCF-7 breast cancer cells [76].

4.5. NERs in Glioma Therapy

Amongst all cancers, glioma is the most fatal with limited options of treatment and
a very low survival rate. It is extremely challenging for NPs to cross blood brain bar-
rier (BBB) and blood brain tumor barrier (BBTB). Researchers recently designed RBC-
membrane-coated solid-lipid-NPs-based nanocarrier system with T-7 and NGR peptide
to counter these challenges, to evade the BBB and to reach the glioma. The NPs of pep-
tides T-7 and NGR were prepared using DSPE-PEG and fused with RBC membrane.
These biomimetic nanocarriers showed enough potential to deliver the model drug vin-
cristine to the brain [77]. Similarly, RBC-membrane-coated-nanocrystals modified with
the tumor-targeting peptide c(RGDyK) were developed for their potential to treat glioma.
Docetaxel-loaded nanocrystals were prepared using streptavidin-PEG-DSPE and biotin-
DSPE-c(RGDyK) and fused with RBC membrane. These nanocarriers showed improved
tumor accumulation and enhanced therapeutic efficacy in vivo in mice with subcutaneous
tumor and orthotropic glioma. These nanosystems displayed higher drug loading, excellent
biocompatibility, long-term stability, and were found to be suitable for brain delivery [78].
RBC-hitchhiking is another valuable technological tool and a new formulation develop-
ment strategy of complexing NPs with the RBCs for the treatment of aggressive and small
cancers, including lung cancer [79].
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4.6. NERs in Overcoming Drug Resistance

RBC-membrane-derived vesicles (RDV) coated poly (acrylic acid) cystamine hydrochloride-
D-α-tocopherol succinate (PAAssVES) NPs were developed using emulsification method fol-
lowed by solvent-volatilization method and finally was loaded with anticancer drug sorafenib
(SFN). The obtained RDV-coated NPs (RDV-NP) showed excellent stability and particle size of
113.5 nm with −10.7 mV zeta potential. In comparison to the free SFN treatment, RDV-NPs
demonstrated longer circulating time [80]. To overcome MDR in breast cancer treatment, NERs
could be an ideal approach for the co-delivery of anticancer drugs with a p-gp inhibitor. In lieu
of this, FA-modified NER system was developed to simultaneously transport tariquidar and
paclitaxel and evaluated for its in vitro and in vivo properties. The nanocarrier was observed
to be of size 159.8 ± 1.4 nm and zeta potential −10.98 mV, respectively. It showed a sustained
release of paclitaxel within 120 h in both pH 6.5 and 7.4 media. Cytotoxicity studies on MCF-7
cells showed that both paclitaxel and tariquidar were able to inhibit the proliferation of MCF-7
cells and pharmacokinetic studies revealed prolonged drug release for all nanoformulations [81].
For the development of nanomedicine to target gliomas, it is important for them to have the
capability to cross the BBB, as well as the BBTB. In this light, a preparation based on PLGA-NPs
coated with ER-membrane with dual-modified peptide ligands was developed. Euphorbia
factor-L1 was used as model drug, and these NPs were taken up by the cells and showed the
ability to cross both BBB and BBTB, thereby producing cytotoxic effects in vitro. Furthermore,
in vivo studies supported these results and the prepared NPs could enter the brain, targeting
tumor tissues and significantly extending the life span [82]. Subsequently, NERs of 5-FU for
liver cancer treatment were prepared for improved pharmacokinetic and biodistribution of
5-FU. The 5-FU-loaded chitosan coated–poly (lactide-co-glycolic acid)-NPs-NEs chitosomes had
narrow particle size distribution, desirable encapsulation efficiency and sustained release profile
of up to 72 h, which suggested that these nanosystems were able to deliver 5-FU with enhanced
targetability to the liver cells [83]. In another recent study, the surface of NERs was decorated
with two different flourophores: 7-amino-4-methylcumarin and dibenzocyclooctinecyanine with
glutaraldehyde. The NER-derivatives exhibited higher stability in physiological conditions [84].
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In vitro uptake by macrophages, in vivo biodistribution and pharmacokinetic studies
demonstrated that the RBC-membrane is a better alternative to PEG, which is currently
the gold standard for nanoparticles “stealth”. The combination of natural cell membranes
with synthetic NPs poses a novel and biomimetic strategy for the designing of nanomate-
rials which additionally displays a wide range of biomedical applications, owing to the
properties of functional materials used [85]. The biomimetic-NPs have attracted increasing
attention in pharmaceutical and biomedical applications by imitating the structures and
the functions of biological systems including longer blood circulation time. Nevertheless,
the circulation time of these NPs is still far lesser than that of the native cells, which limits
their applications greatly [86,87]. Accordingly, a camouflage comprising ER-membranes
renders NPs as a platform that has combined advantages of native ER-membrane as well
as of nanomaterials. When, they are injected into the animal models in vivo, the ER-
membrane-coated NPs imitate and behave like RBCs and interact with the surrounding
macromolecules to achieve longer circulation time [88].

5. Applications of NERs in Non-Cancer Therapies

NERs have been extensively investigated for the therapy and diagnosis of various
forms of cancers and that has further encouraged the researchers to test their applications
for non-cancer diseases. The findings are interestingly very promising which has opened a
new vista for the applications of NERs. In one such study, the NERs of antimalarial drug
pyrimethamine (PRY) were developed by sonication method which showed good stability
and controlled in vivo release. Developed NERs improved the treatment of malaria when
combined with artemisinin drug [89]. In another interesting research, artesunate (ART)
conjugated NERs were prepared to increase the stability, decrease the toxicity, cost, and
drug leakage for the treatment of malaria. The optimized ART-NER nanoformulations
were non-aggregated, uniformly sized, with drug loading of 25.20 ± 1.3 µg/mL and
when administered IV, showed higher plasma drug concentration as compared to free drug
in vivo [90]. For the treatment of atherosclerosis, the nanomaterials can be explored and it is
believed that they can serve as a powerful tool in its treatment. In an attempt to achieve this,
biomimetic, well defined core-shell-nanocomplexes of rapamycin (RAP)-loaded PLGA-NPs
cloaked with RBC were created with negative surface charge. The prepared nanosystems
were shown to be safe and effective in the management of atherosclerosis as the biomimetic
behavior of RBCs resulted in decreased macrophage-mediated phagocytosis and increased
aggregation of NPs in the atherosclerotic plagues using targeted delivery [91]. Most of the
applications of NERs were limited to the IV, IP, and sub-cutaneous (SC) routes of admin-
istration. To explore other possible routes of administration, they were also investigated
as inhalational drug carriers in few studies successfully. In one such study, NERs were
conjugated with CARSKNKDC (CAR), a cell permeable peptide and fasudil, a rho-kinase
(ROCK) inhibitor using hypnotic-lysis and extrusion method for prolonged pulmonary
vasodilation. The NPs obtained were of spherical shape with average size 161.3 ± 1.37 nm
and % entrapment efficiency (EE) 48.81 ± 1.96%, which showed stability of around 3 weeks
at 4 ◦C, and the drug fasudil was shown to be released in a controlled release pattern
for more than 48 h. The reduction in the pulmonary arterial pressure upon intratracheal
administration of CAR-fasudil-NERs was approximately 2-fold more specific to the lungs
in comparison to fasudil alone [92]. Few other studies in the literature also suggest that the
NERs can effectively be utilized for inhalational delivery of fasudil drug as cell-derived
carriers [93,94].

6. Biosensing Applications of RBC-Mediated Carriers Systems

The cutting-edge RBC-mediated anti-cancer drug delivery by NERs is well established
along with their applications in some of the non-cancer diseases. Additionally, the in vivo
nanobiosensor-based theragnostic application of RBCs has emerged as a topic of interest in
present days for advanced medical diagnostics, analytical chemistry, and environmental
monitoring [95–97]. Their extraordinary profusion, mobility, and loading capacity makes
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them an attractive tool for sensing the analytes present in the blood. The sensor-loaded
ERs or the dubbed erythrosensors can be re-infused in the blood and can be used for the
measurement of analyte levels in the blood stream [96]. Previously, 3-D focusing of RBCs in
microchannel flows for bio-sensing applications has also been reported [98]. Additionally,
the fluorescent sensors were incorporated inside ERs followed by non-invasive monitoring
to follow changes in plasma analyte concentrations [99]. For the management of diseases
such as diabetes, there exists a need for long-term, minimal-invasive system to monitor
blood glucose as analyte. Currently employed methods suffer from disadvantages of low
patient compliance for the finger stick test and require regular calibrations for continuous
glucose monitoring. The RBCs can act as a biocompatible carrier of sensing assays for
such long-term monitoring procedures. They can serve as long-term (>1 to 2 months),
continuously circulating biosensors in the diagnosis and management of such long term
diseases [100]. Similarly, the fusion of quantum dots (QD) with living cell membranes for
bio-sensing capability in imaging technique is a flexible approach for controlled, hydropho-
bic QDs-based fluorescence analysis of living cellular membranes [101].

7. Recent Patents on NERs for Cancer Therapy

In this section, the important and recent patents related to the use of NERs as bioactive
carriers in cancer therapy are summarized. The description of the invention and its
pharmaceutical advantages are mentioned in Table 2 for the quick understanding of the
readers. The recent patents enlisted here show the viability of this approach for delivering
the antineoplastic drugs to their required targeted site of action. The enhanced potential of
the antineoplastic drugs loaded in NERs carrier system points towards the growth of this
novel drug delivery system in cancer therapy [102–111].
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8. Recent Clinical Trials on Anticancer Drug-Loaded NERs

The comprehensive and detailed investigations on the RBC-mediated drug delivery
strategy have grown rapidly and, currently, the research and development on these strate-
gies have transformed and advanced to the pre-clinical and clinical phases. None of the anti-
cancer drug loaded-RBC-technology has reached the market till now, however, few clinical
trials on RBC-based technology have been conducted for dexamethasone-21-phosphate in
ataxia telangiectasia, asparaginase in pancreatic cancer, lymphoblastic leukemia, thymidine
phosphorylase in mitochondrial neuro-gastrointestinal encephalomyopathy and RTX-134 in
phenylketonuria, etc., as reported [112]. A phase IIb open-label study on ER-encapsulated
asparaginase (Eryaspase) in combination with chemotherapy in second-line advanced
pancreatic adenocarcinoma [NCT02195180] is being carried out [113]. Eryaspase in com-
bination with chemotherapy (gemcitabine) was associated with improvements in overall
survival (OS) and progression-free survival (PFS), irrespective of asparagine synthetase
(ASNS) expression in second-line advanced pancreatic adenocarcinoma. A Phase III trial
is underway [114]. An open-label, randomized, multicentered, phase-III trial on Eryas-
pase in patients with pancreatic ductal adenocarcinoma and those who failed only one
prior-line of systemic anticancer therapy for advanced stage of pancreatic cancer were
also reported [NCT03665441] [115]. Another clinical trial on Eryaspase was a random-
ized phase II/III investigation by combining carboplatin and gemcitabine chemotherapy
versus chemotherapy-alone as first-line treatment in metastatic or locally recurrent triple-
negative breast cancer [NCT03674242] patients [116]. A clinical trial study on PEGylated-
asparaginase-encapsulated in erythrocytes for patients with acute lymphoblastic leukemia
(ALL) is also underway [NCT03267030] [117] as shown in Table 3.

Table 3. List of clinical trials available for asparaginase encapsulated in erythrocytes (Eryaspase).

Clinicaltrial.gov Identifier NCT03674242 NCT03665441 NCT02195180 NCT03267030

Drug encapsulated in
erythrocyte

Asparaginase encapsulated in erythrocytes (Eryaspase)

Eryaspase combined with
other anti-cancer drugs

Eryaspase combined with
gemcitabine or carboplatin

Eryaspase combined with
either gemcitabine plus

abraxane, or irinotecan-based
therapy

Eryaspase combined with
gemcitabine or 5-fluoro-

uracil/oxaliplatin/leucovorin
(FOLFOX)

Eryaspase combined with
GRASPA

Purpose Treatment Treatment Treatment Treatment

Cancer type Triple negative breast cancer Pancreatic adenocarcinoma
Progressive metastatic
pancreatic carcinoma

Acute lymphoblastic
leukemia

Recruitment status Recruiting Active, not recruiting Completed Completed
Sponsor ERYtech Pharma ERYtech Pharma ERYtech Pharma Birgitte Klug Albertsen

Study-type Interventional Interventional Interventional Interventional
No of participants 64 500 141 55

Allocation Randomized Randomized Randomized N/A
Intervention model Parallel assignment Parallel assignment Parallel assignment Single group assignment

Masking Open label Open label Open label Open label
Phase Phase 2/3 Phase 3 Phase 2 Phase 2

Start of the study June 2019 September 2018 July 2014 August 2017
Completion of the study October 2020 October 2021 November 2017 October 2020

9. Conclusions

The NERs are the RBC-derived nanocarrier systems having extraordinary features
among which the long blood circulation time, controlled release of drug over a long period
of time, ability of escaping the immune system and targeted delivery of drugs to the site of
action are the main features. These properties led to an extensive investigation on NERs
and the results have shown promising potential for NERs to be developed as a novel,
biomimetic and efficient drug delivery system for the effective and targeted delivery of
drugs including anticancer drugs and others. In addition, NERs have also been studied as
a powerful diagnostic tool for the diagnosis of various tumors. The encouraging findings
of the in vitro and in vivo studies conducted on NERs further lead to the advancement to
clinical trials stage and the efficacy and safety is being tested on human beings. However,
the NERs still suffer from the disadvantages related to scalability and validation which
is one of the limiting factors for its industrialization. Nevertheless, many studies are
underway to utilize the NERs as a multifaceted drug delivery tool and it has shown
substantial capabilities of being developed and applied for human use.
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Abstract: Photodynamic therapy (PDT) is an alternative modality to conventional cancer treatment,

whereby a specific wavelength of light is applied to a targeted tumor, which has either a photosensi-

tizer or photochemotherapeutic agent localized within it. This light activates the photosensitizer in

the presence of molecular oxygen to produce phototoxic species, which in turn obliterate cancer cells.

The incidence rate of breast cancer (BC) is regularly growing among women, which are currently

being treated with methods, such as chemotherapy, radiotherapy, and surgery. These conventional

treatment methods are invasive and often produce unwanted side effects, whereas PDT is more

specific and localized method of cancer treatment. The utilization of nanoparticles in PDT has shown

great advantages compared to free photosensitizers in terms of solubility, early degradation, and

biodistribution, as well as far more effective intercellular penetration and uptake in targeted cancer

cells. This review gives an overview of the use of inorganic nanoparticles (NPs), including: gold,

magnetic, carbon-based, ceramic, and up-conversion NPs, as well as quantum dots in PDT over the

last 10 years (2009 to 2019), with a particular focus on the active targeting strategies for the PDT

treatment of BC.

Keywords: Breast cancer treatment; Photodynamic therapy; Inorganic nanoparticles; Active targeting

1. Introduction

Breast cancer (BC) is the most prevalent malignancy among women worldwide [1].
Cisplatin (cis-diammine-dichloroplatinum (II)) is currently an approved drug that can be
utilized for the treatment of various cancers, since it inhibits DNA replication and chain
elongation [1]. Although numerous anticancer drugs have been developed over the years
for BC treatment, it still remains a therapeutic challenge; since BC can metastasis, become
resistant to certain drugs, as well as exhibit lesions of recurrence after surgery [2]. More
importantly, conventional anticancer drugs, when administered, spread throughout the
body, and thus affect healthy cells and tissues, instead of just the localized tumor area,
which requires treatment [3].

The effectiveness of photodynamic therapy (PDT) in ablating localized BC tumors,
with limited side-effects is a significant breakthrough in unconventional treatments [4].
PDT can be performed as an adjuvant to other therapies, since it enables selective, as
well as localized damage to tumors and their surrounding vasculature [4]. PDT is based
on the activation of a nontoxic photosensitizer (PS) with an appropriate light to produce
reactive oxygen species (ROS), which in turn eradicates cancer cells [4]. However, due to
the hydrophobic nature of most PSs, they have high tendency to aggregate in aqueous
solution, reducing the efficacy of PDT treatment [5]. In addition, PSs do not tend to bind to
tumor cells selectively, resulting in poor specificity uptake in cancer cells and so localized
normal tissues can become affected during treatment [6]. In this context, the combination
of nanotechnology and PDT in the form of nanoplatforms is of great importance, whereby
PSs are covalently or non-covalently bound to the nanoparticles (NPs) [6]. The selectivity of
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the nano delivery agents can be also enhanced using active targeting, whereby antibodies
and small ligands can be bound to NPs, and so allow for PSs to be specifically (as well
as directly) delivered into targeted tumor cells [6]. Therefore, the aim of this review is to
collate and discuss the types of inorganic NPs that have been used for the active (as well as
targeted) delivery of PSs within PDT BC treatment.

2. Conventional Treatments of Breast Cancer

Chemotherapy, surgery, and radiotherapy are the main therapies utilized for small
sized BC tumors [7]. Some other less invasive treatments, such as cryotherapy, laser
ablation, and radiofrequency ablation (RFA), have also been developed for early stage
BC [8,9]. In spite of promising developments in the treatment of early BC, surgery is
generally the first option. Often, positive BC tumor margins can remain unresected, and so
the possibility of reoccurrence is eminent. Thus, most often, patients require additional
surgeries and chemotherapy treatments [10,11]. In this context, new (and far more effective)
treatment modalities are sought after in order to mitigate the collateral damage, as well as
improve the treatment outcomes of BC.

3. Photodynamic Therapy (PDT) and Photosensitizers (PSs)

PDT is an alternative non-invasive therapeutic technique for the treatment of various
types of cancers and non-oncological diseases [4]. PDT is painless and its selectivity to
cancer cells is well tolerated by patients [12]. It involves three main aspects: (1) a photo
active compound or PS that accumulates in neoplastic cells; (2) local light to excite and
activate the PS; as well as (3) surrounding tumor molecular oxygen [13]. When a PS
becomes activated through illumination at an appropriate wavelength and it reacts with
surrounding molecular oxygen, it produces reactive oxygen species (ROS) and singlet
oxygen, which destroys localized tumor cells [13].

Among the broad spectrum of light, ultraviolet (UV) light (200–400 nm) may damage
biological components, and so its biomedical applications are restrained, while visible
light in the range of 400–650 nm can be utilized for activation of various PSs [13]. In
addition, “biological transparent windows” in near infrared (NIR)-I (750–1000 nm) and
NIR-II window (1000–1700 nm) enjoy low absorption and scattering, with deep tissue
penetration and low auto-fluorescence from biological tissues, and so can be utilized for
biophotonic imaging [14,15].

Tissue penetration depth of light can be sometimes limiting, which can affect the
amount of PS activated, which in turn affects the amount of ROS and singlet oxygen
produced to kill tumor cells [16]. Short wavelengths (<650 nm) generally have a lower
penetration depth in tissues, while longer wavelength (above 850 nm) ranges are not
sufficient enough to excited or activate PSs [16]. Thus, the most appropriate wavelength
for PDT is between the range of 600 and 850 nm, which is known as the “phototherapeutic
window” (Figure 1) [16].

The most effective PSs in PDT cancer applications are chemically pure and stable, as
well as have minimal dark toxicity and side effects, with ideal hydrophilic properties [17].
Additionally, PSs should have strong absorption within the range of 600–850 nm, as
to ensure, limited scattering, high tissue depth penetration, with maximum extinction
coefficients [17].

Hematoporphyrin derivative (HpD) and photofrin are the first-generation commercial
PSs, known for harsh PDT unwanted side effects [18]. While aminolevulinic acid (ALA),
esterified derivatives of ALA and phthalocyanine compounds, which are considered
second generation PSs, are known to produce minimal PDT side effects, with improved
ROS generation, due to their longer absorption wavelengths, with improved tissue depth
penetration [18]. Moreover, conjugation of second generation PSs to various biological
carriers (such as nanoparticles) are referred to as third generation PSs, since these “carrier”
conjugations generally allow PSs to selectively accumulate in cancer cells [19].
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Thus, the activation wavelength, solubility, octanol/water partition coefficient, and
molar extinction coefficient are of great importance for determining the potency of a PS in
PDT. The main parameters of some PSs are compared in Table S1.

–

these “carrier” conjugations generally allow PSs to selectively accumu

Figure 1. Electromagnetic spectrum showing the ideal phototherapeutic window for photodynamic therapy (PDT) treatment

of cancer.

4. Mechanisms of Photodynamic Therapy

There are two main PDT mechanisms, which occur in tumor cells, in the presence of
molecular oxygen (Figure 2). Upon irradiation of a PS with a wavelength of light coinciding
its absorption spectrum, the PS molecule becomes converted from a ground state to a singlet
excited state [20]. The PS drug loses a part of its energy through fluorescence and the
remainder is transferred and so the singlet state PS becomes excited to a triplet state. In
a type I mechanism, the triplet excited state PS interacts with biomolecules from tumors
surroundings to form radicals, which react with molecular oxygen to produce ROS, such
as hydrogen peroxides, superoxide anion radicals, and hydroxyl radicals [20]. In the type
II mechanism, the energy from an excited triple state PS is directly transferred to triplet
state oxygen (3O2) to form singlet oxygen (1O2) (Figure 2A) [20]. Both ROS and 1O2 induce
cancer tumor cell death via either apoptotic, necrotic, or autophagy cell death pathways,
depending on the intracellular localization of a PS [21]. Apoptotic cell death is usually due
to mitochondrial PS localization and damage, whereas necrotic cell death is mostly due to
cell membrane damage and loss of integrity. Within autophagy cell death, usually the PS
induces endoplasmic reticulum or lysosomes damage; however, this form of PDT induced
tumor cell death is not favored since cells can recover [21].
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Figure 2. (A) PDT mechanism of action, as well as (B) passive and active tumor photosensitizer (PS) targeting approaches to

generate reactive oxygen species (ROS) and singlet oxygen for tumor destruction (PS* indicates an excited state photosensitizer).

5. Passive and Active Targeting PS Uptake Strategies

PS subcellular localization uptake can be classified into either passive or specifically
active targeting (Figure 2B). Passive PS uptake is encouraged via the permeability and
retention (EPR) effect, which causes tumor tissues to present a leaky vasculature [22]. It is
natural occurring process, which utilizes the difference in anatomical and pathophysiologi-
cal abnormalities of cancer tissue versus normal cells to improve PS passivation in tumor
cells [22]. When nanoparticle carriers are bound to PS, they tend to promote the passive
uptake of PSs via the EPR effect [22]. Active targeting requires the binding of specific
targeting ligands, such as antibodies, peptides, aptamers, folic acid (FA), small ligands,
or carbohydrates, onto the surface of PS-loaded nanocarrier systems, which are explicitly
overexpressed only on cancer cell receptors; thus, PS uptake in these cells is specifically
enhanced and actively internalized [22].

In comparison to passive targeting, nanoparticle active targeting most definitely does
provide a more selective absorption of PS in tumor cells with improved PS concentration
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accumulation; thus, higher accumulation of the nanocarrier and cellular concentration of
the drug into the cells will take place [22,23].

6. Nanoparticle Delivery Systems for PDT

Drug delivery systems based on nanoparticles (NPs) are a promising approach in PDT
to enhance PS absorption in cancer cells. A large surface to volume ratio of the NPs can
promote the loading capacity of PSs and so improves concentration delivery and either
passive or active uptake in cancer cells [24]. In addition, anchoring of PSs to NPs can
improve either the stability and solubility, as well as reduce dark toxicity and enhance
localized delivery, to improve PDT treatment outcomes and minimize unwanted side
effects [24]. Moreover, the small size of NPs, not only assists PSs to accumulate in cancer
cells via passive or active targeting, but also allows these nanocarrier to mimic biological
molecules and, thus, easily pass through immune system barriers [25]. In relation to active
targeting, PS nanocarriers are usually further functionalized with specific ligands, which
are compatible to overexpressed tumor sites, to improve their biocompatibility and specific
targeted absorption [26].

Various organic and inorganic NP carrier platforms have been developed over the
years for improved PS uptake and enhanced PDT treatment of BC. In this current review,
the utilization of actively targeted inorganic NPs for PDT of BC has been discussed over
10 years.

7. Types of Inorganic NPs Utilized for Active Breast Cancer Targeting PDT Treatments

Inorganic NPs have great advantages over organic nanomaterials through their high
stability, tunable size, and optical properties, as well as ease of surface functionalization
to make them more biocompatible within biological applications [27,28]. Additionally,
metallic and inorganic NPs have a lower degradation rate when compared to organic
NPs [29]. The main characteristics of inorganic NPs have been summarized in Table 1.

7.1. Noble Metal Nanoparticles

Among various types of metallic NPs, gold NPs are ideal candidates for PS delivery
into the body, due to their inertness, low toxicity, and limited side effects, as well as ease of
synthesis and surface functionalization [30]. Furthermore, gold NPs are able to enhance the
passive uptake of a PS-carrier system in tumor cells via the EPR effect [30,31]. Moreover,
gold NPs possess a large surface area, which can be functionalized with a variety of ligands
for active targeting [32]. Considering the high binding affinity of gold to thiol and amine
groups, these NPs can be easily functionalized with antibodies, proteins, nucleic acids,
and carbohydrates, which enable selective targeting and enhanced PS delivery in cancer
tissues [33].
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Table 1. Main properties and structures of inorganic nanoparticles (NPs).

Inorganic NPs Properties Structure Reference

Gold NPs

High surface to volume ratio, easy
functionalization with antibodies, suitable

for passive and active targeting, near
infrared absorption, localized surface

plasmon resonance (LSPR) characteristics

 

[34]

Magnetic NPs
Selective destruction of cancer cells due to

heat release, superparamagnetism, and high
field irreversibility

[35]

Carbon-based NPs
High strength, electron affinity, water

solubility, and biocompatibility

 

 

[36,37]

Quantum dots
Broad excitation and narrow emission
spectra, with high quantum yields and

photostability
[38]

Silica NPs
High biocompatibility and stability, with

easy surface functionalization
[28]

Upconversion NPs
Used for the treatment of deep-seated tumors

and exhibit lower phototoxicity
[28,39]

Ceramic NPs

Controlled release of drugs, easy
incorporation of hydrophilic and

hydrophobic drugs, with high
loading capacity

–

– –
– –

–

μM and 1.15 μM, showed 99% cell death 

–
–

–

[40]
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Gold NPs can be employed for imaging contrast agents and radiosensitizers thanks to
the high atomic number of gold [30]. Furthermore, since gold NPs have a high atomic num-
ber and optical properties of light absorbance within near infrared (NIR) wavelengths [14],
they generate heat when exposed to NIR laser irradiation, through surface plasmon res-
onance effects, allowing them to induce hyperthermia in tumor cells and so assist in
improving PDT treatment outcomes [30]. In addition, since gold NPs peak absorbance
wavelength is within the visible range of 400–600 nm, NIR light is transmitted through
normal cells with low absorption [41], resulting in hyperthermia induction in cancer cells,
with very little damage to surrounding healthy cells [42]. Lastly, the surface plasmon
resonance effect of gold NPs within the NIR region enhances singlet oxygen and ROS
generation [28], and so they tend to improve the overall treatment effect of PDT [31].

Studies by Li et al. (2009) noted that the passive tumor uptake of gold PS nanocon-
jugates in BC cells could be enhanced by binding them to active targeting biomark-
ers [43]. With respect to active targeting, a novel 4-component anti HER-2 antibody–
zinc–phthalocyanine derivative–polyethylene glycol–gold NP conjugates were prepared
for the in vitro PDT treatment of SK-BR-3 (BC cells with HER-2 receptors), MDA-MB-231
(BC cells without the receptor overexpression), and normal breast cells (MCF-10A) [44]. The
study noted that the binding of the antibody to the gold PS nanoconjugate did not have an
effect on the rate of singlet oxygen production and fluorescence microscopy demonstrated
higher BC cellular uptake in SK-BR-3 cells, due to active HER-2 receptor targeting [44].
Within PDT treatments using 633 nm laser irradiation, the gold PS antibody nanoconjugate
induced 40% cell death in SK-BR-3 cells, whereas MDA-MB-231 only noted 25%, and nor-
mal MCF-10A reported 7% cell death [44]. These findings suggested that active antibody
receptor targeting enhanced the delivery of the PS in BC, which has over expressed HER-2
receptors, and so significantly improved the overall treatment outcomes of PDT [44].

In a similar study, gold NPs were stabilized with hydrophobic zinc phthalocyanine
PS (C11Pc) and hydrophilic polyethylene glycol (PEG) for the PDT treatment of SK-BR-3
BC [45]. The C11Pc-PEG gold NPs were then further functionalized with jacalin (a lectin
specific for cancer-associated Thomsen–Friedenreich (T) carbohydrate antigen) or with
monoclonal antibodies specific for the human epidermal growth factor receptor-2 (HER-
2) [45]. The study revealed that the NP conjugates were more specifically internalized
within the acidic organelles SK-BR-3 BC cells [45]. Within PDT treatments under 633 nm
irradiation, both jacalin and antibody conjugates at C11Pc equivalent concentrations of
1 µM and 1.15 µM, showed 99% cell death [45]. However, antibody-conjugates note the
main advantages of limited PS dark toxicity, when compared to the jacalin-conjugates in
SK-BR-3 BC cells, since prior to irradiation, antibody-conjugates reported a 58.9–70.2%
viability, whereas jacalin-conjugates noted 85.5–98.5% [45].

Relating to the PDT effect of zinc phthalocyanine PSs on BC cells, gold NPs were
functionalized with two substituted zinc (II) phthalocyanine PSs, with differing carbon
chain lengths (C3Pc or C11Pc), a lactose derivative for stabilization, and a BC galectin-1
targeting agent [32]. Theses functionalized NPs–PSs were utilized to evaluate in vitro PDT
efficiency of two breast adenocarcinoma cell lines namely, SK-BR-3 and MDA-MB-231 [32].
The conducted studies showed that the galectin-1 receptors overexpressed on the surface
of MDA-MB-231 cells could only be targeted via the lactose-C3Pc-AuNPs, whereas the
lactose-C11Pc-AuNPs in SK-BR-3 cells reported no active galectin-1 targeting. Furthermore,
post-PDT (at 633 nm) no internalization and cell death was observed in MDA-MB-231 cells
treated with lactose-C11Pc-AuNPs. Whereas, the lactose-C3Pc-AuNPs reported significant
galectin-1 receptor targeting in both BC cell lines and noted far higher cytotoxicity in
comparison to the C11Pc PS [32].

The PDT effect of gold NPs prepared via biphasic and monophasic approaches on
SK-BR-3 in vitro cultured human BC cells was further elaborated by Penon et al. (2017) [46].
The gold NPs were further functionalized with a porphyrin derivative and PEG (PR-
AuNP-PEG) synthesized using two different protocols [46]. The monophasic method
reported more porphyrin derivative attached ligands per NP and higher singlet oxygen
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species yields than when compared to the biphasic nanoconjugates [46]. The researchers
then covalently linked an anti-erbB2 antibody (PR-AuNP-PEG-Ab) to the monophasic
PR-AuNP-PEG nanoconjugates, to target the overexpressed erbB2 receptors on the surface
of SK-BR-3 BC cells [46]. Overall, the study noted higher cellular PR PS targeted uptake
in BC cells when compared to normal cells, suggesting it had solubilized the PS, with
significant cellular damage after 495 nm laser irradiation PDT treatment [46].

In other studies, gold nanostars have showed promising characteristics for Raman
diagnostics. Since gold nanostars have tunable plasmon bands in the NIR tissue optical
window, as well as multiple sharp branches, these act as “hot-spots” and so are capable of
the surface-enhanced Raman scattering (SERS) effect [47]. Inspired by the unique SERS
properties of gold nanostars, Fales et al. (2013) proposed the utilization of these nanostars
for the Raman imaging and PDT treatment of BT-549 BC cells [48]. The nanotheranostic
system comprised of a Raman-labelled gold nanostar, protoporphyrin IX (PpIX) PS, and a
cell-penetrating peptide (CPP) known as transactivator of transcription (TAT) to enhance
PS intercellular accumulation of the nanoplatform [48]. The gold nanostars were also
coated with PEG and silica shells to enhance particle stability and PS-loading capacity [48].
Raman imaging results noted that the nanoplatform actively accumulated in the BC cells,
due to the overexpression presence of TAT peptides [47]. The PDT treatment of BT-549 BC
cells with 0.1 nM nanoconjugate and 633 nm irradiation revealed a higher photocytotoxicity
and cell death, when compared to the 0.1 nM PpIX-loaded NP platforms without TAT [48].

The application of gold nanomaterials has been further developed to gold nanorod
applications for successful BC active targeting PDT treatments. The enhanced active
uptake of gold nanorods within in vitro cultured MCF-7 BC cells was found when gold
nanorods were conjugated with anti-HER-2 antibodies [49]. Dube et al. (2018) reported
that the conjugation of a complex of glycosylated zinc phthalocyanine to gold nanorods
(AuNRs) could improve triplet, singlet, and fluorescence quantum yields, more than
gold nanospheres (AuNSs), in PDT applications [50]. PDT results at 680 nm noted that
less than 50% viable MCF-7cells were found at a concentration of ≥40 µg/mL complex-
AuNRs, while this same result was only achievable at a concentration of ≥80 µg/mL
complex-AuNSs, suggesting that AuNRs improve PS uptake and PDT outcomes at far
lower concentrations [50].

A nanoplatform of AuNR@MSN-RLA/CS(DMA)-PEG was also proposed for the com-
binational PDT/photothermal therapy (PTT) of MCF-7 breast cancer [51]. Gold nanorods
were coated with mesoporous silica (AuNR@MSN) and β-cyclodextrin (β-CD), as well as
loaded with Indocyanine green (ICG) [51]. The nanoplatform was then grafted with an
Ada modified RLA peptide ([RLARLAR]2), to enhance plasma membrane permeability
and mitochondria-targeting capacity to form AuNR@MSN-ICG- β-CD/Ada-RLA [51].
Then 2,3-dimethylmaleic anhydride (DMA)-modified chitosan oligosaccharide-block-poly
(ethylene glycol) polymer (CS(DMA)-PEG) was coated onto the surface of AuNR@MSN-
ICG- β-CD/Ada-RLA to serve as a charge-switchable and anti-fouling layer (Figure 3) [51].
Within in vitro MCF-7 BC cytotoxicity assays, the nanoconjugate showed no obvious
toxicity prior to laser irradiation [51]. MCF-7 cells treated with AuNR@MSN-ICG- β-
CD/Ada-RLA/CS(DMA)-PEG at pH 6.8 displayed a higher inhibition and cellular uptake
when compared to AuNR@MSN-ICG, suggesting that CS(DMA)-PEG coating protected
the nanoplatform from hydrolysis, and so promoted cancer cell uptake [51]. Moreover, the
weak acidity microenvironment of cancer cells could reverse the charge of the AuNR@MSN-
ICG- β-CD/Ada-RLA/CS(DMA)-PEG nanoplatform, promoting mitochondrial targeting
and overall improved ROS generation [51]. When MCF-7 BC cells were treated with
the nanoconjugate and 808 nm NIR laser irradiation, the AuNR@MSN-ICG- β-CD/Ada-
RLA/CS(DMA)-PEG complex noted the highest PDT and PTT inhibition relative to control
groups, due to its overall stability and superior ROS, which was mediated by the plasmonic
photothermal effects and local electric field of the DMA AuNR [51]. In vivo investigations
within xenograft nude mouse models noted a higher tumor temperature in mice treated
with AuNR@MSN-ICG- β-CD/Ada-RLA/CS(DMA)-PEG than when compared to those
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treated with AuNR@MSN-ICG, suggesting the DMA coated nanoconjugates were far more
superior at treating BS in combination with PDT and PTT therapy [51].

β

β

β

 

Figure 3. Schematic representation of multifunctional nanoplatform AuNR@MSN and its in vivo

process. Reprinted with permission from reference [51] Copyright 2018 Elsevier.

A chlorine e6 PS based (Ce6)-AuNR@SiO2-d-CPP nanoconjugate template was devel-
oped by synthesizing gold nanorods and passivating PEGylated mesoporous SiO2 onto the
gold NPs surface core to entrap the Ce6 PS [52]. Then, a D-type cell penetrating peptide
(d-CPP) was linked to the gold nano shell to direct active PS targeting of the nanocarrier
towards human BC MCF-7 cells [52]. Free Ce6, AuNR@SiO2-mPEG, and Ce6-AuNR@SiO2-
d-CPP showed no dark cytotoxicity within in vitro cultured BC cells. The combinative PDT
(650 nm)/PTT (808 nm) therapy results on BC cultured cells noted that Ce6-AuNR@SiO2-d-
CPP provided the highest treatment outcomes and caused almost complete cell death [52].
The injection of Ce6-AuNR@SiO2-d-CPP into a nude mouse BC xenografts and exposure to
PTT/PDT combinational therapy noted a significant decrease in tumor weight sizes [52].

Dendrimer-encapsulated NPs (DENs) were first reported in 1998, whereby metal
ions were encapsulated within dendrimers, and to reduce them to produce zerovalent
DENs [37]. DENs are synthetic polar macromolecules consisting of branches that emanate
from a core that has functional groups of neutral, positive, or negative charges [53]. They
are monodisperse NPs, which have lower toxicity in cells, a high surface reactivity, as well
as allow for slow release and, thus, report a great accumulation in tumor cells, making them
suitable for various drug delivery enhancement applications [54]. Poly(propyleneimine)
(PPI) and poly(amidoamine) (PAMAM) dendrimers are some examples of DENs [55].

In this regard, one study evaluated the applicability of multiple particles delivery
complexes (MPDC) for the PDT treatment of MCF-7 BC cell, using 680 nm laser irradia-
tion [56]. The MPDC was comprised of gold NP encapsulated dendrimers (AuDENPs)
and a sulfonated zinc-phthalocyanine mix (ZnPcsmix) [56]. The morphology of the PDT
AuDENPs–ZnPcsmix treated BC cells noted an altered appearance from epithelial-like to
irregular and a 59% of apoptotic cell death was found, in comparison to control groups [56].
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In addition, a decrease in the polarized mitochondrial membranes of the BC cells and an
increase in the depolarized cell membranes were observed after PDT treatment, with an
increase in caspase 3/7 activity and cytotoxicity being found [56].

Recently, a multi-stimuli-responsive theranostic nanoplatform for the fluorescence
imaging-guided PDT/PTT dual-therapy of MCF-7 BC cells was proposed [57]. The
nanoplatform was based on functionalizing AuNRs with hyaluronic acid (HA), and subse-
quently conjugating anti-HER-2 antibody, 5-aminolevulinic acid (ALA) and Cy7.5 onto the
HA, to enhance active PDT targeting and fluorescence imaging respectively (Figure 4) [57].
Cellular uptake efficiency of AuNR-HA-ALA/Cy7.5-HER-2 noted a significantly improved
uptake of 75.5% in MCF-7 cells when compared to control groups, which received AuNR-
HA-ALA/Cy7.5 of 36%, suggesting the nanoplatform improved PS uptake via the specific
HER-2 receptor mediated dual-targeting strategy [57]. Furthermore, AuNR-HA-ALA/Cy7.5-
HER-2 single treated PDT MCF-7 cells at 635 nm reported a 75.6% decrease in cell viability,
and cells treated with singular PTT at 808 nm noted a 58.4% decrease in cell viability [57].
Overall, a combinative PDT/PTT modality at a 5.5 µg/mL ALA concentration with the
AuNR-HA-ALA/Cy7.5-HER-2 nanoplatform noted a significant 61.2% cell death [57]. Within
in vivo studies on BC-induced mice, this dual treatment modality showed a rapid decrease
in tumor sizes 20-days post treatment [57].

–

Overall, a combinative PDT/PTT modality at a 5.5 μg/ml ALA concentration 

 

Figure 4. Schematic illustration for preparing GNR-HA-ALA/Cy7.5-HER2 with triple-responsive

drug release and its application for HER2/CD44 dual-targeted and fluorescence imaging-guided

combined PDT/ photothermal therapy (PTT) treatment of breast cancer. Reprinted with permission

from reference [57]. Copyright 2019 Elsevier.

NP drug carriers are sometimes easily recognized and cleared from the body via
the mononuclear-phagocyte system (MPS); thus, the surface of NPs drug carriers are
generally coated with PEG to act as a shield, and so reduce this biological clearance [58].
However, some studies have noted that upon second administration of PEGylated NP
drug carriers the human body can sometimes become stimulated to produce anti-PEG
antibodies, resulting in the unwanted rapid clearance of the PEGylated NP, decreasing
overall drug uptake in tumor cells [58–60]. In order to alleviate the rapid clearance of
NPs via MPS, researchers have focused on red blood cells (RBCs), since they are a natural
long-circulation delivery vehicle, which do not interfere or impact on the functionality of
NPs [61–63].
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In a study, cationized gold nanoclusters (CAuNCs) with various initial sizes of 150,
200, and 300 nm were constructed and coated with HA (CAuNCs@HA) [58]. In order to
increase the circulation of the CAuNCs@HA nanoclusters, an RBC membrane was attached
to its surface forming mCAuNCs@HA [58]. The mCAuNCs@HA nanoclusters were then
loaded with a pheophorbide A (PheoA) PS, which is a ROS-responsive prodrug paclitaxel
dimer (PXTK) and an anti-PD-L1 peptide dPPA forming pPP-mCAuNCs@HA [58]. This
combinative PDT, chemotherapy and immunotherapy treatment approach was investigated
within in vitro cultured 4T1 BC cells [58]. The study confirmed that the RBC membrane
improved the overall PS in vitro cellular uptake in 4T1 cells, which was found to be
a 2.02-, 1.55-, and 1.95-fold higher uptake for NP-300, NP-200, and NP-150 nm pPP-
mCAuNCs@HA, respectively, when compared to uncoated groups [58]. The study also
demonstrated that the 650 nm laser irradiation PDT induced late apoptosis with pPP-
mCAuNCs@HA was a 2.41-fold higher than when compared to pPP-mCAuNCs@HA
without irradiation [58]. The anti-tumor therapeutic effects within in vivo 4T1 tumor
bearing female mice treated with pPP-mCAuNCs@HA and irradiation was 2.47-fold higher
than when compared to groups injected with pPPmCAuNCs@HA without irradiation [58].

The successful applications of gold NPs in BC PDT active targeting treatments within
in vitro and in vivo studies have led to more clinical applications [64]. In spite of the fact
that gold NPs are inert for bio-tissues and are an alternative platform for PS delivery in
PDT BC treatment studies, particular care must be exercised within clinical studies to noted
their long-term toxicity and biodistribution, as some tend to have a limited clearance in the
spleen and liver; however, this phenomenon is highly dependent on the different shape,
size, and surface charge of AuNP [64].

7.2. Magnetic Nanoparticles

Magnetic NPs (MNPs) have drawn tremendous attention within in vivo and in vitro
biomedical uses, because of their high field irreversibility, small size, and surface function-
ality [35,65]. Within in vitro studies, MNPs have been employed in magnetorelaxometry,
diagnostic separation, and selection applications, whilst within therapeutic studies they
have been utilized to induce hyperthermia and promote active drug-targeting, as well as
assist in diagnostic applications, such as nuclear magnetic resonance imaging (NMR) [66].

Narsireddy et al. (2014) fabricated chitosan coated Fe3O4 NPs, which were de-
posited with gold NPs followed by lipoic acid conjugation [67]. A 5,10,15,20-tetrakis(4-
hydroxyphenyl)-21H,23H-porphyrin PS was also attached onto the surface of gold NPs to
form Fe3O4-Au-LA-PS (MGPS) [67]. In order to improve targeting of this nanoconjugate,
human epidermal growth factor receptor specific peptide (Affibody HER-2) was anchored
onto its chitosan coat forming Aff-MGPS [67]. The PDT effects of Aff-MGPS were then
investigate within in vitro cultured SK-OV-3 BC cells, which are HER-2 positive [67]. The
cellular uptake efficiency of the targeted Aff-MGPS was far more superior than when
compared to free PS or NPs controls alone (Figure 5) [67]. In addition, no dark toxicity was
observed for MGPS or Aff-MGPS nanoplatforms, while free PS noted high dark toxicity [67].
Furthermore, the Aff-MGPS nanoplatforms noted improved targeted peptide uptake in
BC cells when compared to group controls [67]. The targeted PDT specific delivery of
Aff-MGPS was further assessed in nude SK-OV-3 BC induced tumor mice, in comparison to
MGPS treatment alone at 120 J/cm2, and tumor volumes in mice grew slower in Aff-MGPS
PDT treated mice than when compared to MGPS irradiation treatment alone, suggesting
Affibody HER-2 enhanced BC PDT targeted treatment outcomes [67].

The photodynamic anticancer activities of magnetic Fe3O4 NPs on BC was further
investigated through the conjugation of Ce6 and FA onto its surface to form Fe3O4-Ce6-
FA [68]. The synthesized nanoconjugate could effectively produce 1O2 and ROS, with no
dark toxicity being found [68]. Within PDT Fe3O4-Ce6-FA 660 nm experiments, MCF-7
in vitro BC cells reported a concentration-dependent manner decrease in viability, and
increased apoptotic cell death pathway activation via caspase 3/7, with notable nuclear
fragmentation and plasma membrane translocation [68].
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Figure 5. Cellular uptake of (a) free PS, (b) Fe3O4-Au-LA-PS (MGPS) and (c) Affibody -MGPS.by SK-OV-3 cells. Reprinted

with permission from reference [67]. Copyright 2014 Elsevier.

Within a study conducted by Matlou et al. (2018) the aim was to assess the PDT activity
of two zinc phthalocyanine (Pc) derivatives: Zn mono cinnamic acid phthalocyanine and
zinc mono carboxyphenoxy phthalocyanine complexes, which were covalently linked to
a FA targeting agent and an amino functionalized Fe2O3 MNP (AMNPs) [69]. The dark
toxicity of this MNP PS carrier noted a significant decrease after attachment of the FA
complex [69]. The in vitro MCF-7 PDT effect of Pc-AMNPs noted a significant 60% cell
death under 670 nm irradiation, when compared to Pc-FA, which only reported a 40% cell
death [69].

Fe3O4 and Fe2O3 NPs are supermagnetic [70], and so release a significant amount of
heat upon external exposure to laser irradiation and, thus, these NPs are highly effective in
combinative PTT and PDT applications to destroy cancer cells [71]. Furthermore, when
these magnetic NPs are PEGylating or bound to other polymers, their rapid clearance from
the MPS can be alleviated [72]. However, PDT applications with MNPs cannot be taken
lightly, as free Fe2+ may react with oxygen or hydrogen peroxide to form Fe3+ and hydroxyl
radicals, which are toxic and can damage DNA; thus, the confirmation of the stability of
these NP as PS carriers is crucial [70].

Even though only a few studies have been performed using MNPs for the active
PDT treatment of BC, their superparamagnetic PTT hyperthermia properties have been
demonstrated as a powerful and efficient approach in clinical trials of unresectable tumors
or cancers representing terminal illness [73]. Furthermore, MNPs can be utilized in mul-
tiple therapeutic and diagnostic strategies [73], as well as eradicating apoptosis resistant
cancer cells, since they generate heat intracellularly within the lysosomes and the tumor
stroma, and so can obliterate tumor cells completely via necrotic cell death [74,75]. Thus,
further studies and investigations utilizing MNPs for the effective treatment of BC is an
ongoing need.

7.3. Carbon-Based Nanoparticles

Fullerene, carbon nanotubes, and graphene are carbon nanomaterials, which are com-
monly utilized as PS nanocarriers in PDT applications [76–78]. When PSs are attached
via covalent or non-covalent bonding to functionalized carbon-based nanomaterials, they
often provide improved solubility and biocompatibility in PDT treatments [36]. Fullerenes
are carbon-based nanomaterials, which present in the forms of tubes, ellipsoids, or spheres,
and successfully produce ROS upon irradiation exposure at an appropriate wavelength [28].
Single walled or multi-walled carbon nanotubes are other types of PS nanocarriers used in
PDT cancer treatments [28]. Since carbon nanotubes present advantageous characteristics,
such as fast elimination, low cytotoxicity, ease of functionalization, and reliable internal-
ization through endocytosis, it makes them ideal PS nanocarriers in PDT [28]. Regarding
graphene nanomaterials, due to their large surface areas they offer high therapeutic loading
capacities for enhanced PS uptake in tumor cells [79].

In studies performed by Shi et al. (2014), fullerene-iron oxide NPs (IONP) were
synthesized and functionalized with PEG, Ce6, and FA (C60-IONP-PEG-FA) for the active
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tumor targeting [80]. The performance of these multifunctional NPs was studied for
their PDT effect, radiofrequency thermal therapy (RTT), and magnetic targeting, within
in vitro MCF-7 BC cells and in vivo BC mice models [80]. Individual in vitro PDT assays at
concentration of 16 µg/mL C60-IONP-PEG-FA and 532 nm laser irradiation, 31.3% viability
was reported, and individual RTT therapy at the same concentration with 13.56 MHz
radiofrequency noted a 36.9% of viable cells [80]. In combinational C60-IONP-PEG-FA RTT,
followed by PDT, in vitro assays reported a significant 18.8% of cells only being found to
be viable [80]. Within in vivo studies on S180 BC tumor-bearing mice, individual PDT and
PTT applications induced 62% and 37% of apoptosis, respectively, and the integration both
treatments could enhance apoptotic cell death to 96% [80].

By taking advantage of the ultra-high loading capacity of graphene oxide (GO) through
π−π stacking and hydrophobic interactions [81], GO(HPPH)-PEG-HK was prepared by
functionalizing it with PEG-GO, so that a HK peptide (which binds specifically to integrin
αvβ6 on BC tumors) could be linked to it [82]. This actively functionalized nanoconjugate
was then coated with a Photochlor (2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-
alpha, HPPH) PS [83]. The large surface area of GO enabled conjugation of multiple
HK peptides and high concentrations of HPPH, allowing for improved in vivo PDT treat-
ment outcomes of BC [83]. Within in vivo 4T1 BC tumor mouse models, results reported
that GO(HPPH)-PEG-HK under 671 nm laser irradiation that tumor growths remarkably
decreased in comparison to control groups [83]. Furthermore, studies went on to note
that remarkable increases in the CD40+ and CD70+ fractions in treated mice after PDT
treatment with GO(HPPH)-PEG-HK induced dendritic cell maturation and so promoted
anti-tumor immunity in the 4T1 tumor model (Figure 6) [83]. Thus, this actively functional-
ized nanoconjugate via PDT application could reduce in vivo BC tumor sizes, as well as
trigger host anti-tumor immunity, to cause the inhibition of metastasis and further tumor
growth [83].

 

–

erate ROS from photons owing to their π bond electrons 

Figure 6. (a) Optical images of 4T1 tumor-bearing BALB/c mice, (b) quantitative analysis uptake by

4T1 tumors after injection of HPPH, GO(HPPH)-PEG, or GO(HPPH)-PEG-HK, (c) In vivo optical

imaging and BLI of 4T1-fLuc tumor-bearing BALB/c mice after injection of GO(HPPH)-PEG-HK.

(d,e) Optical images and quantitative analysis of lung uptake of GO(HPPH)-PEG-HK by 4T1-fLuc

tumor-bearing and normal BALB/c mice at 24 h post-injection. Reprinted with permission from

reference [83]. Copyright 2017 American Chemical Society. * p<0.05, ** p<0.01.
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Overall, very few studies have been conducted using carbon-based nanomaterials
for the active PDT targeting of BC. However, from the above studies, it can be seen that
the combination of the synergistic effects of carbon–based NPs with PSs can improve
the efficacy of BC PDT treatment [76]. It is worth mentioning that fullerene cages, such
as C60 [84] and carbon nanotubes [85], can act alone as PSs in PDT applications and so
self-generate ROS from photons owing to their π bond electrons [86]. Thus, fullerene
derivatives alone are competitive PSs for in vivo PDT or preclinical treatment [87], since
no additional PS is required to generate ROS and, thus, should be researched further for
BC treatment [76]. Despite all of the idealistic properties carbon nanotubes have, they
sometimes can induce asbestos-like inflammation [73], which is a carcinogenic, and so their
individual toxicity needs to be fully investigated and understood [88].

7.4. Semiconductor Quantum Dots (QDs)

Quantum dots are a subclass of fluorescent nanomaterials, which have unique chem-
ical and physical properties compared to organic dyes [89]. They have been utilized as
multifunctional nanocarriers for PDT thanks to their high quantum yields, simple surface
modification, and tunable optical properties [90]. They are also excellent donors in fluores-
cence resonance energy transfer (FRET) applications [91]. To date, no studies have been
investigated relating to the application of active targeted QDs for the PDT treatment of BC.

Studies by Monroe et al. (2019) only performed a spectrophotometric assay in order
to assess the cellular uptake, cytotoxicity, and ROS generation of graphene QDs (GQDs)
associated with methylene blue (MB) PS against in vitro cultured MCF-7 BC cells [92]. This
study reported that MB improved cytotoxicity and ROS generation when compared to a
1:1 GQD:MB ratio [92].

In another study, Zn(II) phthalocyanines (ZnPcs) with different substitutes were
fabricated and conjugated to GQDs to investigate the in vitro PDT activity of Pc-GQDs
conjugates in a human BC in vitro MCF-7 cell line [93]. The conjugate and Pcs alone did
not report dark toxicity and in vitro PDT studies noted that Pc-GQDs conjugates enhanced
treatment outcomes when compared to Pcs administration alone [93].

The above QD-based BC PDT studies have paved a new avenue for researchers to
synthesize various targeted-QDs against breast cancer. It has been reported that QDs
have potential cytotoxicity under UV irradiation to act as efficient PSs [90]. Furthermore,
NIR fluorescent QDs provide improved PS water solubility, chemical stability, and low
optical interference with biological tissues in PDT cancer treatments, when compared to
small molecule-based PSs administered alone [94]. Additionally, the large surface area of
QDs also enables the conjugation of multiple PSs and ligands for targeted photodynamic
imaging [90]. Nevertheless, one of the most controversial problems with QD-based PDT is
the high toxicity they possess, since most consist of toxic heavy metals, such as cadmium
ions, and so they tend to be under investigated [90,95]. In order to alleviate some of these
issues cadmium free QDs, such as zinc and indium based QDs [96], substituted with other
elements, such as silicon or carbon [97], or their incorporation into polymeric NPs [98]
have been proposed to enhance their application in diagnostic applications and PDT cancer
clinical trials [99]. Overall, it is envisaged that QDs, particularly GQDs, will open the
door to a multitude of new opportunities for PDT treatment of BC, and through continued
research, they could subsequently be able to provide high biocompatibility and improved
PS solubility in biological media, with less unwanted toxic effects.

7.5. Ceramic Nanoparticles

Ceramics NPs are inorganic solids made up oxides, carbides, carbonates, and phos-
phates, and have properties that range between metals and non-metals [40]. Silica (SiO2),
titanium oxide (TiO2), alumina (Al2O3), zirconia (ZrO2), calcium carbonate (CaCO3), and
hydroxyapatite (HA) are some examples of ceramic NPs with porous characteristics that
can be fabricated to control the release of drugs [40]. The main features of ceramic NPs
are high loading capacity, stability, and chemical inertness, as well as heat resistance and
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ease of conjugation to either hydrophilic or hydrophobic drugs [29], making them highly
advantageous for drug delivery, imaging, photodegradation of dyes, and photocatalysis
applications [37,40,100].

7.5.1. Silica Nanoparticles

Silica is an oxide of silicon and one of the most efficient materials for controlled drug
delivery, since it can store and be controlled to gradually release therapeutic drugs [40].
Mesoporous silica nanoparticles (MSNs) are formed by polymerizing silica, and so have
distinctive properties, such as tunable pore size (allowing for a high therapeutic drug
loading capacity capacities) [101], large surface area to volumes, automatic release of drugs,
as well as ease of functionalization with various functional groups or ligands, offering
actively targeted drug delivery capabilities [40]. Thus, within PDT applications, PSs can be
easily covalently linked or encapsulated onto the surface of silica NPs for favorable cancer
treatment outcomes [28].

A nanosystem comprised of mesoporous silica NPs (MSN) with covalent anchoring of
a synthesized anionic porphyrin PS and BC targeting mannose was presented by Brevet
et al. (2009) [102]. The study confirmed that PS mannose-functionalized NPs within
in vitro cultured MDA-MB-231 BC cells improved the efficiency of PDT relative to the
non-functionalized NPs, since it induced 99% cell death when irradiated at 630–680 nm
with 6 mW/cm2, while non irradiated control groups only noted 19% cell death [102].

Another promising nanoconjugate PS depended on a two-photon absorption, which
integrated a two-photon excitation (TPE) with silica nanotechnology [103,104]. Conven-
tional PSs require the absorption of a single photon equal to the band-gap energy of a
PSs [105]. However, when a PS absorbs two lower energy photons of infrared light, TPE
can occur and the sum of the photon energies are equal to the band-gap of energy, leading
to a deeper light penetration and lower photo-bleaching of the actual PS [105–109]. Fur-
thermore, in a TPE, the nonlinearity of photon absorption allows a PS activation to occur at
the focal point of a laser beam, and so allows for greater spatial control of PS activation in
three-dimensional (3D) tumor models, decreasing off-target phototoxicity in surrounding
healthy tissues [110,111].

With respect to the TPE–PDT, a porphyrin functionalized porous silica NP (pSiNP)
was coupled to a mannose targeting moiety to investigate the imaging and PDT potentials
within in vitro cultured MCF-7 BC cells [112]. When compared to other two-photon
absorbing nanoparticles such as, CdSe quantum dots, gold nanorods, or carbon dots,
pSiNPs appear to be biodegradable in vivo [113], since their silicon components degrade
to silicic acid, which can quickly be eliminated by kidneys [112,113]. The authors of this
showed that the pSiNP with mannose moieties were able to actively accumulate in MCF-7
BC cells, with far higher PDT efficacy, since phototoxicity results noted a 2.3-fold better
outcome for two photon PDT at 800 nm than when compared to one-photon excitation at
650 nm [112].

Within studies performed by Cao et al. (2014), in order to enhance PS accumulation
in BC cells, it was proposed to use mesenchymal stem cells (MSCs) to directly deliver a
PS to in vitro cultured MCF-7 cells [114]. The application of MSCs in PDT cancer treat-
ments seems promising, as various studies have demonstrated that they have a naturally
high tumor affinity within in vivo tumors, they can be easily isolated from bone marrow
and modified to carry desired drugs, as well as be efficiently implanted into patients
to avoid immune system clearance [115–118]. In this study, porous hollow silica NPs
were conjugated to a purpurin-18 PS (PS-SiO2NPs) and then they were loaded into the
MSCs cells (PS-SiO2NPs-MSCs) for in vivo PDT studies in MCF-7 modified mouse models
(Figure 7a) [114]. Results noted that the BC tumor affinity of the MSCs was not inhibited
by loading PS-SiO2NPs into the MSCs, and that intercellular ROS generation proportion-
ally increased with PS-SiO2NPs-MSCs conjugation upon laser irradiation, suggesting the
in vivo BC tumors retained the PS [114]. In addition, within PDT studies, the in vivo
groups that received PS-SiO2 NPs-MSCs reported far greater tumor growth inhibition than
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when compared to control groups, which received unmodified MSCs without loading
PS-SiO2NPs, suggesting that the MSCs cells were capable of high PS BC tumor affinity
targeting (Figure 7b) [114].

 

–

–

–

Figure 7. (a) PDT treatment of cancer cell using PS-loaded SiO2NPs into MSCs, (b) In vivo PDT

treatment on tumors one day after co-injection of MCF-7 cancer cells and MSCs with (group 1:

PS-SiO2NPs-MSCs group) or without (group 2: control MSCs group) PS-SiO2NPs loaded. Reprinted

with permission from reference [114]. Copyright 2014 Willey Online Library.

Studies by Bharathiraja et al. (2017) reported that silica NPs decorated with Ce6 and
FA (silica-Ce6-FA) could accumulate far higher within in vitro cultured MDA-MB-231 BC
cells, when compared to free Ce6 [119]. Even though the level of ROS generated by silica-
Ce6-FA nanoconjugate was moderately lower than when compared to free Ce6, at 680 nm
PDT, the study showed that due to the folate receptor targeting in the nanoconjugate, the
PS uptake in BC cells was improved, and so higher cell death was observed than when
compared to free Ce6 administration alone [119].

Although, NIR light within the range of 630–800 nm is employed as an excitation PDT
source to treat deep-seated cancer tissues [120], most clinically approved PSs have a low ab-
sorption in NIR region, and so their overall penetration depth is less than 1 cm [121]. Thus,
researchers have also begun to investigate X-ray sources for use in X-ray-mediated PDT
(X-PDT), since they are able to penetrate far deeper into tissues, which perhaps better out-
comes [112]. Within these applications PSs need a system to convert X-rays into UV–visible
photons, since they cannot absorb X-ray photons directly [112]. Scintillating nanoparticles
or nanoscintillators, such as lanthanide doped rare-earth nanoparticles [122], have emerged
as energy transducer for this conversion and deep seated X-PDT treatment [123–125].

Studies by Sengar et al. (2018) investigated X-PDT for the deep penetration of BC
tumors [126]. They synthesized Y2.99Pr0.01Al5O12-based (YP) mesoporous silica (MS) coated
NPs and functionalized them with PpIX and FA (YPMS@PpIX@FA) for the X-PDT treatment
of BC cells with overexpressed folate receptors (Folr 1) [126]. The utilized BC in vitro cell
lines were PyMT-R221A mouse BC cells (which have high levels of folate receptors), as
well as 4T1 BC cells (which have low folate expression) [126]. PyMT-R221A mouse BC
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cells reported higher cellular uptake of YPMS@PpIX@FA when compared to 4T1 BC cells,
revealing that FA targeting of this nanoconjugate was functional [126]. Additionally, non-
activated YPMS@PpIX@FA reported a low cytotoxicity when used at concentrations below
25 µg/ml, while upon light activation at 365 nm, a remarkable decrease in PyMT-R221A
mouse BC cells was observed [126]. Lastly, administration of YPMS@PpIX@FA suspension
at a single dose of up to 125 mg/kg did not cause the death or any detectable behavior in
inoculated CD1 mice [126].

Overall, it can be observed from the above in vitro and in vivo studies that silica NPs
seem very promising for the PDT treatment of BC, and due to their non-toxicity and rapid
renal clearance, the move forward of these studies into clinical applications is pertinent.

7.5.2. Titanium Oxide Nanoparticles

Titanium dioxide (TiO2), also called titania, is another type of ceramic NP, which
possesses chemical and biological inertness, photostability, photoactivity, and high stability
within biomedical applications [127]. More importantly, the strong oxidizing and reducing
ability TiO2 has when photoexcited with irradiation at <390 nm can produce ROS, which
consequently induces apoptotic cell death in BC cells [128].

Studies by Gangopadhyay et al. (2015), constructed TiO2 NPs and decorated them
with a 7,8-dihydroxy coumarin PS chromophore and chlorambucil (Ti-DBMC-Cmbl NPs)
and FA (Ti-FA-DBMC-Cmbl NPs) to serve as a chemotherapeutic drug and phototrigger,
respectfully in PDT/chemotherapy treatments of in vitro cultured MDA-MB BC cells
(Figure 8) [129]. After 60 min of PDT laser irradiation at ≥410 nm, cells treated with Ti-
DBMC-Cmbl NPs noted a 35% cell viability, whereas cell treated with Ti-FA-DBMC-Cmbl
NPs reported a mere 19% cell viability and more significant apoptotic cell death [129].
Overall, results revealed that the synergic effect of both targeted PDT and well known
chemotherapeutic drug chlorambucil was successful for the eradication of MDA-MB BC
cells [129].

. After 60 min of PDT laser irradiation at ≥410 nm, cells treated with Ti

 

Figure 8. PDT and chemotherapeutic effects of Ti-FA-DBMC-Cmbl NPs on MDA-MB BC cells.

Reprinted with permission from reference [129]. Copyright 2015 Royal Chemical Society.

In general, ceramic NPs show great potential in carrying PSs in PDT application to
targeted BC tumors, due to their excellent chemical inertness and high heat resistance.
However, since limited studies have been performed using ceramic NPs in BC, it is con-
structive to highlight that a suitable method in relation to their synthesis to control size,
porosity, surface area to volume ratio, should be fine-tuned in order to allow for a high PS
pay loading capacity and reduce any possible unwanted biological clearance issues [129].
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7.6. Other Inorganic Nanoparticles

Cerium oxide NPs (or nanoceria/ceria NPs) are considered from a lanthanide metal
oxide that can be used as an ultraviolet absorber [130]. They have antioxidant properties
at a physiological pH, while their oxidases activity in tumors idealistically functions in
an acidic microenvironment [131,132]. Nanoceria NPs alone tend to have a poor water
solubility so they are generally coated with polymers to enhance biocompatibility, stability,
and their overall solubility [133].

A multifunctional drug delivery system of PPCNPs-Ce6/FA was introduced by Li
et al. (2016) and it comprised of Ce6/FA-loaded branched polyethylenimine–PEGylation
ceria NPs (PPCNPs) for the possible PDT targeting of drug resistant in vitro BC MCF-
7/ADR cells in combination with chemotherapeutic agent DOX [134]. The results revealed
that internalization efficiency and diffusion of the synthesized nanoplatform with positive
surface charges via endocytosis in BC cells was far higher than free Ce6 [134]. PDT efficiency
under 660 nm irradiation in BC cells treated with the PPCNPs-Ce6/FA reported a 35%
apoptotic and necrotic cell death, while BC cells treated with PPCNPs-Ce6 only noted an
overall 25% cell death [134]. Moreover, results reported that low-dose PPCNPs-Ce6/FA
PDT remarkably improved the chemotoxicity of DOX in in vitro MCF-7/ADR BC cells in
a dose-dependent manner [134]. In vivo PDT studies within MCF-7/ADR athymic nude
mouse xenograft models showed a significant 96% reduction in the tumor volume when
injected with PPCNPs-Ce6/FA, in comparison to a 25% reduction when PPCNPs-Ce6 was
applied [134].

In relation to metastatic triple-negative BC (mTNBC), numerous studies have noted
that treatments, such as radiation, cytotoxic chemotherapy, and surgical interventions are
ineffective and so this has driven researchers to consider immunotherapy for the possible
treatment of mTNBC [135,136]. Tumor immunotherapy relies on the fact that BC cells can
be eradicated by host cytotoxic CD8+ T cells [137,138].

In this regard, Duan et al. (2016) introduced a promising strategy using a checkpoint
blockade-based immunotherapy for the treatment of primary in vitro 4T1 BC tumors [139].
A non-toxic core–shell comprising of ZnP@pyro NPs was fabricated using Zn and py-
rophosphate (ZnP) and a pyrolipid PS was incorporated into its core, for PDT applications,
while a PD-L1 antibody was added for checkpoint blockade immunotherapy [139]. Results
reported that the immunogenic ZnP@pyro NPs were non-toxic prior to light activation [139].
Within PDT studies, they successfully eliminated in vitro BC cells upon 670 nm irradia-
tion, through apoptotic and necrotic cell death [139]. PDT in vivo investigations of the
ZnP@pyro NPs on orthotopic 4T1 tumor-bearing mice demonstrated that this immuno-
genic PS nanocarrier enhanced PS uptake via the EPR effect for high tumor accumulation,
as well as disrupted tumor vasculature and increased tumor immunogenicity [139]. The
authors also claimed that the ZnP@pyro NPs not only prohibited the further metastasis,
but also inhibited pre-existing metastatic tumors growth by generating systemic anti-tumor
immunity [139].

7.7. Upconversion Nanoparticles

The unique “photon upconversion” process of upconversion NPs(UCNPs) has been
applied in low tissue penetration depth PDT applications [140,141]. Upconversion is an
anti-Stokes shift, which is defined as the conversion of NIR light to a shorter wavelength of
light in the visible region [140]. Thus, UCNPs are able to absorb two or more low energy
photons and, thus, show a unique anti-Stokes shift of fluorescence emission in UV–Vis
wavelengths (300–700 nm) under NIR light excitation (750–1400 nm) [142]. UCNPs can be
utilized in biomedical applications as they have shown improved reduced fluorescence
background, with lowered phototoxicity [39]. Therefore, in order to treat deep-seated
tumors, PSs in NPs are excited with longer wavelength [28] and emitted fluorescence by
UCNPs, so can excite PS electrons effectively to produce efficient amounts of singlet oxygen
in PDT applications [143].
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In 1991, Cai et al., utilized novel TiO2 or ZnO semiconductors, which had photo-
effects, such as inorganic PSs for the PDT treatment of cancer [144]. These semiconductors
promoted electrons from valance bands to conduction bands upon PDT UV irradiation,
leaving electron hole pairs [28] and so resulted in oxidation or reduction of chemical
species, such as water and oxygen around the TiO2 or ZnO semiconductors, to generate
ROS [145,146].

In this regard, Janus nanostructures comprised of NaYF4:Yb/Tm UCNPs with TiO2

inorganic PSs were synthesized by Zeng et al. (2015) and loaded with FA and DOX
(FA–NPs–DOX) (Figure 9) for NIR-triggered inorganic targeted PDT and chemotherapy
treatment of drug-sensitive MCF-7 and drug resistant MCF-7/ADR BC cells within in vitro
and in vivo applications [147]. The chemotherapeutic results alone revealed that the
FA-targeted nanocomposite promoted the cellular uptake of DOX, as well as caused a
viability decline of 44.4% in MCF-7 and 28.9% in MCF-7/ADR BC cells [147]. However,
combinational chemotherapy and PDT results under 980 nm NIR irradiation, noted a far
higher significant decrease in cellular viability, whereby only 5.8% MCF-7 cells were found
viable and 17.6% of MCF-7/ADR BC drug resistant cells were found to alive [147]. Within
PDT in vivo assessments on female BALB/c (nu/nu) nude mice, MCF-7 tumor growths
reported a 99.34% inhibition of growth, while MCF-7/ADR tumor growths noted a 96.74%
decline, when treated with FA–NPs–DOX + NIR [147].

–
–

– –
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Figure 9. (a) Synthesis of DOX-loaded, FA-targeted NaYF4:Yb/TmeTiO2 nanocomposites for NIR-

triggered PDT and chemotherapy in resistant breast cancer, (b–d) TEM and HRTEM images of

NaYF4:Yb/TmeTiO2 nanocomposites. Reprinted with permission from reference [147]. Copyright

2015 Elsevier.

In studies by Zeng et al. (2015), HER-2-targeted multifunctional nanoprobes based on
808 nm-excitation bound to NaGdF4:Yb,Er@NaGdF4:Yb@NaGdF4:Yb,Nd UCNPs, with
Ce6 PS and SiO2 (T-UCNPs@Ce6@mSiO2) were fabricated for 808 nm irradiation PDT and
magnetic resonance imaging (MRI) within in vitro MDA-MB-435 BC cells [143]. Regarding
the cellular uptake, the accumulation amount of T-UCNPs@Ce6@mSiO2 in in vitro BC
cells was 1–2 times higher than those treated with UCNPs@Ce6@mSiO2, due to HER-2
active targeting [143]. Furthermore, the PDT treatment of in vitro BC cells using non-
targeted UCNPs@Ce6@mSiO2 reported a 16.4% cell viability, whereas cells treated with
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T-UCNPs@Ce6@mSiO2 noted a 6.8% cell viability, suggesting that the PDT efficiency im-
provement was due to active targeting [143]. Additionally, in vitro T-UCNPs@Ce6@mSiO2

PDT, reported a significant 16.5% for early apoptosis and 10.2% for late apoptosis cell
death [143]. The in vivo PDT investigation of nanocomposite in MDA-MB-435 tumor-
bearing nude mice indicated that the targeted T-UCNPs@Ce6@mSiO2 significantly en-
hanced tumor accumulation of up to 12%, whereas the non-targeted UCNPs@Ce6@mSiO2

only noted a 2% accumulation potential [143]. Furthermore, the MR signal was far higher
and stronger in T-UCNPs@Ce6@mSiO2 treated mice than when compared to those treated
with UCNPs@Ce6@mSiO2 [143].

Within studies by Wang et al. (2017) Lanthanide-doped UCNPs were encapsulated in
fourth-generation poly amido amine (PAMAM) dendrimers, bearing 64 peripheral amines
(G4) and Ce6 to assess NIR-trigged PDT in 2D and 3D in vitro MCF-7 BC [142]. The internal
cavities within the dendrimers enabled the trapping of small molecules through host-guest
affinity and so enhance the cellular uptake of the UCNPs [142]. More importantly, when
Ce6 was loaded onto the dendrimer-modified UCNPs, and 660 nm PDT laser irradiation
applied in 2D models 50% cell death was noted, whereas approximately 70% cell death was
found in those treated with 980 nm PDT laser irradiation [142]. These findings confirmed
that the NIR could pass through the 2D BC tumor cell model membranes and organelles to
reach and effectively activate the UCNPs, and so enhance PDT efficacy with deeper tissue
penetration [142]. With reference to the 3D model, 980 nm NIR light noted a deep tumor
penetration and produced cell death that was consistent with the 2D model results [142].
Moreover, in vivo PDT assessments using 980 nm irradiation in 4T1 BC tumor-bearing
mouse models treated with high doses of the UCNPs, demonstrated significant tumor
growth inhibition, through induction of the γH2AXser139 protein marker for DNA double
strand breaks; thus, substantial DNA damage was observed [142].

A precise tumor-specific UCNP targeting strategy was assessed by Yu et al. (2018)
for the enhanced PDT treatment of in vitro MCF-7 BC cells [148]. NaYF4:Yb3+, Er3+ UC-
NPs capped with polyacrylic acid (UCNPs@PAA) were fabricated and modified with
FA and Ce6 PS, as well as were functionalized with DNA sequences of varying lengths
(Figure 10A) [148]. The in vitro cellular uptake results showed that the fabricated
UCNPs@PAA-DNA located efficiently within BC lysosomes via effective folate recep-
tor targeting (Figure 10B) [148]. Significant reduction within in vitro 980 nm PDT treated
BC cells with UCNPs@PAA-DNA was reported [148]. The study stated that the Ce6 PS
on the longer DNA nanocomposite moved to the vicinity of the UCNPs and generated
singlet oxygen upon NIR irradiation, through Förster resonance energy transfer (FRET).
The study proposed that when the fabricated UCNP reached the BC tumor cells, the C base-
rich long DNA within the nanocomposite could form a C-quadruplex and the FA groups
overexpressed on the folate receptors of BC cells could be attracted, and so efficiently active
BC tumor targeting was achieved [148]. Furthermore, the pre-protective strategy using
UCNPs@PAA-DNA with longer DNA alleviated any other possible side effects on the
normal cells, as the FA groups of the shorter DNA was protected by this longer DNA
to preclude any possible binding with normal cell folate receptors [148]. In vivo PDT
experiments within BALB/c mice with BC xenograft tumors not only demonstrated the
successful accumulation of the nanocomposites, but also eliminated tumor volume tenfold
in comparison to control groups [148].

Generally, NP particle size can affect their overall uptake and retention in the liver,
kidney, and spleen [149], furthermore large sized NPs can induce high toxicity, with
unwanted side effects and heightened cellular phagocytosis [150]. Thus, within clini-
cal applications, they tend to be more inclined towards the use of small NPs, which
report less retention and unwanted toxicity [151]. Within a study performed by Yu
et al. (2018) a core–multishell nanocomposite (MNPs(MC540)/DSPE-PEG-NPY) was
constructed that was an ultrasmall size for the in vitro and in vivo PDT evaluation within
MCF-7 BC cells [151]. This UCNP nanostructure was based on a multifunctional Y1Rs-
targeting ligand [Pro30, Nle31, Bpa32, Leu34]NPY(28–36), abbreviated to NPY and loaded
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with merocyanine 540 (MC540) PS to form LiLuF4:Yb,Er@nLiGdF4@mSiO2 (MNPs) [151].
Then 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-carboxy (polyethylene glycol)—
2000] (DSPE–PEG) was coated onto the surface of MNPs to improve water solubility
and biocompatibility of the final nanocomposite [151]. Within 980 nm in vitro PDT as-
says BC MCF-7 cells treated with MNPs(MC540) noted a 84.8% cell death, whereas those
treated with MNPs(MC540)/DSPE-PEG reported a 86.7% cell death and those treated
with MNPs(MC540)/DSPE-PEG-NPY noted a 93.5% cell death, suggestive that active
targeting and uptake was present (Figure 11) [151]. Within 980 nm in vivo PDT assays
on MCF-7 BC induced female BALB/c nude mice tumor volumes of the groups treated
with MNPs(MC540), MNPs(MC540)/DSPE-PEG, and MNPs(MC540)/DSPE-PEG-NPY
increased over the first 4 days and then decreased on the sixth day after a double PDT
application was performed [151]. After 28 days of a double PDT application, mice injected
with MNPs(MC540)/DSPE-PEG-NPY showed no tumor growth [151].

growth inhibition, through induction of the γH2AX-

 

–Figure 10. (A) Schematic preparation of UCNPs@PAA–DNA and (B) specific tumor targeting for PDT treatment of MCF-7

cells [148]. Published by The Royal Society of Chemistry (RSC).

–

–

—
–

Figure 11. Confocal laser scanning microscopy of MCF-7 incubated with MNPs(MC540)/DSPE-PEG-

NPY or MNPs(MC540)/DSPE-PEG. Reprinted with permission from reference [151]. Copyright 2018

Royal Chemical Society.

In a study performed by Ramírez-García et al. (2018), a UCNP nanoconjugate was con-
structed for the targeted PDT and imaging against HER-2-positive BC cells, as well as to try
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and overcome the limited tumor cell depth penetration visible light has [152]. NaYF4:Yb,Er
UCNPs were fabricated and attached to a zinc tetracarboxyphenoxy phthalocyanine (ZnPc)
PS and a trastuzumab (Tras) HER-2 specific monoclonal antibody to form a UCNPs-ZnPc-
Tras nanocomposite [152]. The covalent bonds between UCNPs and ZnPc resulted in
resonance energy transfer from the NPs to the PS, which in turn produced cytotoxic singlet
oxygen and higher 1O2 quantum yields when compared to control groups [152]. The PDT
efficacy of this nanocomposite was evaluated in vitro within HER-2 positive SK-BR-3 and
HER-2 negative MCF-7 human BC cells [152]. Cytotoxicity assays post-PDT at 975 nm
noted higher values in HER-2 positive SK-BR-3 BC cells than when compared to HER-2
negative MCF-7 human BC cells, suggestive that enhanced PS targeting uptake was present
due to specific HER-2 targeting [152]. Moreover, post-PDT HER-2 positive SK-BR-3 BC
cells noted a 93.5% cell death, when compared to HER-2 negative MCF-7 human BC cells
which reported a mere 21.8% cell death, suggestive that this nanocomposite was capable of
specific and far more enhanced HER-2 positive BC receptor mediated targeted PDT [152].

As previously mentioned, photocatalysis TiO2 NPs are nontoxic and have a high
photochemical stability to yield improved levels of ROS upon irradiation [153]. When
TiO2 NPs are utilized within PDT applications as PS, a far higher and controlled loading
with improved uptake has been reported [154]. Furthermore, other studies noted that
when doping metal atoms, such as ZrO2, are attached to TiO2 heterostructures, they
can temporarily constrain the high recombination rate of photogenerated electron–hole
pairs in TiO2 NPs when electron–hole pairs migrate from the inside of the photocatalyst
to the surface, improving PDT treatment outcomes [154,155]. In a more recent study
performed by Ramírez-García et al. (2019), a NaYF4:Yb,Tm UCNP core was fabricated and
coated with photo-effecting material TiO2-ZrO2 as a shell to improve NIR-triggered PDT
(NaYF4:Yb,Tm@TiO2/ZrO2 core@shell NPs) [153]. The monoclonal antibody known as
Tras was also added to the UCNPs surface, to improve its overall NP PS active targeting
within HER-2 positive in vitro cultured SK-BR-3 human BC cells [153]. Within PDT assays
at 975 nm irradiation at 400 µg/mL the NaYF4:Yb,Tm@TiO2/ZrO2–tras nanocomposite
reported 76% cell death, whereas control groups treated with single TiO2 UCNP that lacked
ZrO2 attachment, only 40% cell death was found [153]. Overall, these results revealed
that the combinative photocatalytic activity of TiO2–ZrO2 within the final nanocomposite,
improved the PDT treatment outcomes in BC cells due to higher levels of ROS being
produced [153].

Studies by Feng et al. (2019) employed a promising strategy called a “all-in-one”,
whereby imaging and therapeutic PDT functions were integrated into one nanoplatform,
by anchoring a PSs to UCNPs to allow for dual imaging-guided PDT within in vitro MCF-7
BC cells [156]. A bioorthogonal chemical reaction was utilized in this study to allow for a
“off/on” state of PDT, in order to circumvent any issues associated with photoactivity of
preloaded norbornene-rose bengal (RB-NB) PS, since it can produce skin photosensitivity
and so damage normal cells [156]. Thus, a NaYF4: Er, Yb@NaYF4 UCNP was synthesized
and covalently bound to a pre-targeting tetrazine (Tz) and FA molecule to form a UCNPs-
Tz/FA-PEG (Figure 12a), which was utilized as the one handle of the bioorthogonal reaction
in tracking and imaging of deep-seated tumors, since it lacked PS [156]. Then when the
RB–NB PS were attached on the surface of the nanoplatform via a bioorthogonal chemical
reaction (as the other handle of the UCNP), it demonstrated efficient PS targeting, UCNP
energy transfer to the PS, with high yields of ROS and so enhanced treatment within in vitro
BC tumors under 980 nm irradiation (Figure 12b) [156]. Upconversion luminescence (UCL)
imaging of the nude mice injected with MCF-7 BC cells showed high accumulation of the
nanoplatform in tumor sites, due to FA active targeting and EPR effect [156]. Furthermore,
in vivo PDT assays on these tumor bearing mice when treated with NPs-Tz/FA-PEG +
RB–NB under 980 nm irradiation provided 75.5% decrease in tumor size when compared
to control groups [156].
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Figure 12. (a) Schematic synthesis of UCNPs-Tz/FA-PEG, (b) MCF-7 cells treated with UCNPs-

Tz/FA-PEG or UCNPs-FA-PEG for UCL imaging with 980 nm light excitation (red channel), and

click reaction with FITC-NB (green channel), and stained with DAPI (blue channel). Top: control

(no click), middle: click for 10 min and bottom: click for 20 min. Reprinted with permission from

reference [156]. Copyright 2019 Elsevier.

A lot of research has been carried within the utilization of UCNPs for the enhanced PS
delivery and PDT treatment of BC, due to their ability to be allow for PS activation within
the higher NIR wavelength ranges, and consequently be able to provide deeper penetration
of tumor tissues, when compared to visible light applications, since the upconversion
visible emission from UCNPs can excite PS to produce more ROS [140,157]. It is envisaged
that the integration of UCNPs with more NIR penetrable light and idealistic PSs will
potentiate near-future targeted PDT BC clinical trials.

8. Conclusions and Perspectives

BC is invasive form of cancer, which can metastasize, and frequently recurs after
treatment [2]. Many conventional therapies utilized for BC often present themselves with
some form of resistance and unwanted side-effects, and surgery is invasive [3]. In this
sense, actively targeted PDT is gaining a prominent position as a non-invasive, limited side
effect approach for the treatment of BC.

The combination of NPs with PSs, to passively, as well as actively enhance their accu-
mulation in tumor tissues more selectively in order to enhance PDT treatment outcomes,
as well as lessen the unwanted side effects on localized tissues is fast becoming a popular
approach [22,23].

Inorganic NPs have unique properties, which assist in reducing PS leaching, allow for
a high loading capacity of PSs, improve PS passive uptake via the EPR effect, and allow for
ease of functionalization with various ligands to promote active PS absorption and, thus,
allow for the overall enhancement of PDT BC treatment [27,158]. Furthermore, inorganic
and metallic PS nanocarriers are less susceptible to degradation and do not release attached
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PSs, but rather allow activated ROS after irradiation to diffuse out of them, when compared
to organic NPs, and so are more prominently utilized within the field of PDT [29,158].

Gold NPs for example have shown surface plasmon resonance effects that can intensify
singlet oxygen quantum yield, as well as induce hyperthermia promoting the overall effect
of PDT [28]. Furthermore, inorganic NPs, such as UCNPs can provide a deeper penetration
of light in tumors [140] or porous silica NPs allow for the entrapment of oxygen to improve
overall PDT treatment outcomes [28].

Anchoring of active targeting moieties to PS-loaded inorganic NPs, allow nanosystems
to be specifically directed towards BC cells only, allowing enhanced PS accumulation, which
is localized in tumor target cells, only limiting unwanted side effects on normal cells [22,23].
It is also noteworthy to emphasize that the number of receptors per tumor cell is 105,
while the number of the PS molecules that can be attached to an inorganic NP to obviate
cancer cells is 107, allowing each tumor receptor to be able to at least receive a 102 PS
concentration [159]. Thus, the binding of targeting ligand to PS-loaded NPs is imperative to
ensure the highest uptake possible of PSs in tumor cells, in order to promote PDT treatment
outcomes [159].

It is postulated that, in the near future, the applications of nanotechnology to po-
tentiate PDT should allow for the widespread of breast cancer amongst women to be
overcome [159]. However, additional comprehensive studies are still required to scrutinize
the physiochemical, pharmacokinetic properties, and safety profiles of nanocarriers, so that
maximum accumulation and PS uptake can be attained in the target tissues. In addition,
although anchoring of the PSs on the surface of NPs can enhance their biocompatibility,
the potential toxic effects and unwanted liver and renal accumulation, must be taken into
consideration. Thus, it is imperative that the above discussed and reviewed inorganic
NP studies for the actively applied targeted PDT treatment of BC in vitro and in vivo be
investigated further within clinical trials, so that the possible future targeted PDT treatment
of BC can become a reality.
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Abstract: Since their identification over twenty-five years ago, the plethora of cell-penetrating

peptides (CPP) and their applications has skyrocketed. These 5 to 30 amino acid in length peptides

have the unique property of breaching the cell membrane barrier while carrying cargoes larger

than themselves into cells in an intact, functional form. CPPs can be conjugated to fluorophores,

activatable probes, radioisotopes or contrast agents for imaging tissues, such as tumors. There is no

singular mechanism for translocation of CPPs into a cell, and therefore, many CPPs are taken up

by a multitude of cell types, creating the challenge of tumor-specific translocation and hindering

clinical effectiveness. Varying strategies have been developed to combat this issue and enhance

their diagnostic potential by derivatizing CPPs for better targeting by constructing specific cell-

activated forms. These methods are currently being used to image integrin-expressing tumors, breast

cancer cells, human histiocytic lymphoma and protease-secreting fibrosarcoma cells, to name a few.

Additionally, identifying safe, effective therapeutics for malignant tumors has long been an active

area of research. CPPs can circumvent many of the complications found in treating cancer with

conventional therapeutics by targeted delivery of drugs into tumors, thereby decreasing off-target

side effects, a feat not achievable by currently employed conventional chemotherapeutics. Myriad

types of chemotherapeutics such as tyrosine kinase inhibitors, antitumor antibodies and nanoparticles

can be functionally attached to these peptides, leading to the possibility of delivering established

and novel cancer therapeutics directly to tumor tissue. While much research is needed to overcome

potential issues with these peptides, they offer a significant advancement over current mechanisms

to treat cancer. In this review, we present a brief overview of the research, leading to identification of

CPPs with a comprehensive state-of-the-art review on the role of these novel peptides in both cancer

diagnostics as well as therapeutics.

Keywords: cell-penetrating peptides; protein transduction domains; tumor imaging; targeted

therapies

1. Introduction

As so often happens in science, the discovery of cell-penetrating peptides (CPP) was a
serendipitous one. Two independent groups of researchers working on the human immun-
odeficiency virus (HIV) viral coat Trans-activator of Transcription (Tat) protein observed
the protein’s ability to cross cell membrane barriers without any transfection reagents [1,2].
Similarly, the homeobox Antennapedia (Antp) transcription factor of Drosophila melanogaster
was demonstrated to enter nerve cells in a receptor-independent manner, where it could
then regulate neural morphogenesis [3]. Further mapping studies of the domains within Tat
and Antp responsible for the observed transduction led to the identification of the first two
CPPS: the 11 amino acid cationic, arginine- and lysine-rich domain of Tat protein (YGRKKR-
RQRRR) [4] and the 16 amino acid sequence from the third helix of the Antennapedia
domain (RQIKIWFQNRRMKWKK) termed Antp, also known as penetratin [5]. The next
big development in the field of CPPs came with the demonstration of Tat peptide’s ability
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to cross cell membrane barriers while carrying cargo many times its size in a functional
form [6]. Since this initial description, the plethora of CPPs has expanded exponentially.
Although the first two CPPs identified were non-cell specific, researchers have utilized
phage-display methodologies to identify multiple tissue-specific peptides. Phage display
was a technique developed by Smith in 1985 [7], and for which he subsequently received
the Nobel prize for chemistry in 2018 [8]. The technique of phage display was initially
utilized to identify NRG and RGD motifs targeting tumor cells, and the utility of these
peptides in delivering chemotherapeutic agents specifically to tumor vasculature was
demonstrated [9]. Phage display has also been used to identify peptides targeting vascular
endothelium [10], synovial tissue [11], dendritic cells [12], pancreatic islet cells [13] and
cardiac myocytes [14]. Additionally, this list continues to grow every year. Hence, no
one review article can do full justice to the entire breadth of CPPs, tissue and non-tissue
selective, their myriad cargoes, and the number of disease conditions being tackled using
them. Therefore, out of necessity, this review will be limited to tumor-homing CPPs, and
utility of these in tumor imaging and tumor-specific therapeutics. Interested readers are
referred to several recent comprehensive reviews on other uses of CPPs [15,16].

2. Cell-Penetrating Peptides as Tumor Imaging Agents

CPPs are a promising tool for tumor imaging due to their high binding affinity, small
size, specific uptake, high stability, rapid clearance from non-specific targets, and retention
in specific targets [17–21]. They can be conjugated to radioisotopes, fluorophore-labeled
or activatable probes, nanoparticles (NPs), polymers, quantum dots, metal chelates, and
other contrast agents in order to image tumors [22–27]. CPPs are able to carry, transport,
and deliver these imaging agents, providing the imaging cargo with intracellular access
and functionality. Since every CPP is different and has varying chemical properties due to
differences in their amino acid sequence, each faces its own challenges. An additional layer
of complexity comes from the cargo it carries as that too can affect the chemical properties.
Therefore, it is always important to assess the short comings of each CPP individually and
when loaded with its cargo [28,29]. Some challenges to using CPPs for tumor imaging
include serum stability, immunogenicity, cytotoxicity, and endosomal entrapment [30,31].
There is also no singular mechanism for translocation of CPPs into a cell, and therefore many
CPPs are taken up by a multitude of cell types, creating the challenge of tumor-specific
translocation and hindering clinical effectiveness [32]. Various strategies are currently
being developed to combat these issues and enhance tumor diagnostic imaging. Some
examples include selecting CPPs for their targeting abilities or labeling CPPs with specific
cell-activated constructs [33,34]. One of the strategies is to select CPPs to image cancer
tissues by taking advantage of overexpression of integrins by tumors, as seen in breast
cancer, human histiocytic lymphoma U937, HT-1080 human fibrosarcoma cells, and SCC-7
tumors, to name a few [35–37].

Non-tumor-targeting CPPs have nevertheless been used for imaging tumors. Al-
though Tat cannot specifically target tumors, its stability in vivo and rapid translocation
across cell membranes show promising abilities as peptide chelates and fluorophore con-
jugates to serve as imaging agents (Figure 1). One study labeled the Tat peptide with
technetium-99m (99mTc), one of the most common radioisotopes for medical imaging. The
peptide was synthesized using two functional domains, the first being the non-cell-specific,
membrane permeant portion of the Tat protein (Tat peptide), and the second domain using
a peptide-based chelator for 99mTc (ε-KGC). The [99mTc]-Tat-peptide combination was im-
aged in mice using a gamma scintillation camera and, as expected, showed whole-body
distribution [38]. Another study also used non-specific CPPs labeled with fluorophores
instead of isotopes. The CPPs studied consisted of Tat, penetratin (Pen), or octa-arginine
L-enantiomer (R8). Each CPP was synthesized with a cysteine or glycyl cysteine amide
and labeled with Alexa660 at the C-terminus, injected into HeLa xenografted into nude
mice and imaged using an IVIS Spectrum System. The accumulation of R8 in tumors was
significantly higher than all other CPPs. Since the number of arginine residues affects
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internalization efficiency, and D-enantiomers decrease degradation by proteases, the L- and
D-forms of the oligoarginines (2, 8, 12, and 16 mers) were repeated. The results showed the
D-isoform of R8 as having the highest accumulation in tumors. This study not only high-
lights CPPs as promising agents for tumor imaging, but also demonstrates how changes in
peptide amino acid sequence and configuration can affect their physicochemical properties,
leading to a CPP better suited to the task of imaging [39].

 
Figure 1. (A) CPP + imaging agent directly combines a specific or non-specific CPP with an imaging
agent via a linker and/or conjugation. (B) Dual targeting combines a CPP with another target-specific
component, such as a nanoparticle, via a linker and/or conjugation. An imaging agent can then be
linked to the combination or embedded within a nanoparticle. (C) Dual-modality imaging combines
a CPP with two imaging agents, allowing for different imaging methods. In this case, the imaging
agents are attached via a linker and embedded within a nanoparticle. (D) Activatable targeting
combines CPP and an imaging agent with a MMP2/9-cleavable linker and quencher for the imaging
agent. The CPP can only be imaged when MMP2/9 are present to cleave off the quencher.

A separate strategy to enhance tumor targeting is by dual targeting. In this method, the
CPP is conjugated with another agent to increase its targeting ability (Figure 1). Huang et al.
synthesized linear RGERPPR (RGE) and cyclic-peptide CRGDRGPDC (cRGD) due to their
demonstrated higher affinity for multiple tumor cell lines. The linear RGE and cRGD were
conjugated to a lipid carrier in order to enhance cell uptake and tumor targeting. The lipid
carrier was embedded with the fluorescent dye DiR for tumor imaging. MDA-MB-231
breast tumor xenograft mouse models were injected with the conjugate and imaged using
a near-infrared fluorescence imaging system. The linear RGE conjugate showed the highest
uptake and retention in tumors, making RGE and the CPP-NP combination promising tools
for tumor imaging [40]. Another study used the CPP and NP dual targeting combination
to target tumor cells, but with the addition of another imaging agent for dual-modality
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imaging (Figure 1) (photoacoustic (PA) and MRI imaging). In this study, the CPP, F3
peptide, and NP, poly(lactic-co-glycolic acid) (PLGA), were used for their cell targeting and
penetrating abilities, respectively. The sonosensitizer, methylene blue, was embedded in
Gd-DTPA-BMA-linked-PLGA to combine the new imaging modality, PA, with the current
clinical imaging modality MRI. MDA-MB-231 tumor-bearing mice were injected with
the synthesized F3-PLGA@MB/Gd NP and evaluated using dual-imaging. The results
showed that F3-PLGA@MB/Gd NP had the highest concentration in tumors compared to
the non-targeted groups in both PA and MRI, most notably at 6 h post-injection. Again,
this study highlights a promising CPP (F3) and CPP-NP combination for tumor imaging,
demonstrating that there are multiple variations of CPPs and combinations that can be
used to advance tumor imaging [41].

Another strategy to enhance tumor imaging is via use of activatable CPPs (ACPPs).
In this method, the CPP contains a region which can penetrate cells and carry cargo
(polycation), a region which can target metalloproteases-2 (MMP-2) and MMP-9 (protease-
cleavable linker), and a region which quenches the function of the cell-penetrating region
(polyanion). When activated by MMP-2 and MMP-9, the neutralizing region is cleaved
and the CPP can enter the cell (Figure 1). Since MMP-2 and MMP-9 are over expressed in
many cancer lines, the hypothesis was that ACPPs will preferentially target tumors over
non-tumor tissues. A recent study used an ACPP labeled with Cy5 to target and image
colorectal cancer. In vivo and ex vivo fluorescent imaging was performed using an IVIS
imaging system in HCT-116 xenograft nude mice. The results showed that ACPP-Cy5
accumulated in tumors, and liver metastases, making it a promising imaging agent for
detecting tumors as well as metastases [42]. Specific cargo can also be attached to ACPPs
to enhance tumor targeting and imaging abilities. Macromolecules can increase circulation
time and tumor uptake, decrease background noise through less glomerular and synovial
filtration, amplify the amount of imaging agent on a single peptide, decrease toxicity, and
allow for multimodality imaging. Olson et al. conjugated polyamidoamine dendrimer to
the polycationic domain of an ACPP. Using Cy5 and Gd chelates allowed for dual labeling
of the ACPP dendrimer combination for fluorescent and MRI imaging in tumor-bearing
mice. The results showed better uptake and tumor specificity than previously reported
results, once again illustrating the myriad ways in which CPPs can be altered and combined
to improve tumor imaging [43].

3. Cell-Penetrating Peptides as Vectors for Targeted Drug Delivery to Tumors

Cancer is a leading cause of mortality globally, second only to cardiovascular dis-
eases [44]. In 2017, cancer claimed the lives of nearly 10 million people worldwide [44]. As
the average life expectancy, standard of living and access to healthcare increase, people are
living longer lives, with consequently a shift in mortality rates from infectious diseases [45]
to a rise in cancer-related mortality that is predicted to increase globally over the com-
ing decades. Despite advancements in oncological research and medicine, conventional
chemotherapeutics still have many limitations and deficiencies. One example is doxoru-
bicin, a common chemotherapeutic agent, which suffers from poor tumor penetrance [46].
This poor penetration translates into deeper areas of the tumor not receiving adequate
drug concentrations allowing cancer cells to remain viable and continue to mutate and
proliferate [46]. A second issue is the high interstitial pressure present in tumors which
blocks efficient delivery of drugs through transcapillary transport [47,48]. This elevated
interstitial pressure causes a radially outward pressure away from the tumor, making
access by chemotherapeutics through simple diffusion challenging [48]. Another issue is
development of tumor resistance to chemotherapy over time [49], the mechanism of which
is not well understood, but is thought to involve cancer stem cells playing a role, leading to
tumor relapses [50]. Another issue with modern cancer drugs are the large doses needed
due to lack of targeting specificity [51,52], which contributes substantially to toxicity and
side effects, making chemotherapy poorly tolerated by patients [53].
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Cell-penetrating peptides have shown great preclinical and clinical evidence over-
coming many of the shortfalls of conventional chemotherapeutics. Multiple drugs have
been attached to cell-penetrating peptides in preclinical research in an attempt to target
tumors. Five classes in particular have shown great promise: conventional chemothera-
peutics, pro-apoptotic peptides/proteins, NP formulated peptides, antitumor antibodies
and siRNA. Co-administration of a cell-penetrating peptide with a tumor-targeting drug
allowed the drug to penetrate into tumor’s extravascular space in a tumor-specific and
neuropilin-1-dependent manner [54]. Interestingly enough, peptide coadministration with
a wide variety of tumor-targeting drugs, such as small molecule chemotherapeutics, NPs,
and monoclonal antibodies, have all had their therapeutic indices increased as a result
of this coadministration [54–56]. Thus, the increased tissue permeability seen with these
tumor-targeting drugs co-administered with cell-penetrating peptides is a viable strategy
for overcoming the poor penetration of currently available chemotherapeutics.

Another promising area of development in cell-penetrating peptides is their apparent
ability to overcome drug resistance issues previously seen with modern anticancer drugs.
iRGD is a cyclic 9 amino acid residue peptide that was identified using in vivo screening of
phage display libraries in mice with tumors [54]. This peptide has unique tumor-homing
abilities that has led it to be a candidate for antitumor drug delivery [54]. In one study, the
peptide iRGD was administered with nab-paclitaxel, an albumin-bound form of paclitaxel,
leading to effective treatment of a previously resistant breast cancer xenograft [54]. While an
exact mechanism by which CPP co-administration reduces drug resistance is unknown, it is
hypothesized that co-administration could result in drugs entering via endocytosis rather
than by classical mechanisms through the cell membrane, resulting in a greater amount
of cellular uptake of the chemotherapeutic [49,57]. Furthermore, due to the excellent
targeting and transduction of drugs attached to CPPs, a lower systemic drug dose can be
used so that the body’s natural mechanisms that induce resistance are less of a factor [58].
Modern anticancer chemotherapeutics lack targeting specificity, which often results in
side effects such as nausea, insomnia, bone marrow depression, fatigue, weakness, and
many other adverse effects [59]. All malignant tumor masses contain certain molecular
markers that are not expressed in normal cells or are expressed at significantly lower
rates [60]. Receptors such as IL-11Rα, GRP78, EphA5 have been found to be differentially
overexpressed in tumor cells and thus make attractive candidates for targeting [61,62].
By coupling an anticancer drug to a targeting ligand for these receptors, the drug can
effectively accumulate in the tumor, leading to greater therapeutic effect and fewer side
effects [60,62].

Remarkably, recent research suggests that drug delivery with cell-penetrating peptides
may also occur via a second general mechanism known as the bystander effect [63]. This
pathway allows for co-administration of a drug payload without the drug actually being
covalently attached to the cell-penetrating peptide [63]. The pathway involved in this
bystander effect is known as the C-end Rule (CendR) pathway, which is an endocytic
transport pathway related to but distinct from micropinocytosis [63]. iRGD has been
shown to be the peptide that activates this pathway [63]. This peptide binds to a tumor-
specific receptor, after which it is proteolytically cleaved and then binds to a second
receptor, neuropilin-1, resulting in activation of the CendR pathway [63]. The endocytic
vesicles that are formed in the CendR pathway are large and can contain and hence
transport a large amount of extracellular fluid [63], including chemotherapeutic drugs
present in the interstitium. This phenomenon of the CendR pathway explains why certain
peptides can transport drug payloads that are simply co-administered with the peptide
and not necessarily covalently attached to the peptide. Many preclinical trials have utilized
iRGD and the CendR pathways to deliver anticancer drugs. In one study, a wide variety
of anticancer drugs were co-administered with iRGD and all saw an increase in their
therapeutic indices [54]. In another study, the anticancer effects of gemcitabine were
enhanced in a murine pancreatic cancer model that overexpressed neuropilin-1 when
co-administered with Irgd [64]. Similar results have been seen in studies examining gastric
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cancers and hepatocellular carcinoma [65,66]. These successful preclinical trials that co-
administered anticancer drugs with iRGD validate the CendR pathway and provide a basis
for future clinical research.

Conventional chemotherapeutics have shown promise when attached to cell-penetrating
peptides. Paclitaxel is a widely used chemotherapeutic. Paclitaxel can stop mitosis and
cause cell death by binding to microtubules [67]. As mentioned earlier, many conventional
chemotherapeutics, such as paclitaxel, have issues such as poor solubility, toxicity and
acquired resistance. Conjugating paclitaxel to various cell-penetrating peptides has proven
to be advantageous in minimizing these negative aspects and maximizing therapeutic
effects [68–71]. Of particular interest is the recent work in attaching octa-arginine to the
C2′ position of paclitaxel via a disulfide linker [70,71]. When attached to octa-arginine,
paclitaxel was able to overcome drug resistance, and increase solubility [70,71]. In mice
with ovarian cancer the octa-arginine-paclitaxel conjugate had a 4.8-fold higher therapeutic
response compared with paclitaxel alone [71]. Another commonly used chemotherapeutic,
doxorubicin, has also shown promising results when attached to a CPP. Doxorubicin is a
topoisomerase II inhibitor that has been used clinically to treat many types of cancer [72],
but faces many of the same issues as paclitaxel. Doxorubicin has an intrinsic P-glycoprotein
overexpression, which makes it particularly difficult to obtain effective therapeutic tumoral
concentrations and can cause resistance [73,74]. In one study, a Tat–doxorubicin conju-
gate was designed and administered to resistant KB-V1 tumor cells. The results showed
86% of tumor cell cytotoxicity with the Tat–doxorubicin conjugate versus only 14% with
doxorubicin alone [75].

Pro-apoptotic proteins have also shown preclinical promise when attached to CPPs
particularly p53 [76–78]. 11 poly-arginine peptides (11R) have also been shown to suppress
the proliferation of oral cancer [76]. The conjugate 11R–p53 suppressed activity of the
p21/WAF promoter thus stopping the proliferation of cancer cells [76]. Further studies have
shown that linking the polyarginine-p53 fusion protein to the NH2-terminal of a modified
influenza virus subunit was able to inhibit the proliferation of bladder cancer [77,78]. Thus,
p53 as a pro-apoptotic protein has shown great promise when attached to CPPs, leading to
halting proliferation of many different types of cancer cells.

Monoclonal antibodies have long been used in medicine particularly in immunother-
apy. However, one of the main concerns with using monoclonal antibodies in oncology
has been the issues with cell penetration due to their large size (150 kDa) [79]. By at-
taching these antitumor antibodies to CPPs, studies have shown promise in overcoming
this cell membrane barrier. The cell-penetrating antibody 3E10 recognizes and physically
binds to the N-terminus of RAD51 subsequently sequestering it in the cytoplasm and
preventing it from binding to DNA and causing damage leading to cancer [79]. Another
cell-penetrating antibody, RT11, has been shown to be internalized and selectively bind to
activated GTP-bound form of oncogenic Ras mutants which blocks downstream signaling
of these mutants and prevents the proliferation of tumor cells [80]. Other research has
shown great promise in designing cell-penetrating antibodies with high cell-specificity
and high endosomal escape efficacy such as epCT65 which has great potential for medical
applications such as cystolic delivery of drug payloads to tumors [80]. There are currently
12 FDA-approved antibodies used for treating cancer and despite their promise in preclini-
cal research when attached to CPP, there are still issues with them such as solubility and
intracellular stability [78].

Antibodies formulated with CPPs into NPs are another promising strategy since they
have increased solubility and intracellular stability compared to antibodies alone [79,81].
CapG is part of the actin filament, often overexpressed in breast cancer, and is believed
to play a role in tumor cell metastasis [82]. Attaching a nanoparticle that works against
CapG to various CPPs has been shown to be an effective strategy in reducing breast cancer
metastasis [81,82]. More recent research suggests that just the presence of NPs in addition
to a CPP and antitumor drug enhances the effect of the latter [83]. One study showed
that the delivery of a pro-apoptotic drug as part of a NP-CPP system increased antitumor
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activity by a factor of 100–300 [83]. This system has shown incredible promise in treating
glioblastoma in preclinical research [83]. Interestingly enough, attaching the CPP iRGD to
NPs increased its antimetastatic activity as compared to when it is just used as a soluble
peptide [78,84].

Small interfering RNA (siRNA) are non-coding RNAs that stop the expression of
certain genes by degrading mRNA created during translation. This ultimately prevents ri-
bosomes from translating the mRNAs into functional proteins [85–89]. SiRNAs have shown
great potential at treating cancer, but their adaption in clinical settings has been slow due to
a lack of safe and effective vehicle for delivery [85]. SiRNAs are intrinsically susceptible to
degradation by enzymes, endosomal entrapment and poor cellular uptake [85–89]. Various
types of delivery vehicles have been tested to deliver siRNA such as lipids, cationic poly-
mers, inorganic materials and many others; however, synthetic polypeptides were shown
to be the most effective [85]. CPPs have shown promise in preclinical research as safe and
effective vehicles for siRNA to target tumors. Many peptides, such as CPP33, gh625, PD-L1,
and PEG-SS-PEI, have been used in combination with siRNA to target various forms of
cancer to great success in animal models [85–89]. Not only did these peptides coupled to
siRNA increase the ability to enter tumor cells, but they helped aid in endosomal escape of
the siRNAs once they were internalized into cells [85–89]. CPP33 loaded with siPLK1 (an
siRNA to target A549 lung cancer cells) exhibited additional endosomal escape but also
prolonged blood circulation, enhanced tumor accumulation and effective suppression of
tumor growth [85]. Additionally, coupling siRNA to cell-penetrating peptides reduced the
concentration of siRNA required to achieve reduction in tumor size [88]. These CPPs with
their siRNA payloads have shown enhanced antitumor effects in multiple types of cancer
in mice including lung, breast and liver cancers [85–89]. Thus, conjugating siRNAs to CPPs
offers another promising avenue in clinical research for the overall treatment of cancer.

4. Clinical Trials Using CPPs as Cancer Therapeutics

The authors currently know of ten clinical trials involving CPPs to treat cancer. This
number is expected to increase as additional advancements are made in the arena of
targeted cancer therapeutics. Of the ten clinical trials discussed in the table below (Table 1),
six have completed at least Phase 1a and are continuing onto Phase 1b and Phase 2; the other
four are in the process of recruiting and completing Phase 1. Aileron therapeutics appear to
be a leader in innovation with their ALRN-6924 peptide that is being successfully employed
in half of the clinical studies discussed below. ALRN-6924 is a CPP that disrupts interaction
between p53 tumor suppressor protein and its inhibitors MDMX and MDM2 [90–94]. This
peptide has been tested alone for safety and efficacy as well as combined to many anticancer
drugs such as cytarabine, paclitaxel and topotecan [90–94]. Phase 1 clinical trials have
shown that ALRN-6924 alone and in combination is safe and increases the therapeutic
index of the covalently attached drugs [90–94]. ALRN-6924 is currently being employed in
two clinical trials that are in Phase 2 and have shown promising results in cancer treatment
including pediatric cases [93,94]. Another peptide currently in clinical trial is BT1718,
designed to target and inhibit the function of MT1-MMP by recognizing and attaching itself
to the MT1-MMP protein [95]. Once it is attached it is internalized into cancer cells [95].
P28 is another CPP being evaluated currently in two cancer clinical trials. It is derived from
azurin and targets solid tumors that resist standard methods of treatment [96,97]. Both of
these trials have completed Phase 1 and look promising at treating solid tumors resistant
to conventional chemotherapeutics. PEP-010 is another peptide about to begin enrollment
into a Phase I trial to assess its safety profile [98].
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Table 1. Summary of various clinical trials utilizing CPPs in anticancer therapies.

Sponsor
ClinicalTrials.gov

Identifier
Study Stage CPP Employed Cancer Targeted

Drug Employed
with CPP

Study
Size

Aileron
Therapeutics

[90]
NCT02264613

Phase
1—Completed

Phase
2a—Completed

ALRN-6924

Solid tumor,
lymphoma, and
peripheral T-cell

lymphoma

ALRN-6924—
alone and in
combination

withpalbociclib

149

Aileron
Therapeutics

[91]
NCT02909972

Phase
1—Completed

ALRN-6924

Acute myeloid
leukemia, and

advanced
myelodysplastic

syndrome

ALRN-6924—
alone and in

combination with
cytarabine

55

Aileron
Therapeutics

[92]
NCT03725436 Phase 1 ALRN-6924

Advanced,
metastatic or

unresectable solid
tumors

ALRN-6924—in
combination with

paclitaxel
45

Aileron
Therapeutics

[93]
NCT03654716 Phase 1 ALRN-6924

Pediatric
leukemia,

pediatric brain
tumor, pediatric

solid tumor,
pediatric

lymphoma

ALRN-6924—
alone or in

combination with
cytarabine for
patients with

leukemia

69

Aileron
Therapeutics

[94]
NCT04022876

Phase
1a—Completed

Phase 1b
Phase 2

ALRN-6924
Small cell lung

cancer

Phase
1b—ALRN-6924
with topotecan

Phase 2—topotecan
alone and in

combination with
ALRN-6924

120

Cancer
Research UK

[95]
NCT03486730

Phase 1
Phase 2

BT1718

Advanced solid
tumors,

non-small cell
lung cancer,

non-small cell
lung sarcoma,

and esophageal
cancer

BT1718—alone 130

CDG
Therapeutics
and Dr. Tapas
K. Das Gupta

[96]

NCT00914914
Phase

1—Completed
P28

Refractory solid
tumors

P28—alone 15

Pediatric Brain
Tumor Consor-
tium/National
Cancer Institute

(NCI) [97]

NCT01975116
Phase

1—Completed
P28

Recurrent or
progressive

central nervous
system tumors

P28—alone 18

Institut Curie
[98]

NCT04733027 Phase 1 PEP-010
Metastatic solid

tumor cancer

PEP-010—alone
PEP-010—in

combination with
paclitaxel

56

Amal
Therapeutics

[99]
NCT04046445

Phase
1a—Completed

Phase 1b
ATP128

Stage IV
colorectal cancer

ATP128—alone and
in combination
with BI 754091

32

5. Summary

Since their identification nearly twenty-five years ago, the number and applications
of CPPs, both in the arena of tumor diagnostics and therapeutics, continue to grow at a
brisk pace. Combining them as novel vectors for targeted delivery of both established and
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emerging therapeutics has the potential to reduce drug doses, decrease tumor resistance
and reduce off-target adverse effects that so often limit dosage of chemotherapeutics, as
well as adversely affect patient quality of life. While the future of CPPs in medicine is
promising, there are still many issues and challenges that need to be addressed to make
their future in medicine feasible. One such challenge will be endosomal entrapment of
the peptides; this could potentially be overcome by conjugating drugs or peptides to a
peptide that causes endosomal lysis. Another issue to overcome is the human body’s
natural immune response and the body’s generation of antibodies that target antitumor
drugs. This could be overcome by delivering immunosuppressants with the peptide–drug
combination, or finding ways to locally administer the conjugate. Finding a way to deliver
peptides successfully to specific organelles within specific types of cells is another challenge.
While CPPs have shown promise at delivering cargo to specific cell types, there needs
to be more work on targeting specific organelles. One possible solution to this is to add
organelle localization sequences to peptides as well as adding endosome-lytic peptides.
Finally, proteases are also a concern as they could break down the peptide. This could be
overcome by using the D-enantiomers of the amino acid forming the peptide or protecting
the CPPs in liposomal or nanoparticle formulations. All of this goes to show that CPPs
have immense potential in both cancer diagnostic and therapeutic applications; however,
further research is needed for them to become truly efficacious in the field of oncology.
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Abstract: Lung cancer is one of the most commonly diagnosed cancers and is responsible for a

large number of deaths worldwide. The pathogenic mechanism of lung cancer is complex and

multifactorial in origin. Thus, various signaling pathways as targets for therapy are being examined,

and many new drugs are in the pipeline. However, both conventional and target-based drugs have

been reported to present significant adverse effects, and both types of drugs can affect the clinical

outcome in addition to patient quality of life. Recently, miRNA has been identified as a promising

target for lung cancer treatment. Therefore, miRNA mimics, oncomiRs, or miRNA suppressors have

been developed and studied for possible anticancer effects. However, these miRNAs also suffer from

the limitations of low stability, biodegradation, thermal instability, and other issues. Thus, nanocarrier-

based drug delivery for the chemotherapeutic drug delivery in addition to miRNA-based systems

have been developed so that existing limitations can be resolved, and enhanced therapeutic outcomes

can be achieved. Thus, this review discusses lung cancer’s molecular mechanism, currently approved

drugs, and their adverse effects. We also discuss miRNA biosynthesis and pathogenetic role, highlight

pre-clinical and clinical evidence for use of miRNA in cancer therapy, and discussed limitations of

this therapy. Furthermore, nanocarrier-based drug delivery systems to deliver chemotherapeutic

drugs and miRNAs are described in detail. In brief, the present review describes the mechanism

and up-to-date possible therapeutic approaches for lung cancer treatment and emphasizes future

prospects to bring these novel approaches from bench to bedside.

Keywords: lung cancer; angiogenesis; apoptosis; miRNA; oncomiRs

1. Introduction

According to World Health Organization (WHO), lung cancer (LC) is a major cause of
death and is the second most commonly diagnosed cancer worldwide. According to the
published report in 2020, 2.2 million (11.44%) new lung cancer cases were diagnosed, and
1.8 million (18%) deaths were reported worldwide. It is further predicted that by the end
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of 2035, the mortality rate due to LC may exceed 3 million [1,2]. LC is the leading cause
of death in men, whereas it is the third leading cause of death in women following breast
and colon cancer [2]. As per published report in 2021, in 112 countries, prostate cancer has
been commonly diagnosed as the leading cause of death, followed by LC in 93 countries
and colorectal cancer in 11 countries [2]. Another challenge for LC is its survival rate. The
average survival rate of patients was reported to be 10–20% with the highest survival rates
found in Japan, Israel, and Korea (33%, 27%, and 25%, respectively) [2]. Among various risk
factors, smoking is one of the factors that is responsible for the pathogenesis of LC. More
than 80% of deaths among confirmed cases of LC are caused by smoking, while 4.7–14%
are caused by inhaling particles less than 2.5 µM (PM2.5) [3]. It has also been demon-
strated that passive smoking contributes to one-third of the total cases. Among various
airborne particulates and gases, asbestos (a carcinogen) is primarily responsible for LC, and
when smokers are exposed to it, the chance of developing LC increases significantly [4–8].
Radon is a gas produced by radium 226 that becomes trapped in buildings with poor
ventilation. Radon emits an alpha particle, and hence, exposure to this gas initiates an
LC cascade. Aside from the factors mentioned above, previous exposure to heavy metals,
such as nickel, chromium, aromatic hydrocarbons, ether, and α1–antitrypsin deficiency
have been identified as major causes of LC [9–11]. However, with the understanding of
the cellular and molecular etiology, it was found that miRNA deregulation significantly
contributes in the etiology of LC. Based on the histological findings, LC is subdivided into
small cell and non-small cell LC (SCLC and NSCLC). NSCLC represents approximately
85–90% of cases, and SCLC represents 10–15% of cases [12]. At present, chemotherapy,
radiotherapy, and surgery either alone or in combination are the available therapeutic
regimens. Among the three available options, chemotherapy is extensively used. How-
ever, the use of chemotherapy or targeted anticancer drugs is associated with multiple
challenges, such as unintended side effects, multi-organ toxicities, and drug resistance [13].
Chemotherapeutic drugs are non-selective in nature, which means, when administered,
they damage healthy or normal cells in addition to cancerous cells, resulting in homeostatic
alterations. To overcome these challenges, nanocarrier-based targeted drug delivery and
miRNA-based pharmacotherapeutic regimens with site-specific mechanisms of action
have been developed. Thus, in this review, we discuss the mechanistic pathogenesis of
lung cancer, available pharmacotherapeutic regimens, their challenges and limitations,
promising roles of various nano-encapsulated natural/synthetic drugs, and the emerging
role of miRNA in the management and treatment of LC.

2. Signaling Pathways and Targeted Therapy in LC

The pathogenesis of LC is complex and multifactorial in origin. Its pathogenesis is
mediated by several cellular and molecular signaling pathways, and selective targeting
of these pathways is now being considered as a novel and targeted therapeutic approach
for treating LC [13]. Signaling pathways are either stimulated by the pro-oncogenes or
inhibited by anti-oncogenes, resulting in tumor proliferation, migration, angiogenesis, and
apoptotic escape [14]. Thus, inhibition of pro-oncogenes and stimulation of anti-oncogene-
related signaling pathways are emerging targets for various pharmacotherapeutics.

2.1. Epidermal Growth Factor (EGFR) Receptor Deregulation and EGFR Inhibitors in LC

Altered cellular proliferation is considered as one of the primary causes of LC initiation
and progression, in which normal or healthy cells are transformed into malignant cells [15].
Numerous published reports have shown the pathogenetic role of the epidermal growth
factor receptor (EGFR) in tumor initiation and progression. EGFR is a member of the
tyrosine kinase receptor (RTK) family, as shown in Figure 1 [16]. In clinical studies, 43–89%
of cases of NSCLC were found to be related to EGFR mutations [17].
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Figure 1. Showing the role of the epidermal growth factor receptor (EGFR) pathway in lung cancer. 

αFigure 1. Showing the role of the epidermal growth factor receptor (EGFR) pathway in lung cancer.

epidermal growth factor (EGF), transforming growth factor (TGFα), Growth factor receptor-bound

protein 2 (Grb2), son of sevenless (SOs), Mitogen-activated protein kinase (MAPK) and signal

transducer and activator of transcription (STAT).

Currently, erlotinib and gefitinib are the two drugs that cause functional inactivation
of the EGFR intracellular domain and are used to treat lung cancer [14]. Cetuximab and
bevacizumab are two potent monoclonal antibodies (mAb) and act as EGFR blockers [14].
When cetuximab was used in combination with radiotherapy, a synergistic anticancer
effect was observed. When cisplatin and vinorelbine were used in combination with
cetuximab, a significant improvement in patient survival rate was found [18]. Additionally,
erlotinib and gefitinib were shown to penetrate the lung’s tumor cells more potentially than
cetuximab [19]. A Phase III clinical trial (OPTIMAL) was conducted to compare the efficacy
and tolerability of erlotinib against standard chemotherapy. Among patients with EGFR
mutation, specifically with EGFR 19 deletion or an EGFR L858R point mutation, the results
revealed significant clinical outcomes with minimal side effects [20]. TORCH, another Phase
III trial, was conducted to determine the efficacy of erlotinib and cisplatin–gemcitabine
among the patient with advanced NSCLC, and the outcome showed superior efficacy of
erlotinib [21]. Similarly, the Phase III TITAN trial was conducted to check the efficacy of
erlotinib against docetaxel among the patients of recurrent NSCLC. The result showed
no significant difference in terms of clinical outcome, effectiveness, and safety of erlotinib
versus chemotherapy in second-line treatment of patients with advanced, non-small-cell
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lung cancer with poor prognosis [22]. The outcome of the Phase III trial (INFORM), in
which gefitinib was studied as maintenance therapy among patients with advanced NSCLC,
showed significantly beneficial clinical outcomes [23]. Likewise, cetuximab (an anti-EGFR
mAb) was also tested in a Phase III clinical trial (FLEX), and the outcome of this trial
showed significant clinical benefit and reduced EGFR expression [24].

2.2. Vascular Endothelial Growth Factor (VEGF) Receptor Deregulation and VEGF Inhibitors
in LC

Angiogenesis is the process of development of vasculature from coexisting blood
vessels in response to normal physiological processes such as growth, reproduction, and
development of various organs. Angiogenesis is strictly controlled under normal physiolog-
ical conditions and occurs only for a limited period [25]. However, during carcinogenesis,
the physiological balance becomes disrupted, and uncontrolled angiogenesis occurs as
shown in Figure 2. During angiogenesis, endothelial and cancerous cells release proan-
giogenic factors, such as vascular endothelial growth factor, fibroblast growth factor, and
transforming growth factor-beta (VEGF, FGF, and TGF-β, respectively) that regulate angio-
genesis in association with other signaling molecules [25].

β

Figure 2. Showing the role of the vascular endothelial growth factor receptor (VEGFR) pathway

in lung cancer. Protein kinase B (Akt), phosphoinositide 3-kinases (PI3K), (PLC), phospholipase

C (PLC), protein kinase C (PKC), Phospholipase A2 (PLA2), extracellular-signal-regulated kinase

(ERK), and endothelial nitric oxide synthase (eNOS).
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Pazopanib is a tyrosine kinase inhibitor (TKI) that inhibits the growth of tumor cells
and the process of angiogenesis [26]. A Phase II clinical trial was conducted to determine
the efficacy of pazopanib among patients with NSCLC. The study’s outcome showed
excellent tolerability and reduction in the tumor volume [26]. Vandetanib is also a TKI and
inhibits EGFR and VEGF. A Phase III clinical trial (ZEPHYR) was conducted to determine
the efficacy and tolerability among the patients with NSCLC. However, unfortunately,
the outcome of this trial showed non-significant clinical outcomes and some serious side
effects [27]. Bevacizumab is a mAb and is the first approved drug to inhibit angiogenesis
via selectively targeting VEGF among NSCLC patients [28]. In a Phase III clinical trial
(ECOG 4599), the combined use of bevacizumab with carboplatin and paclitaxel showed
a significant clinical outcome along with prominent hypertension [29]. In another Phase
III clinical trial (BeTa), the combination of bevacizumab and erlotinib was studied among
NSCLC patients [30]. However, in another Phase III clinical trial, bevacizumab used in
combination with cisplatin and gemcitabine demonstrated a significant improvement in
survival time [31]. Apart from these three drugs, motesanib, axitinib and BIBF1120 are
currently being evaluated in different clinical trial phases [32].

2.3. PI3K/AKT/mTOR Signaling Pathway and PI3K/AKT/mTOR Inhibitors in LC

Phosphoinositide 3-kinase (PI3K) is one of the important members of the lipid kinase
family. HER2 and IGF receptors are considered upstream regulators of PI3K [33]. Under
stressed conditions or after ligand binding, p11 regulates phosphorylation of PIP2 to PIP3
and results in the activation of protein kinase B (AKT) [33]. Once AKT is activated, it
becomes separated from the surface of the cell membrane and modulates various down-
stream signaling pathways as shown in Figure 3. Mammalian target of rapamycin (mTOR)
is one of the important and extensively studied serine/threonine kinases and is present in
the form of mTOR1 and mTOR2, as shown in Figure 3 [33].

Considering the role of the PI3K/AKT/mTOR signaling pathway in LC, it was
found that this pathway is significantly activated (50–73%) in NSCLC [34,35]. Apart from
PI3K/AKT’s proven role in LC, the study also showed the involvement of the mTOR
pathway and reported 30% mutated mTOR among 188 patients [36].

The pan-PI3K inhibitors are a class of drugs that bind to p110 and abrogate PI3K
activation. The PI3K inhibitors, GDC 0941, 0032, and 0973, PX-866, BKM 120, XL-147, and
BAY 80-6946 are some of the recently developed pan-PI3K inhibitors for LC patients in
various clinical studies [36]. Apart from the pan-PI3K inhibitors, AKT inhibitors have also
been developed to eventually stop LC tumor survival and mitogenic properties. GDC
0068, NVP-BKM120, GSK 2141795, MK2206, perifosine A-443654, and GSK690693 are AKT
inhibitors that have shown significant antitumor effects in LC patients [36]. Additionally,
when the AKT inhibitor, MK-2206, was used with other chemotherapeutic drugs, such
as docetaxel, doxorubicin, and erlotinib, the combinations showed significant synergistic
anticancer effects [36]. Everolimus, ridaforolimus, deforolimus, and temsirolimus are
mTOR1 inhibitors and are approved for treating various types of cancer, including LC. The
mTOR1 inhibitors, such as everolimus, were tested in combination with gefitinib, docetaxel,
and sorafenib, and the outcome of these studies showed synergistic antitumor effects [37].
Apart from mTOR1 inhibitors, dual mTOR1/2 inhibitors have also been developed and
tested in various clinical studies. OSI-027 and INK128 are two mTOR1/2 inhibitors that
additionally show inhibitory actions toward VEGF and heat inducible factor (HIF-1α) [38].
Interestingly, not only dual mTOR1/2 inhibitors, but also PI3K/mTOR inhibitors, act
as inhibitors of both PI3K and mTOR [36]. XL765, BEZ235, PF-04691502, NVP-BEZ235,
BGT226, PI-103, and GDC-0980 are some of the tested dual-acting PI3K/mTOR inhibitors
among patients with LC [36].
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α

Figure 3. Showing the role of PI3K/Akt pathway in lung cancer. Pyruvate dehydrogenase kinases

(PDKs), Phosphatidylinositol 4,5-bisphosphate (PIP), mammalian target of rapamycin (mTOR),

eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1), TSC Complex Subunit 1 (TSC1),

cyclin-dependent kinase (CDK), pRB (retinoblastoma protein), mouse double minute 2 (Mdm2),

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and nuclear factor of kappa

light polypeptide gene enhancer in B-cells inhibitor, alpha (IKBα).

2.4. p53, Bax/Bcl-2, Fas, and p16INK4/Cyclin D1/Rb Pathway Dysfunction and Their Inhibitors
in LC

p53 is one of the most extensively explored tumor suppressor genes; it acts as a
gatekeeper and maintains genetic stability. p53 senses stress, mutagenic action, damage
to DNA, hypoxia, and activation of pro-oncogenes [39]. In LC, the p53 mutation has been
extensively studied [39]. Exposure to PM2.5, cigarette smoke, and other carcinogens cause
transverse mutation, for example, change of TA to GT and GC to TA (G–A) transitions,
which are responsible for LC [40]. Various downstream signaling molecules, such as B-cell
lymphoma 2 (Bcl-2), which is anti-apoptotic and downregulated, Bcl-2-associated X protein
(Bax), which is pro-apoptotic and upregulated, Fas, tumor necrosis factor receptor-like
apoptosis-inducing ligand (TRAIL), and death receptor 5 (TRAIL-DR5; upregulated) are
under the control of p53 and act to modulate apoptosis in LC [41].

One of the important features of cancer cells is evasion of apoptosis. Apoptotic evasion
is an important phenomenon that promotes both tumor growth and proliferation [42]. Bcl-2
and Bax are two apoptotic proteins involved in mitochondrial-mediated apoptosis [42]. In
LC, overexpression of Bax and deficiency of Bcl-2 proteins have been reported [43]. Death
receptor-mediated apoptosis is another mechanism involved in the antitumor effect [44].
When FasL binds to its receptor, the subsequent signaling pathway is activated and causes
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apoptosis via caspase-8. In LC, the Fas receptor was found to be downregulated, suggesting
apoptotic evasion [44].

ABT-737 and Bcl-2 antisense oligonucleotides were developed to trigger apoptosis
in the case of NSCLC [45]. Considering the role of TRAIL in LC, rhTRAIL (AMG 951),
Mapatumumab (anti-TRAIL-R1 mAb), and AMG 655 have been developed to target the
death receptor in the lungs [32]. These drugs are currently under different phases of clinical
trials and are in the pipeline for approval. Apart from these pipeline drugs, several small
molecules, such as sorafenib (RAF/MEK/ERK inhibitor), AZD6244 (mitogen-activated
extracellular signal-regulated kinase (MEK) inhibitor), and enzastaurin (serine/threonine
inhibitor) are being tested either alone or in combination with other anticancer drugs
among the patient with LC [32].

3. Limitations of the Approved and Pipeline Drugs of Lungs Cancer

Currently, various anticancer drugs have been approved for the treatment and man-
agement of LC. However, most of the conventional and signaling pathway-specific drugs
exhibit significant long- and short-term adverse effects, such as cardiotoxicity, hepatotoxi-
city, nephrotoxicity, rashes, and others [46]. Apart from these significant adverse effects,
these approved drugs also cause drug resistance, leading to a poor rate of patient sur-
vival and low quality of life. In one of the clinical studies, cisplatin and etoposide were
used for the treatment of LC, and thrombocytopenia, leukopenia, and neutropenia were
observed [47]. Additionally, most chemotherapeutics are administered via the oral route.
These drugs possess poor solubility, low bioavailability, and permeability, and cause GI
irritation. To overcome this problem, inhalation-based drug delivery was used, but unfor-
tunately, the direct exposure of the drug to the lungs caused significant pulmonary toxicity.
Details of the mechanism of action, year of approval, and adverse effects are shown in
Table 1.

Table 1. Showing the details of FDA approved drugs and their adverse effects.

Drugs Year of Approval Mechanism of Action Adverse Effect References

Afatinib 2013
EGFR tyrosine

kinase inhibitor
Diarrhea, rash, mucositis, swelling of

the lips, nail infection, and nose bleeds.
[48]

Alectinib 2017
EGFR tyrosine

kinase inhibitor

Bloody urine, joint pain or swelling,
increased blood pressure, immobility,

and nephrotoxicity.
[48]

Amivantamab-vmjw 2021
EGFR tyrosine

kinase inhibitor
Shortness of breath, muscle and joint

pain, swelling of hands.
[48]

Atezolizumab 2020 PD-1 receptor inhibitor
Bladder pain, bloating, ear congestion

and dyspnea.
[47]

Bevacizumab 2006 VEGF inhibitor
Cardiotoxicity, alopecia, xeroderma,

hemorrhage, proteinuria, and
necrotizing fasciitis.

[49]

Brigatinib 2020 Inhibitor of AKT, ERK,
and STAT3

Headache, skin rashes, nausea,
constipation and numbness. [47]

Capmatinib 2020 MET kinase inhibitor
Loss of appetite, chest pain

and bloating.
[47]

Cemiplimab-rwlc 2021 PD-1 receptor inhibitor
Blisters, immobility, gland and joint

swelling and mouth ulcers.
[47]

Ceritinib 2017 ALK
phosphorylation inhibitor

Reduced hemoglobin, hepatotoxicity,
and nephrotoxicity.

[47]

Crizotinib 2016 RTK inhibitor
Oedema, reduced appetite, loss of taste

and hepatotoxicity.
[47]

Dabrafenib 2017 BRAF and RAF
kinase inhibitor

Joint pain, papilloma, alopecia,
and hepatotoxicity.

[47]
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Table 1. Cont.

Drugs Year of Approval Mechanism of Action Adverse Effect References

Dacomitinib 2018
EGFR tyrosine

kinase inhibitor
Dermatitis, acne, stomatitis, dry skin,

and paronychia.
[48]

Docetaxel 2005
Microtubule depolymer-

ization inhibition

Neutropenia, dysgeusia
hypersensitivity, anemia,

thrombocytopenia, anorexia, nail
disorders and fluid retention.

[47]

Doxorubicin 1970 Topoisomerase II inhibitor
Cardiotoxicity, hepatotoxicity

and nephrotoxicity.
[47]

Durvalumab 2020 PD-1 receptor inhibitor
Musculoskeletal pain, loss of appetite,

and UTI.
[47]

Entrectinib 2019 RTK inhibitor
Peripheral edema, hepato-reno

toxicity, myelotoxicity.
[47]

Erlotinib 2010
EGFR tyrosine

kinase inhibitor
Fatigue, rashes, hepatotoxicity, cough,

mouth ulceration, and dry skin.
[48]

Everolimus 2016 mTORC1 inhibitor Insomnia, weight loss, and dry mouth. [48]

Gefitinib 2015
EGFR tyrosine

kinase inhibitor
Rash, diarrhea, hepatotoxicity, acne,

and anorexia.
[48]

Gemcitabine 2005 DNA synthesis inhibitor Hair loss, nausea, mouth ulcer. [47]

Ipilimumab 2020 Inhibition of
T-cell inactivation

Diarrhea, fatigue, skin rash,
and pruritus.

[49]

Methotrexate 1970
Dihydrofolate

reductase inhibitor
Alopecia, hepatotoxicity, and

tender gums.
[47]

Necitumumab 2015
EGFR tyrosine

kinase inhibitor
Weight loss, hypokalemia, mouth ulcer,

acne, and chest infection.
[47]

Nivolumab 2018 PD-1 receptor inhibitor
Lymphopenia, fatigue, diarrhea,

pruritus, and vitiligo.
[49]

Osimertinib 2020
EGFR tyrosine

kinase inhibitor
Diarrhea, nausea, reduced appetite,

dry skin, paronychia.
[48]

Paclitaxel
protein-bound
nanoparticle

2012 Causes cell cycle arrest
Low blood counts, alopecia, mouth

ulcer, peripheral neuropathy,
arthralgias, and myalgias.

[47]

Pembrolizumab 2016 PD-1 receptor inhibitor
Anemia, hypertension, hyponatremia,

hypoalbuminemia, and cough.
[49]

Pemetrexed 2017
Purine and pyrimidine

synthesis inhibitor
Weight loss, vomiting, fatigue, loss of

appetite, and insomnia.
[49]

Pralsetinib 2020 RET kinase inhibitor
Shortness of breath, cough, bleeding

gums, nosebleeds, and
mental confusion.

[49]

Ramucirumab 2020 VEGF inhibitor
Cardiotoxicity, wound healing

problem and skin rashes.
[49]

Selpercatinib 2020 RTK inhibitor
Dry mouth, hypertension, peripheral
edema, diabetes, and hepatotoxicity.

[47]

Sotorasib 2021 KRAS G12C inhibitor
Bone/joint pain, constipation, and

stomach pain.
[47]

Tepotinib 2021 Kinase inhibitor
Anxiety, tachycardia, loss of appetite,

sore throat, and stomach pain.
[47]

Trametinib 2015 MEK 1
2 inhibitor

Losing of fingernails, eye dryness,
damaged taste buds, dry skin, and

canker sores.
[47]

Vinorelbine 1994
Cycle arrest via binding

with microtubular spindle
Muscle or joint pain, constipation, and

loss of appetite
[47]
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4. Nanocarrier-Based Targeted Drug Delivery in LC

As far as conventional chemotherapeutic drugs are concerned, no doubt these agents
are potent and effective therapeutic moieties. Still, non-specificity, adverse effects, and poor
pharmacokinetic profiles are limiting factors for their use [50]. Thus, in recent years, various
nanocarriers, such as liposomes, nanoemulsions, polymeric nanoparticles, and polymeric
micelles have been fabricated, as shown in Figure 4 [51]. This development is in response
to problems caused by conventional drugs can be overcome and targeted drug delivery,
enhanced pharmacological effect, and mitigation of adverse effects can be achieved [51].
These nanocarrier systems vary greatly in shapes, sizes, and surface charges. One of the
advantages of these nanocarriers is the delivery of various drugs without using any toxic
excipients [52]. Concerning targeted drug delivery in the lung, nanocarriers easily cross
the various barriers and prolong the drug residence time in the tumor environment via
escape from mucociliary clearance and phagocytosis in lung cells [53]. Currently, various
nanocarriers are being studied in the clinical and preclinical setups, and some of them have
entered clinical trials.

 
Figure 4. Showing various nanocarriers used for drug delivery in lung cancer.

4.1. Polymeric Nanoparticles

Polymeric nanoparticles (PNPs) are mainly prepared from either natural or synthetic
polymers. Based on the surface charge, polymeric PNPs are classified as cationic or anionic.
Cationic PNPs are positively charged because of the presence of primary, secondary or
tertiary amines, and subdivided as natural or synthetic PNPs. Cationic polymers are less
toxic, possess improved encapsulation efficacy and offers controlled release. Additionally,
cationic polymers can encapsulate hydrophobic drugs which are otherwise impermeable
to the cell membrane and DNA. Some of the commonly studied polymers used in the fabri-
cation of PNPs consist of chitosan, cyanoacrylates, poly (lactic-co-glycolic) acid (PLGA),
gelatin, poly alkyl-, poly (lactic acid) (PLA), albumin, and polycaprolactone. These poly-
mers are biodegradable and offer a controlled release pattern. Currently used intravenous
anticancer drugs for lung cancer treatment are not feasible for patients as their use has
been reported to cause systemic toxicities, pain, and discomfort. Orally-used anticancer
drugs suffer from the lack of significant clinical efficacy and adverse effects. Thus, due
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to the distinctive properties of PNPs in terms of sizes and zeta potentials, they have been
regarded as a revolutionary anticancer drug administration approach to treat LC [54,55].

A significant anticancer effect with minimal toxicities was observed when taxanes
were loaded with polyethylene–polylactide (PEG–PLA) and studied in in vitro and in vivo
studies [54]. Similarly, when paclitaxel and cisplatin were loaded into PEG–PLA copoly-
mers, an excellent anticancer effect was offered. Based on the outcome, the Phase I clinical
trial was successfully completed, and the Phase II clinical trial (Genexol-PM) was initiated
among NSCLC patients [56]. In another study, the PEG–PLA copolymer was used to load
gemcitabine for oral drug delivery, and the developed nanoformulation is currently under-
going a Phase II clinical trial [57]. Recently, polycaprolactone (PCL)- and chitosan-loaded
mucoadhesive nanoformulations were developed for lung-targeted drug delivery [12].
When the docetaxel nanoparticle was compared with Taxotere (injectable docetaxel), a
superior anticancer potential of the docetaxel nanoparticle was found [58]. Cisplatin and
doxorubicin are extensively used in the treatment for LC, but these drugs’ side effects
are limiting factors for their use. To overcome this problem, cisplatin and doxorubicin
were loaded into gelatin and poly (isobutyl cyanoacrylate polymers, and the developed
nanofabrication showed a potent antitumor effect with minimal toxicity [59]. In one study,
hyaluronic acid in conjugation with cisplatin NP was explored in an in vivo study. Even
when administered intravenously, the outcome showed a more significant antitumor effect
than the conventional formulation [60]. Additionally, the outcome of the study showed
minimal neurotoxicity and nephrotoxicity [60].

4.2. Liposome

Liposomes are bi-layered phospholipid nanocarriers and are classified as either unil-
amellar or multilamellar vesicles [61]. Unilamellar vesicles consist of a single bilayer,
whereas multilamellar vesicles are composed of multilamellar vesicles. The size of the lipo-
some varies from 1 to 100 nm and possesses the property of incorporating both lipophilic
and hydrophilic drugs; hence, the therapeutic efficacy of the formulation is enhanced [61].
The stability, drug loading capacity, and release pattern of liposomes depend on the size
and the number of the lipidic bilayer. Considering liposome-mediated pulmonary drug
delivery, the use of phospholipid and cholesterol are considered as most effective and
biocompatible [61].

Additionally, liposome-mediated drug delivery has been studied to overcome the
problem of drug resistance and reduce side effects [62]. One of the advantages of liposomes
is that the surface of the liposome can be modified, and hence, desirable targeted drug
delivery can be achieved. Thus, among the various NPs, liposomes are considered as the
most successful carrier system for the lungs [62]. Many of the United Food and Drug
Administration (USFDA)-approved liposomal drugs are commercially available on the
market. As an amphiphilic carrier system, hydrophilic drugs, such as doxorubicin and
paclitaxel, can be easily loaded into a liposome [63]. When etoposide and docetaxel
were incorporated into liposomes and tested for the anticancer potential in lung cancer,
a significant synergistic pro-apoptotic activity via enhanced p53 activity was found [64].
A paclitaxel liposome was developed, and when pharmacokinetic profiling was done
after nebulization, the area under the curve (AUC) of the nanoformulation was found to
be twenty-fold higher than the paclitaxel administered via the intravenous route [65]. A
significant reduction in tumor mass was found when this paclitaxel liposomal formulation
was studied for its antitumor potential. As we have previously discussed, cisplatin is an
extensively used drug for LC, but nephrotoxicity and hematological toxicity often restrict
its use [65]. Thus, sustained-release liposomal cisplatin was fabricated to overcome this
problem, and a Phase I study is ongoing. In one interesting study, an interleukin 2 (IL-2)
liposome inhalation formulation was designed, fabricated, and tested, and the outcome of
the study showed no evidence of toxicity, and it was found to be safe for LC patients [66].

414



Pharmaceutics 2021, 13, 2120

4.3. Nanoemulsion

Nanoemulsions (NEs) are one of the most extensively studied nanocarriers for various
disease conditions. NEs can be formulated as water in oil or oil in water, having a particle
diameter in the range of 20 to 200 nm [67]. NEs are transparent and stable and consist
of hydrophilic and hydrophobic phases, surfactant, and cosurfactant. Thus, most of the
hydrophilic or hydrophobic drugs can be incorporated into the NE for effective targeted
delivery [67]. Additionally, NE is considered an ideal carrier system for the delivery of
anticancer drugs as far as bioavailability, stability, release pattern, and targeted delivery is
concerned [68]. Moreover, NE protects the drug against ultraviolet (UV)-induced degra-
dation; microbe-induced degradation offers long-term storage and can be administered
intravenously, topically, or orally [69]. Considering NE in lung cancer, various synthetic,
semisynthetic, and natural drugs have been incorporated into NEs and have been studied
for possible anticancer effects [50,68]. Doxorubicin is another extensively used anticancer
drug, but cardiotoxicity, nephrotoxicity, and hepatotoxicity are limiting factors for its use.
Thus, pH-sensitive NE was explored for the possible efficacy and toxicity mitigation. The
outcome of the study showed improved effectiveness and reduced mortality among the
patients [70]. Paclitaxel is another extensively used anticancer drug used to treat LC, but
dose-related toxicity and pharmacokinetics limit its use. Thus, to overcome this problem,
NE containing paclitaxel in conjugation with hyaluronic acid was fabricated and tested
in NSCLC [71]. Docetaxel was also fabricated in oil–water emulsion in which medium-
chain triglycerides were used as the oil phase. When this formulation was tested for its
anticancer potential, the study’s outcome showed improved AUC, slow clearance, im-
proved volume of distribution, and tumor necrosis (as analyzed by the histopathological
study) [72]. Curcuminoids are isolated from Curcuma longa and have been explored for
multiple pharmacological activities. To enhance the pharmacological activity of lung cancer,
NEs of curcuminoids were fabricated and studied in lung cancer cell lines (H460 and A549
cells). The study’s outcome showed significant antitumor activity via reduced expression
of cyclin-dependent kinase 1 (CDK1), cyclin B, increased expression of p21, p53, and cell
cycle arrest at the G/M phase [6]. Curcumin is among the most explored natural bioactive
compounds for use in treating different types of cancer. However, curcumin suffers from
the limitation of low solubility, low bioavailability, and rapid hepatic metabolism [73]. Thus,
NEs of curcumin were fabricated and explored for their possible antitumor efficacy [73].
The fabricated formulation showed enhanced entrapment efficiency and improved release
pattern. Furthermore, a 7.4-fold increase in bioavailability was found as compared to
conventional formulation upon oral administration [73]. The molecular mechanism in-
volved in the anticancer potential of curcumin NE in lung adenocarcinoma was found
to be a modulation of extracellular receptor kinase, cyclooxygenase-2, protein kinase C,
matrix metalloproteinases, and activating transcription factor 2 (ERK 1/2, COX-2, PKC,
MMPs, and ATF-2, respectively) signaling pathways [74,75]. Similarly, diferuloylmethane
isolated from the turmeric, 9-bromo noscapine (a tubulin-binding alkaloid), and quercetin
are natural products and possess potent antitumor activities. Despite being potent and
effective molecules, these two drugs suffer from pharmacokinetic limitations. Hence,
their NEs were fabricated and explored for possible anticancer effects in LC [76–78]. The
study outcome showed an improved pharmacokinetic profile and enhanced antitumor
activity via apoptosis initiation and angiogenesis inhibition [78]. Lycobetaine (LBT) is a
well-known alkaloid and showed significant anticancer potential via topoisomerases I and
II inhibition. However, lycobetaine has a short half-life and poor bioavailability and hence,
its NE was fabricated and tested in LC [79]. Danshen, tanshinones, and Brucea javanica
oil are well-known Chinese herbs and possess potent anticancer potential. However, to
enhance their pharmacological and pharmaceutical potentials, their NEs were formulated
and studied in in vitro and in vivo setups [80–83].
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4.4. Polymeric Micelle

Polymeric micelles (PMs) are biodegradable and biocompatible nanocarriers that
have shown great potential for targeted drug delivery of chemotherapeutic drugs in
LC [84]. They are self-assembled amphiphilic NPs that become aggregated in the pres-
ence of copolymers and solvents [84]. A wide variety of polymers are available for PM
fabrication, and the choice of these polymers depends upon compatibility with the se-
lected drugs to allow incorporation, desired loading capacity, and stability. The cores
of the PMs are hydrophobic, and poorly soluble drugs are generally incorporated into
these micelles [85]. PMs offer the advantages of prolonging circulation time, bypassing
hepatic metabolism, and offering an improved volume of distribution. PM sizes vary
from 20 to 200 nm; hence, they can easily travel through the tumor microenvironment
and escape from the reticuloendothelial system (RES), usually found in the liver, spleen,
kidney, lymph nodes, and bone marrow cells [85]. A large number of polymers, such as
poly (styrene-co-maleic anhydride [SMA]), poly(ethylene glycol)-block-poly(D-L-lactic acid
[PEG-b-PLA]), poly(ethylene glycol)-block-poly(D,L-lactic-co-glycolic-acid [PEGb-PLGA]),
poly(ethylene-glycol)-block-poly(  ℇ  ℇ-caprolactone [PEGePCL]), poly(N-vinylpyrrolidone)-
block-poly(  ℇ  ℇ-caprolactone [PVP-b-PCL]), pluronic, D-a-tocopheryl polyethylene glycol and
PEG-poly(amino acid [PEGePAA]) have been studied for targeted delivery of chemothera-
peutic drugs into the LC tumor [84]. SMA is a synthetic copolymer composed of maleic acid
and albumin. SMA is advantageous as it is stable in the body fluid and is non-toxic [86].
SMA conjugated to neocarzinostatin was explored for the anticancer effect in lung can-
cer, while SMA conjugated to paclitaxel was studied for the anticancer potential against
adenocarcinoma [87]. PEG-b-PLA is an FDA-approved excipient and is used for the encap-
sulation of various anticancer drugs [88]. PEG-b-PLA is a copolymer consisting of PLA and
PEG and offers excellent properties for the encapsulation of anticancer drugs. The ratio of
PLA and PEG determines the release rate and pattern of encapsulated drugs, in which low
molecular weight structures showed rapid release pattern whereas high molecular weight
showed a delayed release pattern [88–90]. Recently, paclitaxel, curcumin, and rapamycin
encapsulated polymeric are being investigated for their possible effect against lung cancer.
The FDA also approves PEG-b-PLGA, and it is a biodegradable polymer [91]. Similar to
PEG-b-PLA, the release pattern of the drug from PEG-b-PLGA can be modulated via a
change in the ratio of PEG, glycolide, and lactide [91]. PEG-b-PLGA loaded with paclitaxel
and doxorubicin was studied in NSCLC. The outcome of the study showed improved and
synergistic antitumor potential of these two drugs along with minimal side effects [92].
Similarly, paclitaxel and cisplatin were also encapsulated and studied for the synergistic
anticancer effect in combination with radiotherapy [93].

5. The Limitations of Nanocarrier Drug Delivery Systems and miRNA as Emerging
Tools against Lung Cancer

Currently, a lot of research is going into the development and delivery of safe and
effective nano carrier-based systems targeting LC, but most of these drugs failed in clinical
trials [94]. Some of the investigated reasons for the failure appear to be a lack of precise
mechanism of action, toxicity due to excipient or particle size, and higher retention times
in the circulatory system [53]. Thus, looking into the potential of nanocarriers against lung
cancer and negative outcome in the clinical trials, researchers are now using FDA-approved
excipients. Additionally, the nanocarriers have to cross numerous barriers and obstacles,
such as dense matrix, protein-corona effect, phagocytosis, and drug efflux proteins before
reaching the site of action [1]. Moreover, different types of tumor microenvironments
respond differently to the same nanocarriers, which is one of the major issues [1]. Recently,
Doxil has been reported to accumulate in Kaposi sarcoma, related to acquired immunod-
eficiency syndrome (AIDS), and this issue is a major area of concern for clinicians [95].
Additionally, a deep understanding of nanomedicine in the tumor microenvironment is
lacking because of the unavailability of reliable preclinical models. Although xenograft
models are currently being used, the findings from these models differ significantly from
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the human tumor microenvironment [95]. Thus, to overcome these challenges, microRNA
(miRNA)-based therapeutics are being explored as possible therapeutic tools in LC [96].

6. miRNAs and Lung Cancer

Currently, many chemotherapeutics are being explored for their possible anticancer
effects, but most of them suffer from pharmacokinetic limitations and exhibit significant
toxic effects [47]. Thus, a nano carrier-based drug delivery system was explored to address
this limitation, but unfortunately, a lacuna in the desired therapeutic effect still exists.
Thus, recently the role of miRNA is under investigation for its possible application in the
management and treatment of LC [96]. RNA polymerase II was found to be responsible
for the transcription of miRNA or pri-miRNA, upon which ribonuclease Drosha further
acts, and pri-miRNA is converted into pre-miRNA [97]. This process occurs in the nucleus,
and once pre-miRNA is formed, it moves out of the nucleus and into the cytoplasm, in
which it is cleaved and mature miRNA is produced as shown in Figure 5 [97]. The mature
mRNA gets incorporated or loaded into RNA-induced silencing complex (RISC) and
argonaute. Finally, these miRNAs are involved in the silencing of mRNA. The miRNA
usually binds with the complementary sequence of mRNA at three prime ends and inhibits
the translation process [97]. It was further found that a single miRNA regulates the
function of multiple mRNAs in humans. More than 50% of genes involved in LC are
associated with miRNA [98]. Thus, miRNA is considered an emerging pathogenic factor
in LC etiology and has emerged as a clinically relevant tool for managing and treating
LC [99]. Based on the involvement of miRNA in carcinogenesis, miRNAs are classified
as oncomiRs and tumor suppressor miRNA [99]. As the name suggests, oncomiRs are
responsible for overexpression of pro-oncogenes or suppression of tumor suppressor genes,
and are consistently found to be overexpressed in the tumor cells [96]. Tumor-suppressor
miRNA suppresses the translatory activity of mRNA that is responsible for oncogene
transcription. Thus, oncomiRs cause tumor initiation, progression, angiogenesis, invasion,
and metastasis [96].

Figure 5. Showing the biosynthesis and the role of miRNA in lung cancer.
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6.1. Mechanism of miRNA Deregulation in Lung Cancer

Involvement of miRNA in pathogenesis has been well established, and it was found
that the factors that affect the biosynthesis of miRNA at the pri- or pre-miRNA level are
primarily responsible for causing dysregulated miRNA and carcinogenesis [100]. Recently,
p53, c-Myc, and E2F were identified as the transcription factors responsible for increased
oncomiRs and reduced tumor suppressor miRNA expression [101,102]. Apart from the role
of these transcription factors, epigenetic malfunction was also found to be an important
factor in the increased level of dysregulated miRNA. Studies have suggested the role
of hypo or hypermethylation and alterations in histone acetylation [103]. CpG methy-
lation was studied for the increased expression of miR-223 that leads to acute myeloid
leukemia [104]. Similarly, methylation of DNA and histone deacetylation were associated
with dysregulated miRNA in bladder cancer [105]. Additionally, reduced expression of
miRNA-148a and miR-34b and their associations with carcinogenesis were found to be
associated with methylation of CpG [106].

miR-29b was found to be reduced in NSCLC, whereas miR-29b was found to increase
the sensitivity of cisplatin in LC [107]. The epithelial–mesenchymal transition (EMT) is
one of the critical steps in tumor metastasis, and recently, miR-101, miR-200, miR-27,
miR15b, and miR-451 were found to be suppressed and involved in EMT in LC [108–110].
Similarly, miR-17-92, miR21, miR-16, miR-200c, miR-34, and miR-29b were found to be
overexpressed in LC and act as oncomiRs [111]. In LC, miR-21, and phosphatase and
tensin homolog deleted on chromosome 10 (PTEN) were found to be downregulated and
positively correlated with chemoresistance against TKIs. However, selectively targeting
miR-21 and PTEN can be used to chemo-sensitize cisplatin in NSCLC [112]. miR-34 (a-c) has
been extensively explored for involvement in the cell cycle progression via modulation of c-
Myc, Bcl-2, sirtuin-1, forkhead box P1 (FOXP1), and histone deacetylase (HDACs). Among
these subtypes of miRNAs, miR-34c was found to be down-regulated in LC [113,114]. miR-
212 and miR-350 have been reported as tumor suppressor miRNAs that exhibit antitumor
effects in LC via TRAIL-mediated apoptosis [111]. Thus, looking into the therapeutic
involvement of miRNA in LC, two therapeutic approaches are currently used: (1) inhibition
or blockage of oncomiRs and (2) stimulation of tumor suppressor miRNA. Various carriers,
such as small molecules, oligonucleotides, or viruses, are currently being used to target the
various miRNA as shown in Figure 6.

 

Figure 6. Role of various miRNA in lung cancer.
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6.2. Preclinical Based Evidence of miRNA in Lung Cancer

Generally, for targeting oncomiRs, antisense anti-miR oligonucleotides (AMO) or
locked nucleic acid (LNA), miRNA sponges, or miRNA antagomirs are used. AMO is
synthetic antisense complementary to the targeted miRNA [96]. AMO binds to the miRNA
and inhibits its interaction with the mRNA so that the translation of oncogenic proteins is
inhibited and the mRNA performs its normal functions [115]. AMO is thermally unstable
and has poor aqueous solubility [116]. Hence, LNA with improved thermal stability and
enhanced aqueous solubility was developed. The use of LNA has been reported to silence
miR-21 and results in increased apoptosis and reduced tumor burden [117]. Similar to LNA,
antagomirs and miRNA sponges have been explored to silence the oncomiRs [118]. Apart
from miRNA inhibition, restoration of miRNA is also an important therapeutic approach
for treatment and management of LC. Generally, miRNA mimics or viral vectors (lentivirus,
adenovirus, and retrovirus) are responsible for the miRNA expression (miR-15 and let-7)
and are used to restore the normal activity of miRNA functionally [118]. Considering LC,
miR-34, 29b, 20c, 145, and let-7 are tumor suppressor miRNAs, and their levels were found
to be downregulated in LC [111]. To restore the normal functioning of tumor suppressor
miRNA, H460/A549 cells for NSCLC were treated with the let-7 mimic, and the outcome
of the study showed a significant antitumor effect [113,119]. Based on the outcome of this
study, let-7 was dissolved in lipid base. It was further evaluated in a xenograft model,
and a significant reduction in tumor volume was observed [119]. As we have already
discussed, miR-34a is downregulated in cancer; hence, synthetic miR-34a was formulated
in a lipid-based vehicle and administered to the NSCLC mice. Surprisingly, the use of
this lipid-based miRNA-34s caused an effective reduction in cancer severity [113]. The
observed mechanism involved in the anticancer effect was found to be reduced expression
of ki-67, CDK4, and Bcl-2 [113]. Additionally, the use of this mimic was found to be safe as
no sign of toxicity was observed in liver, kidney, and heart [113]. In one interesting studies,
miR-145 was administered intratumorally in a lung adenocarcinoma model of mice by
incorporating it into the biodegradable polyurethane-branched polyethyleneimine [120].
The study’s outcome showed EMT inhibition, increased apoptosis, reduced tumor growth,
and angiogenesis [120]. Similar to miR-34a, miR-29b is also a tumor suppressor gene, and
in the absence of the normal functioning of miR-29b, CDK-6 is activated and regulates
the cascade of tumorigenesis [111]. Thus, a cationic-carrier-based miRNA was developed
to incorporate mir-29b and administered to the A549 xenograft mice model to yield a
significant antitumor effect [111].

6.3. Translatory and Clinical-Based Evidence of miRNA in Lung Cancer

After looking into the potent role of miRNA in the pathogenesis of LC and various
preclinical studies reported so far, pharmaceutical industries have come forward to initiate
studies for therapeutic implications. Recently, LNA for targeting miR-122 (SPC3649) was
developed by Santaris Pharma [121,122]. This anti-miRNA was the one that was entered
into a clinical trial [123,124]. MRX34 is a miR-34a mimic, and its efficacy in NSCLC has
been investigated in a Phase I clinical trial (NCT01829971) with the concept of miRNA
replacement therapy [125,126]. Another clinical trial (NCT01829971) has shown absolute
safety, efficacy, and tolerability of this compound. Based on the outcome of these trials,
Phase I (NCT02862145) was continued, and a Phase II trial was designed [111]. However,
in 2016, severe immunotherapeutic adverse effects (cytokine syndrome) were reported,
and this study was terminated [111]. Similarly, another ongoing trial (NCT02862145)
involving MRX34 in melanoma was stopped due to unwanted side effects. Apart from
MRX34, MesomiR-1 has been entered into a Phase I clinical trial (NCT02369198) for treating
NSCLC [111].

7. Challenges in Developing miRNA-Based Therapeutics

In recent years, miRNA-based therapy has gained significant attention for LC man-
agement and treatment. Indeed, miRNA-based therapy offers several advantages over con-
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ventional and target-based therapy, however some hurdles still need to be overcome [127].
One of the major hurdles is successful penetration by the oncomiRs or tumor suppressor
miRNA into the tumor cells [128]. Tumor cells consist of an extensive vascular network and
a complex leaky surface that significantly alters miRNA penetration into the tumor [128].
Another major challenge for successful miRNA delivery is maintaining their stability and
integrity in the systemic circulation. When an miRNA enters the systemic circulation,
miRNA is degraded immediately by various RNAases and eventually cleared from the
circulation [127].

Additionally, administered miRNA is also excreted via renal excretion [129]. Apart
from renal clearance, fast hepatic metabolism, RE and splenic Kuffer’s cell-mediated uptake
and phagocytosis via the phagosome are other barriers limiting miRNA-based therapeutic
outcomes [129]. Apart from these discussed limitations, miRNAs have also been reported
to induce immunotoxicity. This limitation occurs because when miRNAs are administered,
the innate immune system undergoes activation and causes immunotoxicity in which
interferons or Toll-like receptors (INFs or TLRs) are activated [130]. Importantly, miRNA
has been reported to cause off-target silencing of various genes and results in unwanted
side effects [111,130].

Nanocarrier-Based miRNA Delivery in Lung Cancer

As we have already discussed, despite the therapeutic potential of miRNA, this system
suffers from major pharmacokinetic limitations and exhibits immunotoxicity and off-target
gene silencing. Thus, to overcome these limitations, nanocarrier-based miRNA (NC-miR)
delivery has been used for the selective targeting of lung cancer cells [131]. When NC-miR
delivery is used for lung cancer, several factors, such as tumor vasculature, interstitial
fluid pressure, extracellular matrix composition, and lymphatic drainage are taken into
consideration [131]. One of the most extensively used NC for the delivery of miRNA is
polymeric nanoparticles [132].

Polymeric nanocarriers have also been studied for targeted delivery of miRNA in
LC [133]. PEI, LGA, and poly(amidoamine [PAMAM]) are some of the well-studied cationic
synthetic polymers [134]. These polymers are advantageous in terms of enhanced stability,
cellular specificity, cellular uptake, a low toxicity profile, and being non-immunogenic [134].
PEI was recently used to successfully deliver miR-145 and miR-33a in a xenograft model
of colon cancer. The outcome of this study showed an increase in apoptosis and a re-
duction in tumor growth [134]. miR-154 in combination with cisplatin encapsulated in
polyurethane–polyethyleneimine was also studied in LC [135]. In one interesting study,
polyarginine-disulfide in conjugation with PEI was studied for the targeted delivery of
miR-145 in prostate cancer [136]. A disulphide linker was used to enhance biocompatibility
and exhibit desired cytotoxic effects [136]. The study’s outcome showed a significant re-
duction in the rate of tumor growth and increase in the duration of survival. Poly(L-lysine)
and polyethyleneimine were used to successfully deliver anti-miR-21 in breast cancer,
whereas miR-145 was delivered via polyurethane conjugated with PEI for the treatment of
LC [135,137]. Apart from the aforementioned polymeric nanocarriers, N-(3-aminopropyl)
methacrylamide (APM), ethylene glycol dimethacrylate (EGDMA), and acrylamide (AAM)
have been used for the delivery of miRNA, such as anti-miR-21 [138,139]. Gemcitabine is
one potent anti-cancer drug, but it suffers from the limitation of chemoresistance. Recent
findings have demonstrated the chemosensitizing property of miR-205; hence, a PEG
and polypropylene carbonate copolymer nanocarrier was used for delivery of miR-205
in pancreatic cancer [140]. The study’s outcome showed a reduction in resistance, tumor
size, growth, and weight, and caused an effective reversal of metastasis and tumor inva-
sion [140]. Similarly, a poly(  ℇ  ℇ-caprolactone [PCL]) and PEG nanocarrier was used for the
delivery of miR-200c and docetaxel, and the outcome was studied in both in vitro and
in vivo studies [141]. PLGA is another FDA-approved polymer with an established safety
profile for miRNA drug delivery [142]. PLGA offers the advantage of surface modification
and multiple ligand targeting [142]. When miR-221 was encapsulated into PLGA, increased
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apoptosis, reduced tumor growth, migration, angiogenesis and invasion was observed
in lung and hepatic carcinoma [143]. Moreover, when PLGA in combination with PEF
was studied for miR-10b in addition to anti-miR-21 delivery, a significant reduction in the
rate of tumor growth was observed in breast cancer [144]. Additionally, PLGA in combi-
nation with PEI was used for co-delivery of doxorubicin and miR-542-3p. The outcome
of the study showed enhanced loading capacity, increased drug uptake, cytotoxicity, and
significant anti-tumor effects [145].

Dendrimers are branched polymers with the presence of an amine branch that acts as
a proton sponge and helps in endosomal escape. Dendrimers have been extensively used
for the targeted delivery of miRNA in various types of cancer. Poly-amidoamine (PAMAM)
is a cationic polymer and one of the commonly used dendrimers used for the delivery of
miRNA [146]. Recently, PAMAM was used as a nanocarrier for the targeted delivery of
miR-21 in brain tumors, and the outcome of the study showed an increase in apoptosis
and reduction in the rate of tumor growth [146]. Similarly, codelivery of miR-205 and
anti-miR-221 using PAMAM showed a significant reduction in tumor size and an increase
in survival [147].

It is also important to highlight that various natural polymers, such as chitosan and
peptides, have also been studied to deliver miRNA [139]. Chitosan is extensively studied
in natural polymers and reported to be biocompatible, safe, and biodegradable [139].
Chitosan and hyaluronic acid nano-complexes were used to incorporate miR-34a and
doxorubicin and miR-145 in breast cancer, and the outcome of the study showed synergistic
antitumor effects [148,149]. A self-assembly noncomplex was prepared by using protamine
sulfate and hyaluronic acid and successfully incorporated miR-34a for the targeted delivery
in breast cancer [150]. Similarly, aptamer-conjugated atelocollagen loaded miR-15a and
miR16-1 (tumor suppressor miRNA) was used for targeted delivery in prostate cancer [151].

Apart from PNPs, lipid-based nanocarriers for the targeted delivery of miRNA in
LC have been extensively studied. Currently, cationic, anionic, and neutral lipid-based
nanocarriers (liposomes) have been studied. Liposomes easily cross the cell membrane
and release the miRNA inside the cells. However, liposomes suffer from low selectivity
and specificity; hence, surface modification techniques have been used to overcome these
limitations [152]. Cationic liposomes are more often used for miRNA delivery because of
their enhanced cell membrane affinity [107]. They are comparatively easy in terms of pro-
duction and are considered safe, non-immunogenic, and non-pathogenic. In LC, reduced
miR-29b was shown to be positively correlative with pathogenesis. Thus, when a cationic
liposome-encapsulated with miR-29b was used, a significant reduction in tumor growth
rate was observed [107]. Similarly, the administration of cationic liposomes encapsulated
with miR-107 yielded a significant anti-tumor effect [153]. Based on successful preclini-
cal and clinical reports of cationic liposomes, several products such as Lipofectamine®,
TransIT® 2020, and Oligofectamine™ are now commercially available [154]. Despite being
a potent nanocarrier for miRNA delivery, liposome use is limited because of low stabil-
ity and nonspecific binding affinity toward serum proteins. Hence, to overcome these
limitations, polymers, such as PEG, have been conjugated to enhance their stability and
half-life [155]. Moreover, liposomes offer the advantage of synergistic drug delivery of
chemotherapeutic drugs and miRNA. Recently, cisplatin in combination with miR-375
has been successfully delivered using liposomes in lung cancer [89]. Liposome-based
miR-34a and miR-200c have been studied for possible anticancer effects in LC, and the
study outcome’s shows promising anticancer effects [156]. Additionally, miR-135a-loaded
cationic immunoliposomes was also explored in cancer therapy [154].

For a long time, inorganic components have been used to fabricate nanocarriers,
keeping the size and morphology as the top priority. Inorganic materials are non-toxic,
non-irritating, biocompatible, and easy to synthesize. Among various inorganic nanocar-
riers, gold nanoparticles (AuNP) have been extensively used for the targeted delivery of
miRNA in various types of cancer [157]. AuNPs are advantageous in terms of shape, size,
biocompatibility, physio-chemical properties, surface functionalization, and amphiphilic-
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ity [139]. AuNP encapsulated with miR-205 was used to treat prostate cancer in PC-3 cell
lines in which the administration of nanocarriers showed enhanced apoptosis in addition
to reduced proliferation and rates of tumor growth [139]. It was found that the presence
of miR-20a is associated with a pro-oncogenic role and protects the tumor cells against
doxorubicin-induced cytotoxicity [139]. Thus, cysteamine-functionalized AuNP was used
for the delivery of miR-31 that acted as a suppressor of miR-20a and exhibited a significant
anti-tumour effect [158]. It was further found that AuNP showed a 10–20-fold increase
in concentrations of miR-31 and miR-1323 as compared to the conventional delivery in
neuroblastoma and ovarian cell lines [139]. Additionally, when thiolated AuNP was used
to deliver miR-145, a significant anti-tumor effect was observed in prostrate and breast
cancer [159].

Silica is one of the extensively used inorganic materials and has also been successfully
used to fabricate nanocarriers for the targeted delivery of miRNA in various types of
cancer [160]. Mesoporous silica nanoparticles (MSN) are silica-based inorganic nanocarriers
that offer the advantage of safe, biocompatible, stable, and greater surface loading of
miRNA [160]. MSN was successfully used for the delivery of miRNA-34, which is a
tumor suppressor for miRNA [161]. The use of MSN-loaded miR-34 showed an increase in
apoptosis and reduction in tumor growth in tumor cells. Recently, an immunoliposome
loaded with PD-L1 antibody and miR-10a was tested in a cancer model, and the outcome
of the study showed the significant anticancer potential of this nanocarrier system [139].
MSN was also used for the delivery of temozolomide and anti-miR-221, which eventually
resulted in inhibition of the cell cycle, proliferation, and stimulated apoptosis, and overcame
the issue of drug resistance [162].

Recently, magnetic compounds were also used for the targeted drug delivery of
miRNA in cancer. In one study, zinc–iron oxide loaded with lethal-7a miRNA was used
to treat cancer [163]. Similarly, lanthanide Ce3/4+ cations combined with oxidized PEI
were used to deliver antisense miR-486, anti-miR-99a, and anti-miR-21 into human CMK
leukemia and pancreatic cells [164]. Apart from MSN, carbonate apatite has been studied
for the possible nanocarrier property for miRNAs. In one of the studies, miR-4689 was
incorporated into carbonate apatite NP to target KRAS in addition to AKT in cancer
cells [165]. Similarly, miR-29b-1-5p was also incorporated into carbonate apatite NP against
Caco cell lines with confirmed KRAS mutation. The outcome of the study showed increased
apoptosis, reduced proliferation, and a better safety profile [166].

8. Conclusions and Future Prospects

LC is one of the major causes of morbidity and mortality worldwide. The etiology of
LC has been identified as multifactorial in origin [167,168]. Various signaling pathways
and molecules are involved in the initiation, progression, angiogenesis, and invasion of
LC [14]. Many conventional and signaling molecular-based targeted drugs have been
approved by the FDA, and many more are in the pipeline. Undoubtedly, the clinical
use of these approved drugs has contributed significantly to increasing progression-free
survival and improved patients’ quality of life [14]. However, most of these drugs suffer
from pharmacokinetic limitations of low solubility, low bioavailability, and fast hepatic
metabolism, which are not capable of reaching the target site, or penetration across the
tumor cell [47]. Not only this, but most of the approved drugs also suffer from the pharma-
codynamic limitation of severe adverse effects when used through oral and intravenous
routes [47]. In order to overcome these limitations, inhalation and intratumoral routes were
used, but unfortunately, these approaches were also not up to the expectation [169,170].
Thus, nanocarrier-based targeted drug delivery was used in which many of the approved
drugs were encapsulated into the suitable nanocarrier to minimize pharmacokinetics and
dose-related adverse effects [53]. Additionally, nanocarrier-based drug delivery increases
stability, avoids fast hepatic metabolism, and ensures the maximum drug concentration at
the site of action [53]. A large number of preclinical and clinical studies have confirmed the
therapeutic utility of nanocarrier-based drug delivery in LC [53]. Currently, a few clinical
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trials are being conducted so that more and more patients can benefit from this therapeutic
approach [170].

It is of further importance to understand that the epithelial tissue of the lungs is the
center of origin, and inhalation-based therapy has access to this area. However, NSCLC or
SCLC can originate from any part of the lungs, such as bronchial epithelium, peripheral
bronchioles, or alveolar epithelium [171]. Thus, a nanocarrier for the treatment of SCLC
or NSCLC must reach a specific area for exerting a desired pharmacological effect. For
example, NC with particles size of 5 to 10 µm can reach the central epithelium [171].
However, a particle size in the range of 0.1 to 3 µm is needed for crossing the deep
pulmonary tissue. Moreover, an ideal nanocarrier must exhibit a sustained drug release
profile, and for the treatment of stage IV lung cancer, systemic absorption is desirable. At
this stage, tumor cells gain access to lymph nodes or vital organs [172]. Thus, with the same
nanocarrier system, systemic in addition to localized absorption of the drug is challenging.
Thus, extensive research concluded that a multilamellar liposome is the best option for
localized absorption, whereas dendrimers are suitable for systemic absorption [173].

Another problem encountered in using nanocarriers in LC is the later stage of di-
agnosis. Presuming that it is diagnosed at the early stage, patients also have difficulty
in breathing, breathlessness, lower tidal volume, and total lung capacity. In such cases,
drug delivery and absorption from the peripheral tissue are difficult [172]. Hence, spacers
and power sources were used to deliver drugs at the nano size so that they could be
absorbed in the deep tissue. Despite being a novel and promising therapeutic approach,
nanocarrier-based drug delivery has limitations, such as toxicity due to multiple com-
ponents, phagocytosis, and drug efflux ineffectiveness due to complex vasculature and
the inability to penetrate the tumor mass [174]. Hence, recently, miRNA has been iden-
tified as an emerging weapon against lung cancer. However, the use of necked miRNA
was associated with fast degradation by RNAse, problems in crossing biological mem-
branes, rapid clearance, and thermal instability when administered [99]. Hence, techniques,
such as chemical modification, encapsulating them in suitable nanocarriers, and using
cationic polymers, have been used to overcome these limitations [175]. Currently, a few
nanocarrier-based (lipid-based) miRNAs, such as MRX34, miR-34a, and let-7, are under
clinical investigation for possible use in LC treatment [175].

Thus, based on the in-depth literature survey, available clinical evidence, and com-
pleted clinical trials, we suggest that a safe and effective nanocarrier system should be
developed for the targeted delivery of chemotherapeutic drugs in addition to miRNA.
Genomic expression of mRNA in addition to pathway enrichment analysis should be done
to identify selective targets for miRNA. Furthermore, to avoid the toxicity and off-targeted
side effects and also achieve cell/target-specific delivery of chemotherapeutic drugs and
miRNA, low dose combinations of miRNA and anticancer drugs, radiotherapy, and im-
munotherapy can be used. Additionally, the antibody-coated combination of miRNA and
existing anticancer agents should be used in a suitable nanocarrier system. This novel drug
delivery system may pave the way for clinical treatment in the coming years.
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Abstract: Melanin nanoparticles are known to be biologically benign to human cells for a wide

range of concentrations in a high glucose culture nutrition. Here, we show cytotoxic behavior at

high nanoparticle and low glucose concentrations, as well as at low nanoparticle concentration

under exposure to (nonionizing) visible radiation. To study these effects in detail, we developed

highly monodispersed melanin nanoparticles (both uncoated and glucose-coated). In order to

study the effect of significant cellular uptake of these nanoparticles, we employed three cancer cell

lines: VM-M3, A375 (derived from melanoma), and HeLa, all known to exhibit strong macrophagic

character, i.e., strong nanoparticle uptake through phagocytic ingestion. Our main observations are:

(i) metastatic VM-M3 cancer cells massively ingest melanin nanoparticles (mNPs); (ii) the observed

ingestion is enhanced by coating mNPs with glucose; (iii) after a certain level of mNP ingestion,

the metastatic cancer cells studied here are observed to die—glucose coating appears to slow that

process; (iv) cells that accumulate mNPs are much more susceptible to killing by laser illumination

than cells that do not accumulate mNPs; and (v) non-metastatic VM-NM1 cancer cells also studied

in this work do not ingest the mNPs, and remain unaffected after receiving identical optical energy

levels and doses. Results of this study could lead to the development of a therapy for control of

metastatic stages of cancer.

Keywords: melanoma; melanin nanoparticles; cytotoxicity; laser medical applications; hyperthermia

1. Introduction

The emergence of nanoparticle (NP) technology in biomedicine has led to many ap-
plications [1,2]. These include tumor imaging and targeting [3], tissue engineering [4],
drug delivery [5], tumor destruction [6], pathogen detection [7], and protein detection [8],
among others. Sufficiently small nonpolar NPs can cross biological barriers and translocate
across cells, tissues, and organs [9]. In contrast, polar NPs can enter cells only by utilizing
endocytotic pathways [10,11]. The internalization process of NPs by cells is a key factor in
determining their biomedical function, toxicity, and biodistribution [11]. Adjusting chemo-
physical properties of NPs, such as size, shape, and surface properties, is a major factor for
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optimization of targeting and cellular uptake, as well as intracellular trafficking [12]. Zeta
potential (ξ) could be an important biophysical parameter for quantification of the cellular
interactions [13–15].

Meanwhile, it has been also known for over a century that biomolecules can be irre-
versibly damaged by ionizing radiation, via photons with energy sufficient to break covalent
bonds. For example, ultraviolet (UV) radiation is known to cause catastrophic damage to
cells [16], and X-rays and even harder radiation have been long applied to treat cancer [17].
Such radiation damages of cells and tissue is largely indiscriminate, with minimal or no
spectral control or biospecificity. Therefore, geometric targeting must be used to achieve
some degree of macro-scale selectivity. Non-ionizing radiation, with photons of much lower
energy can, at sufficient intensity, also cause irreversible damage to biomolecules via non-
linear processes (under high local electric or thermal field). Geometric targeting can be
improved with such radiation due to the availability of lensing, in particular in the visible
frequency range. Irreversible damage of geometrically microtargeted yeast cells was re-
cently demonstrated, using laser tweezers employing a low power (80 mW), near infrared
(NIR) laser focused to a spot of about 1 µm diameter (~1010 W/m2) [18]. Most importantly,
however, nonlinear effects produced by non-ionizing radiation allow for spectral resolution
of the excitation. Spectra in the NIR and far IR (FIR) ranges consist typically of characteristic
groups of absorbance maxima, which form so called “fingerprint” spectra, and which can
be used to identify a given molecule [19]. A recent theoretical paper [20] suggested that
such fingerprint spectra can be used to selectively damage target molecules within a cell.
Such purely spectral selectivity of molecular dissociation would be highly desirable in
future therapies, but it is currently very hard (or impossible) to achieve/implement, mainly
because the spectra of different biomolecules (ranging from viral to cellular, healthy or
cancerous) are very similar, typically with only some amplitude variations, but at similar
or the same peak spectral locations (wavelengths) [21]. An additional complication is the
generally small radiation penetration depth, apart from a few high transparency spectral
windows [21,22].

These technical difficulties can be overcome with the incorporation of strongly light-
absorbing targets, such as NPs. For example, light absorption by melanin NPs is very
strong (typically an order of magnitude more than typical cells) over a wide spectral range,
a fact that has been exploited in the detection of metastatic melanoma circulating tumor
cells (CTC) [23,24]. Several papers [23,25] have shown that, for wavelengths around 500 nm
and between 700 nm and 900 nm, melanoma cells dominate absorption over that of blood,
suggesting they may be able to be overheated with radiation at those wavelengths. In fact,
melanin-filled NPs have been used recently to trigger cell death by overheating (over 42 ◦C)
in tumors [26]. In such tumor therapy, radiation in the NIR high transparency window
(~800 nm wavelength) is typically used.

We have developed highly monodispersed glucose-coated melanin nanoparticles
(mNP@G), and have used these to reveal massive NP uptake by the three cancer cell
lines, VM-M3, A375, and HeLa, which confirm these cell types’ macrophagic character.
Zeta potential measurements suggest that this character is related to binding and cellular
internalization effects. Importantly, we find that the viability of all studied cells dramatically
decreases at a sufficiently high concentration of mNP@G and reduction of the glucose level
in the culture nutrition. We also performed a series of radiation experiments on cancer cells
moderately filled with mNP@G. We employed light in the visible transmission window of
blood at 532 nm wavelength [22,23], and demonstrated that there exist power levels and
doses of this radiation that violently destroy cancer cells sensitized with mNPs, but that
are evidently safe for cells unsensitized with mNPs.

While melanin, the pigment present in abundance in melanoma cells, plays an im-
portant role in skin protection against ultraviolet radiation, it also affects melanoma be-
havior by adjusting epidermal homeostasis [27,28]. Melanoma is, of course, a serious
skin cancer, originating from mutated melanocytes, melanin-producing cells [29]. Highly
metastatic, it causes about 60,000 deaths per year globally [30]. Very limited progress
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treating melanoma has been achieved with chemotherapy [31], immunotherapy [32], ra-
diotherapy [33], surgery [34,35], or other therapies [36,37]. Melanin synthesis, a multistep
and highly regulated route, determines the difference between the function of normal and
cancerous cells [38]. Different from healthy melanocytes, in which melanin synthesis is
controlled by various factors and plays an important biological role, melanin pigmentation
in melanoma cells is dysregulated, which leads to heavy pigmentation of these cells [39,40].
Sarna et al. [41] have suggested that the elastic properties of melanoma cells are affected
by the melanin presence, and play a key role in melanoma metastasis [38]. Other studies
confirm that melanin pigmentation is an important factor in determining the fate of cancer
cells [39,42]. Metabolic functions of normal cells are dramatically changed in the cancerous
state, and this transformation makes cancer cells strongly dependent on high rates of
glucose uptake [43,44].

To achieve rapid cancer cell proliferation in vitro, cell culturing methods commonly
use high glucose of Dulbecco’s modified Eagle’s medium (DMEM, 25 mM or 4500 µg·mL−1).
Normal serum glucose levels in the body are usually constant between 4 and 6 mM
(720–1080 µg·mL−1). However, the body may experience a drop in glucose level to 2.5 mM
(450 µg·mL−1), and even further in tissue, in the case of nutrient deficiencies. Accordingly,
glucose level reduction has been applied for cancer treatment through different methods
such as fasting or modifying (e.g., ketogenic) diet [45,46].

2. Materials and Methods

2.1. Reagents

Chemicals were purchased from commercial sources with high purity and used as
received. Malignant melanoma A375 and HeLa cell lines were obtained from the Shanghai
Institute of Cell Biology (Shanghai, China). The cells were cultured in DMEM (Solarbio,
Beijing, China) with 10% fetal bovine serum (Solarbio) and 5% antibiotics (100 Unit mL−1

penicillin and 100 µg·mL−1 streptomycin) from Sigma-Aldrich (St. Louis, MO, USA). The
cells were incubated in a cell incubator under 95% humidity and 5% CO2 at 37 ◦C. To seed
and harvest the cells, Trypsin-EDTA (0.25%) from Sigma was utilized, and Trypan blue
(0.4%) from Gibco was applied for cell counting purposes.

2.2. Synthesis of Melanin Nanoparticles, mNP

The synthesis of highly spherical monodispersed mNPs was accomplished using
the oxidative polymerization of dopamine hydrochloride in the presence of ethanol and
ammonia solution at room temperature. A mixture of aqueous ammonia solution (NH4OH,
0.5 mL for 320 nm-diameter mNPs), ethanol (40 mL), and deionized water (90 mL) was
stirred at room temperature for 30 min. This was followed by addition of 0.5 g of dopamine
hydrochloride dissolved in water. A gradual change in color of the solution from light
brown to dark brown was observed. The reaction was continued for 24 h, and the formed
mNPs were extracted through centrifugation at 7000 rpm, and washed three times with
deionized water. Different sizes of nominally spherical nanoparticles were obtained by
varying the volume of ammonium hydroxide, while following the same protocol.

2.3. Preparation of Glucose-Coated Melanin Nanoparticles, mNP@G

As-prepared mNPs (20 mg) were dissolved in tris-buffer (0.01 M, pH 7.5) and stirred
for 10 min followed by addition of 0.5 g acetylglucosamine sugar dissolved in 10 mL
deionized water. The reaction mixture was stirred for 24 h and then collected through
centrifugation. After repeated washing with deionized water, the obtained mNP@G
product was redispersed in 1.5 mL of deionized water for further characterization.

2.4. Cell Viability Measurements

Using Cell Counting Kit-8 assay (CCK-8, Sigma-Aldrich, St. Louis, MO, USA), cell
viability was determined according to the manufacturer’s protocol with some modification,
as explained in Supplementary Materials and Figure S1. The CCK-8 colorimetric assay
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involves metabolic bioreduction of WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-
5-(2,4disulfophenyl)-2H-tetrazolium, mono-sodium salt] in the presence of 1-methoxy
PMS as an electron mediator, producing a water-soluble orange colored formazan dye.
The amount of produced formazan is directly proportional to the number of living cells
and can be measured by spectrophotometric method via absorbance of 460 nm. For these
measurements, VM-M3, A375, and HeLa cancer cells were seeded, and injected at con-
trolled concentrations into 24 well plates. The cells were incubated overnight in 5% CO2

atmosphere at 37 ◦C to allow adherence to the plate. For comparison, the cells were treated
with different concentrations of mNPs and also mNP@G, and the plates were returned to
the incubator for 15 h. Afterwards, 50 µL of CCK-8 was added to every well in culture
medium, and after incubation for 3 h, the upper orange solution was removed, collected in
centrifuge tubes, and centrifuged for 15 min at 10,000 rpm in order to remove the melanin
nanoparticles from the formazan solution. Thereafter, the absorbance of the solution from
every tube was measured separately by spectrophotometer (Lambda 950, PerkinElmer,
Boston, MA, USA) in the wavelength range of 350–550 nm, and the viability was calculated
at the maximum absorption wavelength (460 nm).

2.5. Biocompatibility and Cytotoxicity Measurements

Biocompatibility and cytotoxicity of various concentrations of mNPs and mNP@G
from 140 to 2100 µg·mL−1 were studied via cell viability and proliferation of the A375
and HeLa cell lines, with the latter also studied in high (4500 mg·L−1) and low glucose
(1000 mg·L−1) growth media, using CCK-8 assays kits (Sigma-Aldrich, St. Louis, MO,
USA). To complete this study, we used UV–Vis spectrophotometry to evaluate cell viability,
cell membrane damage and cell toxicity.

2.6. Theoretical Estimate of the Thermal Effects

To estimate the photothermal response of the in-blood circulating tumor cells sensitized
with mNPs, we modeled the cell as a water droplet with average radius rc ≈ 5 × 10−6 m,
immersed in blood serum, which for simplicity is also modeled as water, with ther-
mal conductivity km = 0.6 W·K−1·m−1, specific heat cw = 4186 J·kg−1·K−1, and density
ρw = 1000 kg·m−3. The initial temperature of the cell and the blood is T0. The cell is filled
with a number N of much smaller, but highly radiation-absorbing mNPs. Each mNP has
radius of rm≈10−7 m and thermal conductivity km = 0.1 W·K−1·m−1. The time evolution of
the average temperature change ∆Tc = Tc − T0 of a single cell is approximately given by:

∝
∂∆Tc

∂t
≈ ∅− β∆Tc (1)

where ∝= 4
3 rcρwcw, β = 4kw/rc, and ∅ is the radiation power density absorbed in all

mNPs, given approximately by ∅ ≈ ∅incN
(

rm
rc

)2
, under the assumptions that the mNPs

absorb the radiation perfectly and the radius of the laser beam in our experiment is roughly
rc. The solution to Equation (1) is

∆Tc = (∅/β)

[

1 − exp

(

−
β

∝
t

)]

(2)

The maximum temperature increase is achieved for
β
∝

t ≫ 1, or for t ≫ ∝

β = r2
c ρwcw

3kw
= tc,

such that ∆Tcmax = ∅/β = ∅rc/4kw. Choosing a value of N = 1000, which corresponds
to a low mNP load, and a power density as applied in this work, ∅inc ≈ 109 W·m−2,
we estimate ∅ ≈ 4 × 1010 W·m−2. With β = 0.5 × 106 W·Km−2, Equation (2) gives
∆Tcmax ≈ 1000 K. This is the order of heating that causes rapid boiling of the cell interior,
and can lead to the cell lysis observed in our experiment, as discussed later. The time to
achieve such a level of heating is of the order of tmax ≫ tc ≈ 10−4 s. It is important to note
that this power density has no effect on the cells not having mNPs and immersed in water,
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since the penetration length in water at this frequency is very large, η ≈ 10 m. Thus, a negli-
gible fraction of the incoming radiation, of order ∅ ≈ ∅inc

2rc
η ≈ ∅inc10−6 = 103 W·m−2, is

absorbed in a cell, in general agreement with our experiments. It is also in good agreement
with laser tweezer experiments [38] in which cells, free of any nanoparticles, were subjected
to NIR radiation with power density ∅inc = 3.8 × 1010 W·m−2 for 15 min. It was shown
in that experiment that this much larger power density and dose as compared with our
experiment caused no delay in cell growth or increased mortality. Our simple estimate
thus well explains the basic physics of our experiments with radiation.

3. Results and Discussion

3.1. Characterization of mNP@G

Figure 1 shows SEM images of as-prepared mNPs of different sizes (between 100
and 300 nm, ± 17 nm), obtained by variation of the NH4OH solution volume. As seen in
Figure 1f, the mNP diameter is a linear function of the solution pH. As shown in Figure 2,
a slight increase in size, e.g., from 145 nm for mNPs to 166 nm for mNPs@G (i.e., with
~10 nm average glucose coating thickness), was observed after surface functionalization
with amino sugar, indicating surface coverage by the glucose. Figure 2c shows the optical
absorption of aqueous solutions containing mNPs and mNP@G at the same concentra-
tion (0.1 g·L−1), recorded using UV–Vis-NIR spectroscopy. The spectra are similar, with
the higher absorption of mNP@G in the visible range due to glucose coating. Surface
functional groups of nanomaterials intended for biomedical application are crucial for
their hydrophilicity and dispersibility in water and various biofluids. Thus, the chemical
groups of melanin and the corresponding sugar-coated analog samples were determined
using FTIR spectroscopy (Figure 2d). The intense C=O stretches from aromatic rings
and/or carboxyl groups of the mNPs that almost suppressed other peaks can be observed
at 1685 cm−1. The broad OH stretch of glucosamine alone can be visibly seen between
2700–3500 cm−1. The FTIR of the mNPs@G displayed an overlap of NH2/OH stretching
around 3200–3500 cm−1. The C–O and C–C vibrational band arising from Schiff’s base
reaction can be seen at 1097 cm−1 and 1298 cm−1 in the mNPs@G (Figure 2d), indicating
successful functionalization.

Figure 1. SEM images of mNPs in different volumes of NH4OH: (a) 0.5 (b) 1.0, (c) 1.5, (d) 2.0, and (e) 2.5 mL. (f) Plot of

mNP diameter vs. pH of NH4OH solution.
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Figure 2. (a,b) SEM images and the corresponding size distribution histograms for mNP and mNP@G, respectively; (c)

UV-Vis absorption of mNP (black) and mNP@G (red line). (d) FTIR spectra of terminal amino glucose (black line), mNP

(red line), and mNPs@G (blue line).

3.2. Cell Viability after mNP and mNP@G Uptake

The main observations in this part of our study are: (1) non-cancerous or non-
malignant cancer cells studied here do not ingest mNPs, (2) the studied malignant cancer
cells massively absorb mNPs (macrophagic/phagocytic character), (3) this uptake is much
stronger for the glucose-coated mNPs, (4) cell viability diminishes with increasing number
of absorbed mNPs, and (5) lower glucose content in the cell nutrition dramatically reduces
cell viability.

Figure 3 exemplifies the observations (1) and (2). It shows optical microscope images
of a VM-M3 cell (top panels) and a VM-NM1 cell (bottom panels), both exposed to approxi-
mately the same amount of mNPs (26 h incubation time), and taken with focal planes at
increasing depth into a cell (from left to right). This allows one to view cell interiors, and
the nominal location of the absorbed nanoparticles. Clearly, the malignant VM-M3 cell
contains mNPs throughout its interior. In contrast, the non-malignant VM-NM1 cell has no
mNPs in its interior; these agglomerated in large clumps outside the cell. This confirms
that only the malignant cells have phagocytic behavior. Similarly, in several similar tests
(not shown here), we observed that healthy, non-cancerous cells also do not ingest mNPs.
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Figure 3. Optical microscope images of a VM-M3 cell (a–c) and a VM-NM1 cell (d–f), taken at

changing focal plane depths: near the top cell surface (a,d), middle of the cell (b,e), and near the

bottom cell surface (c,f). Both cells are shown after 26 h incubation with mNPs. The common scale

bar is 10 m. The dashed line in (d,f) outlines the cell shape as in (e).

Figure 4 exemplifies observations (3), (4) and (5) listed above. Figure 5a shows A375
cell viability versus concentration of mNP@G for two different glucose concentrations in
the growth medium, and Figure 3b shows similar effects for the HeLa cells that normally,
in contrast to the melanoma cells, contain no melanin nanoparticles. For more details, see
the Supplementary Materials. Note that a much longer incubation time (62 h) was used for
higher concentrations of glucose in the growth medium compared to lower concentrations.
This is simply because cells absorb the molecular glucose from the growth medium before
they begin absorbing the much larger, glucose-coated nanoparticles. Thus, the incubation
time approximately scales with the glucose concentration in the growth medium. The
reason for higher cell viability at the same mNP concentration in high glucose concentration
is not entirely clear. However, it is consistent with the Warburg effect according to which
cancer cells benefit from increased amounts of glucose in the medium. One mechanism
could be strengthening the cancer cell metabolism, which reduces the cytotoxic effects of
mNPs. These suggest that a low glucose diet (e.g., ketogenic) for cancer therapies based on
nanoparticles could be beneficial. Our results are in broad agreement with other reports on
a variety of cancer cells [47–50].
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Figure 4. (a) A375 melanoma and (b) HeLa cell viability according to CCK-8 assay as a function of mNP@G concentration

after 62 h incubation in high glucose growth medium (4500 mg·L−1) and 15 h incubation in low glucose growth medium

(1000 mg·L−1).

∅ ≈ − ∅ ≈
−

Figure 5. (a) Optical power (scaled to its maximum) versus position, measured using the blade edge

shading effect. The insets sketch approximate blade-beam relative locations at selected points. (b)

Optical image of the laser spot obtained by using the fluorescent card. (c–e) Images of two VM-M3

cells moderately filled with mNPs, at various exposure times to laser light, at 10× magnification

(light power density ∅inc ≈ 6 × 107 W·m−2). (f–h) Images of a VM-M3 cell moderately filled

with mNPs, at various exposure times to laser radiation, at 100× magnification (power density

∅inc ≈ 1.4 × 109 W·m−2). Yellow circles mark approximate beam diameter, which changes with

magnification.
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The mechanism of the mNPs cytotoxicity is unclear at this point. It might be due to
the nanoscopic size of the mNPs, which dramatically increases surface area for molecular
chemical reactions with the cell interior components. Note that the melanin produced
by melanocytes occurs in the form of microcrystals (average diameter D), much larger
than mNPs in the current work (each with average diameter d) and thus, for the same
melanin volume, have much smaller surface area (approximately d/D). If melanin had
some finite surface-based cytotoxic effect, it would be expected to be enhanced with mNPs.
Biologically active melanin has indeed been reported to be cytotoxic [51].

3.3. Cell Viability after Exposure to Radiation

Our custom-designed laser system employed a 532 nm wavelength diode pumped
solid state laser, coupled to the input port of a fluorescent microscope. The beam was
aligned and centered to the back aperture of an objective, and reflected light was filtered
with a dichroic mirror. The sample was viewed and data recorded via Thorcam. The
laser spot size on the sample was determined by the knife edge technique. As the blade
moves across the laser spot, the measured laser light power P varies from zero to Pmax,
and the shortest distance between these corresponding edge locations is recorded. This
measurement is averaged over different heights and the diameter of the spot is then
extrapolated by fitting a hyperbolic equation. Figure 5a shows a scaled plot of P vs.
position x (with arbitrary origin) and the insets sketch approximate blade-beam locations
at selected points. Figure 5b shows an optical image of the laser spot (with diameter
D ≈ 7 µm, marked by a yellow circle) on a fluorescent card, for a chosen magnification
setup on the microscope.

Figure 5c–e shows images of two VM-M3 cells moderately filled with mNPs, at various
exposure times to laser radiation, and at an identical magnification setup. Due to filtering,
the laser spot is invisible, so its outline is marked with a ~50 µm diameter yellow circle.
The power density is moderate, ∅inc ≈ 6 × 107 W·m−2, but enough to initiate visible cell
damage after 15 s of exposure, and catastrophic cell damage (explosion) after 30 s. To better
match the size of the laser spot to cell dimensions, we have changed the magnification setup
and laser power. The effect of that scenario on a (different) VM-M3 cell, again moderately
filled with mNPs, is shown in Figure 5f–h. This time, the laser spot (also marked with a
yellow circle) has diameter ~7 µm, and the corresponding power density is much larger,
∅inc ≈1.4 × 109 W·m−2. The figure shows that the damage is now very localized, clearly
starting at the clusters of mNPs, with damage obvious already after 0.1 s exposure, and
complete catastrophic cell damage after only 3 s. The white spots visible inside the high
laser intensity regions are due to photoluminescence of highly excited mNPs. The results in
this figure confirm a well-known fact that visible light can inflict damage to cells, including
catastrophic damage. Such a process would be of little therapeutic use if it was not selective.

We found that the level of radiation capable of catastrophically destroying mNP-
filled VM-M3 cells, like in Figure 5, is safe for VM-M3 cells not sensitized with mNPs.
In this experiment, mNP-unfilled cells were grown on a microscopic slide, marked with
a 1 mm × 1 mm grid to track cells throughout the experiment. The optical microscope
image of the slide, shown Figure 6a, was taken 24 h after exposure to laser light of cells
in the box numbered 5 (solid-red outline). The cells experienced the same power density
(and approximately the same exposure time) as the cell shown in Figure 5h. The cells in
the bracketed boxes 1–4 were not exposed to the laser. During the 24 h, the cells were
incubated, and at the end, the Live/Dead Cell Staining Kit II (PromoKine) assay was
applied, to visualize cell viability. Figure 6a shows that the cells take up the Calcein-AM
dye, resulting in green fluorescence, and are not permeable to the EthD-II dye, which
would result in red fluorescence. Thus, all cells remain alive.
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(a) (c) 

(d) (b) 

Figure 6. Effect of laser light on VM-M3 cells unfilled with mNPs. (a) Live/dead cell staining test:

all cells luminesce green and none red, indicating all are alive and growing. Only cells within the

red-outlined, bracketed box have been exposed to the laser. (b) Bar diagram of cell counts in boxes

1–5, with red = before and blue = 24 h after laser exposure of cells in box 5, all in growth medium. (c)

An mNP-free, single VM-M3 cell before and (d) after laser exposure as described in the text. Scale

bar 10 µm.

Figure 6b shows a population bar diagram in the corresponding 5 boxes, where each
box is represented by two bars: red bars before and blue bars after laser illumination of box
5. The red bars show that the initial cell distribution was roughly uniform in boxes 2–4 (with
an average cell number per box ~47), box 1 had ~25, and box 5, ~75 cells. After 24 h, the
number of alive cells increased in all boxes (growing cells), including laser-exposed box 5.
It is also clear that the overall distribution of cells on the grid changed, with the number of
cells per box gradually increasing, e.g., to ~50 in box 1 and to ~90 in box 5. This effect likely
results from a combination of natural cell population growth and temperature rise from
laser heating of box 5, and the heat transfer away from this box. The resulting temperature
profile during illumination would then be asymmetric, with a gradual temperature drop
towards box 1, with cell growth reflecting this profile. Recorded movies of the details
of these mNP-filled cells explosively damaged, as well as of the unfilled cells remaining
unaffected, can be found in the Supplementary Materials. To demonstrate the lack of visible
damage at the microscopic level, we show optical images of a single, mNP-unfilled MV-M3
cell before (panel c), and after (panel d) laser illumination, at the same level as applied in
panel (a). As expected, the radiation produces no visible change in the cell.

The main results in this part of our study are: (a) compared with the cytotoxicity of
nanoparticles alone, laser-induced cell death requires much lower density of absorbed
nanoparticles, (b) all cells filled with absorbing nanoparticles (e.g., mNPs) are destroyed by
radiation, at sufficient power level—this would include melanoma cells, naturally filled
with melanin microcrystals, and (c) there is a laser power range at which the nanoparticle-
filled cancer cells are violently destroyed, while the nanoparticle-free cells remain alive.
This is a key finding of this work, since the nanoparticle-filled cells do not have to be
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so violently destroyed to be killed, and so the applied laser power level can be strongly
reduced. This lower power level obviously will not damage the nanoparticle-free cells.

Our nanoparticle-based strategy could be used as a basis for or part of a cancer
therapy (e.g., optochemotherapy), for example to target circulating tumor cells which
mediate metastasis. In such a therapy, an intravenous injection could accomplish the
first stage of the mNPs feeding into CTCs. This step could be enhanced by additional
bio-engineered CTC targeting schemes. Next, in one possible scenario, one could expose
the blood of a cancer patient to light externally, in a dialysis-like scheme. This would
lead to a dramatic reduction in the CTC population, thus significantly reducing the effects
of metastasis.

4. Conclusions

We have observed massive cellular uptake of melanin nanoparticles by the studied
metastatic cancer cells (macrophagic/phagocytic character) which, at sufficiently high
density, causes a cytotoxic effect. This effect is further enhanced by coating the nanoparti-
cles with glucose, and simultaneous reduction of the glucose level in the growth medium.
We also demonstrated that nonionizing visible light at moderate power levels kills these
metastatic cancer cells, at much lower mNP uptake levels. Cell death occurs in this case via
hyperthermia-induced lysis, and we found this process to be target-selective, as nonma-
lignant cancer cells studied here that could not ingest the melanin nanoparticles remain
unaffected, despite receiving identical optical energy levels and doses. This technique
could enhance a future cancer metastasis preventing therapy.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10

.3390/pharmaceutics13070965/s1. Scheme S1: WST-8 based cytotoxicity assay mechanism, Table S1:

Zeta potential ζ of cancer cells and nanoparticles in buffer, Video S1: video corresponding to Figure 6,

Video S2: recorded video of un-sensitized VM-M3 cells exposed to laser treatment (not being

apparently damaged), Video S3: recorded video of sensitized (melanin-filled) VM-M3 cells exposed

to laser treatment under identical conditions as Video S2 (being damaged).
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Abstract: On-demand drug delivery systems using nanofibers have attracted significant attention
owing to their controllable properties for drug release through external stimuli. Near-infrared
(NIR)-responsive nanofibers provide a platform where the drug release profile can be achieved
by the on-demand supply of drugs at a desired dose for cancer therapy. Nanomaterials such as
gold nanorods (GNRs) exhibit absorbance in the NIR range, and in response to NIR irradiation,
they generate heat as a result of a plasmon resonance effect. In this study, we designed poly (N-
isopropylacrylamide) (PNIPAM) composite nanofibers containing GNRs. PNIPAM is a heat-reactive
polymer that provides a swelling and deswelling property to the nanofibers. Electrospun nanofibers
have a large surface-area-to-volume ratio, which is used to effectively deliver large quantities of
drugs. In this platform, both hydrophilic and hydrophobic drugs can be introduced and manipulated.
On-demand drug delivery systems were obtained through stimuli-responsive nanofibers containing
GNRs and PNIPAM. Upon NIR irradiation, the heat generated by the GNRs ensures shrinking of
the nanofibers owing to the thermal response of PNIPAM, thereby resulting in a controlled drug
release. The versatility of the light-responsive nanofibers as a drug delivery platform was confirmed
in cell studies, indicating the advantages of the swelling and deswelling property of the nanofibers
and on–off drug release behavior with good biocompatibility. In addition, the system has potential
for the combination of chemotherapy with multiple drugs to enhance the effectiveness of complex
cancer treatments.

Keywords: on-demand drug delivery systems; electrospun nanofibers; poly (N-isopropylacrylamide);
gold nanorods

1. Introduction

On-demand drug delivery systems (DDSs), which are programmable in a patient-
friendly manner, can spatially and temporally control drug delivery at a particular site
and the rate of drug release over a specific period of time [1–3]. Recently, the development
of on-demand DDSs from stimuli-responsive nanomaterials, which provide a controlled
and pulsatile release of drugs at certain concentrations in the body, has received significant
interest [4–6]. Conventional DDSs pose some challenges such as difficulty in controlling
the drug release rate, unsuitability of the drugs for other body organs, and the production
process of the system [7,8]. Several drugs are not appropriate for oral drug delivery,
owing to their limitation of drug degradation under the acidic and alkaline conditions of
the stomach and intestine, respectively [9,10]. Intravenous injection for drug delivery can
resolve some of the problems that occur in oral drug delivery; however, this system also has
various issues such as the drug administration requiring professional skill, specific storage
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issues, and sterility [11,12]. Furthermore, side-effects on nontargeted sites in the body are
another major issue in DDSs [13,14]. Therefore, it is necessary to explore an innovative
drug delivery platform that can maintain sustained and controlled drug release during
the treatment cycle, achieve a targeted drug delivery, and circumvent the abovementioned
challenges [15].

As a result, implantable drug delivery has emerged as an adequate platform for local
drug delivery in cancer by aiming at the tumor site and effectively removing the damage
by migrating from the bloodstream to the target tissue [16]. Hence, stimuli-responsive
nanomaterials as nanocarriers enhance the therapeutic potential for the development of a
platform for effective drug delivery in cancer therapy [17–19]. Smart polymeric nanofibers
are promising materials for therapeutic platforms with advanced biomedical applications
owing to their high biocompatibility, high drug encapsulation efficacy, ease of surface
modification, and controllable characteristics [20–22]. The nanofibers with anticancer drugs
can provide sustained drug release at the local targeted sites [23,24]. The main advantage of
local drug delivery at the targeted site is to prevent undesirable side-effects at nontargeted
sites, which also enhances the drug efficacy by delivering high concentrations of the drug
at the desired sites [25,26]. Therefore, smart DDSs based on such nanofibers are required to
enable on-demand release for effective treatment. Thus, the DDSs can attain an anticipated
mode of drug delivery by sparing the healthy cells.

Nanofibers can play an essential role in wound dressing and can be a good drug
carrier in skin cancer treatment with promising properties such as curing, controlling the
chemical environment around the wound area that can maintain proper moisture, and
protecting the wound from further damage [27]. In this case, nanofiber-based drug delivery
with nontoxic behavior and skin compatibility can be an optimistic system by providing
controlled drug release with an effective concentration to the wound site and skin cancer
area [28]. On-demand drug release from nanofibers can be achieved based on the choice
of responsive materials and encapsulation methods [29,30]. Smart nanomaterials have
been widely developed because of their responsive behavior to external stimuli such as
pH, temperature, light, and ultrasound [31–34]. Among all these external stimuli, light
has received considerable attention because of its ease of use and better spatiotemporal
control [35]. Ultraviolet (UV)-light-responsive systems have disadvantages such as poor
tissue penetration and harmful effects on cells and tissues due to the accumulation of DNA
damage, and if the body is unable to repair this damage, it can begin to divide and grow
in an uncontrolled manner and lead to cancer [36,37]. In contrast, NIR light exhibits good
and deep tissue penetration and is also safe for cells and tissues [38,39].

Several nanofibers with inorganic nanoparticles such as Au, Ag, Fe3O4, Si, and
graphene oxide introduced inside or on the surface of the nanofibers have been prepared,
which play important roles in DDSs [40–43]. Among them, gold nanorods (GNRs) have
attracted significant attention due to their strong absorption in the NIR range (650–900 nm),
which is harmless to the human body [44,45]. GNRs are attractive probes for cancer imag-
ing because of their highly effective absorption in the NIR region, a spectral window that
permits photons to penetrate biological tissues with relatively high transmittance. Apart
from being attractive probes for cancer imaging, the GNRs are also heat-generating sources
owing to their surface plasmon resonance (SPR) effect [46–48]. In this study, nanofibers
were prepared using poly(N-isopropylacrylamide) (PNIPAM)—a temperature-responsive
polymer—because it has potential applications in DDSs [49]. PNIPAM causes a reversible
phase transition at a specific temperature defined as the lower critical solution temperature
(LCST). At temperatures below the LCST, PNIPAM expands in water through intermolecu-
lar hydrogen bonding between the polymer chains of PNIPAM and water molecules. These
intermolecular hydrogen bonds are replaced by intramolecular hydrogen bonds between
CO and NH groups along the PNIPAM chain at temperatures above the LCST. This results
in the aggregation of polymers in water. Most of the polymers are not crosslinked; hence,
they are easily soluble in water [50]. Nanofibers from the PNIPAM homopolymer are
unstable in water; therefore, cross-linking for copolymerization is required to enhance
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the stability of the nanofibers in an aqueous solution [51–53]. The PNIPAM nanofibers
containing GNRs exhibit optical sensitivity, and the heat generated by the GNRs can control
the swelling and deswelling property due to the thermal sensitivity of PNIPAM [54]. This
method can be used in various treatments that generate local heat through NIR irradiation,
which can penetrate body tissues to up to 10 cm without serious damage to surrounding
tissues [55]. The photothermal effect becomes strong by introducing the porous structures
and GNRs inside the nanofiber, and the thermal/optical response speed can be increased by
rapidly increasing the temperature above the LCST of PNIPAM. The crosslinked composite
nanofibers can be used as an on–off drug release system by simply irradiating the surface
with NIR [56].

PNIPAM nanofibers containing GNRs with fast thermal/optical response, high heating
rate, and high structural stability were prepared through the electrospinning method [57].
Electrospun nanofibers provide easy surface functionalization in the space between small
fibers and have high surface-area-to-volume and porosity mass ratios [58,59]. In electro-
spinning, when a high voltage is applied to a solution being discharged at a constant speed
through a nozzle, it forms a Taylor cone by electrostatic force. Furthermore, the solvent
evaporates instantaneously, forming nanofibers with a large surface area in the collector
grounded with the polymer [60,61]. Through a simple electrospinning process, therapeutic
drugs can be conveniently introduced into nanofibers [62,63]. Until now, studies have been
conducted on nanofibers in which drugs are introduced using various substances such as
antibiotic, chemotherapeutic, and vitamin substances [64]. However, a DDS using compos-
ite materials emerges as a promising platform because nanofibers have a long-time stability
due to the presence of drugs and GNRs, which is convenient for the on–off cyclic profile
of the drug release (Scheme 1). This method provides efficient loading of low-solubility
drugs into the nanofibers and is suitable for the encapsulation and release of hydrophobic
and hydrophilic drugs. This ideal system allows drugs to be safely introduced into DDSs
and to control drug release to treat cancers or overcome other complex diseases [65–67].
The objective of this study was to achieve a platform that addresses problems with con-
ventional release methods, such as insufficient drug release at targeted sites owing to drug
waste at nontargeted sites and externally uncontrolled release due to the treatment period
that leads to reopening and painful operations [68]. The embedding of GNRs into the
matrix of nanofibers elevates them to a new category of biomaterials capable of reacting
to stimulation [69]. Using this approach, we developed a method to treat glioblastoma
(GBM), also known as a grade IV astrocytoma, a fast-growing and aggressive brain tumor
through the externally controlled release of camptothecin (CPT), which can promote a
senescence-like phenotype in brain cancer cells [70]. The direct delivery of chemotherapy
agents to the brain is a clinically proven method for treating glioblastoma multiforme, but
current technologies have significant limitations, including severe local tissue toxicity and a
limited diffusional penetration of agents, which limit its application and effectiveness [71].
CPT-loaded nanofibers can be delivered to a stereotactically specified position in the brain,
providing the simultaneous control of drug release location, diffusion, and duration in our
new method [72]. This CPT analog can improve the efficacy and stability on the tumor site
for more effective local anticancer therapies against brain cancers cells [73]. Therefore, we
used the U-87 MG cell line in this study. Hence, this study emerges as a novel approach for
externally controlled drug release for efficient therapeutic effects in cancer treatment.
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Scheme 1. Schematic illustration of stimuli-responsive nanofibers containing GNRs for on-demand drug delivery platform.
(a) Fabrication of nanofiber through electrospinning technique and drug release upon NIR irradiation. (b) On–off cyclic
profile of the nanofibers. (c) Cell proliferation on the nanofibers and cell death upon drug release.

2. Materials and Methods

2.1. Materials

Poly(N-isopropylacrylamide) (MW 300,000 Da, Polysciences, Warrington, PA, USA), oc-
taglycidyl polyhedral oligomeric silsesquioxane (OpePOSS) (Hybrid Plastics Inc., Hattiesburg,
MS, USA), 2-ethyl-4-methylimidazole (EMI), gold(III) chloride trihydrate (HAuCl4·3H2O),
cetyltrimethylammonium bromide (CTAB), sodium borohydride (NaBH4), silver nitrate
(AgNO3), ascorbic acid, 11-bromo-1-undecanol (98%), triphenylmethanethiol (97%), methane-
sulfonyl chloride (MsCl, 98%), trifluoroacetic acid (TFA, ≥99%, liquid), triisopropylsilane
(TIS, 98%), and triethylamine (TEA, ≥99%) were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used as received. Other organic solvents required for ligand synthesis were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Fluorescein was purchased from
JUNSEI (Tokyo, Japan). CPT was purchased from TCI (Tokyo, Japan). The 1H-NMR graph
was measured with a CDCl3 solvent using a JEOL ECX-400 400 MHz (JEOL, Tokyo, Japan)
spectrometer. Cells were obtained from the Korean Cell Line Bank (Seoul, Korea). All cell
reagents for in vitro studies such as phosphate-buffered saline solution (PBS), Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin–streptomycin, and
trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA) were all purchased from Sigma-
Aldrich (St. Louis, MO, USA). The cell viability was quantified using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), which was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Fluorescence spectra were collected using a Neosys-2000 UV-Vis spec-
trophotometer (Scinco, Twin Lakers, WI, USA) and a QM-400 spectrophotometer (Horiba
Scientific, Piscataway, NJ, USA). A diode laser system with a wavelength of 808 nm and
continuous-wave operation mode was used as photo-stimulation, and temperature traces
were recorded using a Ti95 infrared camera (Fluke, Washington, WA, USA). The cell
viability was measured using a microplate reader (Tecan Trading AG, ZH, Switzerland).

2.2. Preparation of Both Organic and Water-Soluble TMA-GNRs

The GNRs used in this study were prepared according to the well-known seed-
mediated growth method using CTAB, and the stability of GNRs in organic solvents was
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ensured through surface modification of the GNRs with HS-C11-trimethyl ammonium
(TMA), as reported by Jeong et al. [74].

2.3. Characterization of GNRs

The morphology of GNRs was investigated by transmission electron microscopy
(TEM) (Tokyo, Japan, JEOL JEM-2010). GNRs were dispersed in ionized water (IW). A
single drop of GNR solution was applied on a carbon-coated copper grid (200 mesh)
and allowed to dry at ambient temperature before imaging with a 50 nm scale bar. The
SPR spectra of GNRs were examined using UV–Vis spectroscopy (Scinco, USA) in the
wavelength range of 400–1100 nm by adding 2 mL of GNRs solution to a 4 mL quartz
cuvette. Zeta potential analysis was determined by adding a maximum of 400 µL of the
three different samples to a zeta potential cuvette with a positive and a negative electrode.
The equilibration time for each was set at 120 s, with a total of 50 runs. Three separate tests
were carried out under these conditions.

2.4. Fabrication of Light-Responsive Electrospun Nanofibers

To make 5 mL of polymeric solution for electrospinning, 0.5 g (10%) of PNIPAM,
0.15 g (3%) of OpePOSS, and 0.01 g (0.2%) of EMI were dissolved in 4 mL of DMF:THF
1:1. The mixture was stirred for 4 h at room temperature. Finally, 1 mL of TMA-GNRs
DMF:THF 1:1 solution (200 nM) was added to the obtained solution, and the mixture was
stirred for an additional hour to form a uniform solution. A certain polymer concentration
that produces the nanofibers of the same diameter and suitable uniformity was chosen.
If the concentration is low, the diameter of the resulting fibers becomes nonuniform and
some bonds or even the fibers may not be formed. Conversely, at higher concentration,
the diameter of the fibers is large; hence, the rate of penetration of water is slow, which
affects the response speed of the composite film. The resulting homogeneous polymer
solution was injected into a 10 mL plastic syringe. During electrospinning, a direct-current
voltage of 13.5 kV was applied to the needle, and the polymer solution was supplied at
a flow rate of 0.05 mL/min at room temperature. Furthermore, the distance between the
needle and the collection plate was 12 cm. The electrospinning process was performed
at 26.4 ◦C and 45–50% relative humidity (RH) measured by a thermo hygrometer. The
prepared nanofibers were placed in a vacuum oven at 160 ◦C for 4 h to crosslink the
PNIPAM nanofibers.

2.5. Characterization of Nanofibers

The morphologies of nanofiber scaffolds were analyzed using a scanning electron
microscope (SEM) (Tokyo, Japan, JEOL JSM-6510) and confocal laser scanning microscopy
(CLSM) (Solms, Germany, Leica TCS SP8). The nanofibers containing GNRs and fluorescein
were prepared and cut into circles of 1 cm diameter using a biopsy punch. The nanofiber
samples were coated with 250 Å of gold via a Denton Desk V Sputter Coater. The SEM
images were obtained at an accelerated voltage of 20 kV and 20 µm scale bar. Fiber
diameter distribution histograms were quantified using the SEM micrographs. For each
sample, 10 random field images were taken, and 10 fibers were measured in each image.
The samples from the same nanofibers with a diameter of 1 cm were taken for CLSM.
In this analysis, two samples were prepared that were the original dry nanofiber and
water-treated nanofiber. The CLSM images were obtained under 63× magnification. All
these characterizations were observed at room temperature.

2.6. On-Demand Drug Release

To study the behavior of NIR-responsive drug release at different irradiation times,
nanofibers containing GNRs and fluorescein (model drug) were prepared. The nanofibers
were cut into circles of 1 cm diameter using a biopsy punch and added in 1.5 mL of IW. To
check the fluorescence intensity of drug release, the sample tube, which was placed 10 cm
from the center of a laser probe, was irradiated directly on the nanofiber sample by a diode
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laser (808 nm) at a laser power of 1.6 W/cm2 up to 60 min at 10 min intervals. The drug
release was confirmed by fluorescence spectroscopy after every 10 min of the same sample
tube. The pulsatile drug release was performed in a cyclic on–off manner by 10 min of no
NIR light irradiation and 2 min of NIR light irradiation at a laser power of 1.6 W/cm2 up
to 60 min, and the solution was quantified via a QM-400 spectrophotometer after 10 min
of no irradiation and 2 min of irradiation. Furthermore, the cumulative drug release with
0.6 W/cm2, 1.1 W/cm2, and 1.6 W/cm2 laser powers was performed. In this experiment,
four different samples were used, and the laser power irradiated up to 60 min at 5 min
intervals. For all these drug release experiments, all the samples containing the same
amount of drug (2 µg) were used and the experiment was performed at room temperature.

2.7. Biocompatibility and Toxicity

Cell studies were performed to evaluate the biocompatibility and toxicity of the
nanofibers containing GNRs and fluorescein using the U-87 MG (brain cancer cells) cell line.
The nanofibers were cut into circles of 1 cm diameter using a biopsy punch and attached to
the bottom of a 24-well plate. Prior to cell seeding, all wells containing nanofibers were
preconditioned overnight in DMEM containing 10% FBS and 1% penicillin/streptomycin
at 37 ◦C in a 5% CO2 incubator. Thereafter, the media were refreshed and the cells with a
density of 3 × 103 cells/well were cultured on the nanofibers under the same conditions
mentioned above. After 24 h, the supernatant was discarded, and the cells were incubated
with trypsin-EDTA for 5 min to detach from the surface of the nanofibers for cell counting.

2.8. MTT Assay for Cell Viability

PNIPAM nanofibers containing GNRs and CPT were prepared. In addition, 1 cm-
diameter circles of the nanofiber samples were used, each of which contained 30 µg of
payload. Further, 500 cells/well were incubated in a 96-well plate for 24 h in DMEM
containing 10% FBS and 1% penicillin/streptomycin at 37 ◦C in a 5% CO2 incubator before
experiments. The samples were irradiated with NIR light at different laser powers for 2, 10,
and 20 min to release the drug from the nanofibers to the cells in the 96-well plate. After
2–4 h or incubation, the MTT assay was conducted using a microplate reader at 570 nm
absorption. In this analysis, three control groups such as only cells without nanofibers
(cells w/o NFs), nanofibers containing GNRs without CPT (NFs+GNRs), and nanofibers
containing GNRs with CPT (NFs+GNRs+CPT) were prepared. The test group analysis was
performed based on different laser powers. The laser powers used in this experiment were
0.6, 1.1, and 1.6 W/cm2.

2.9. Data and Statistical Analysis

All statistical analyses were performed using ANOVA analysis with a test level set
at p ≤ 0.05, which was considered to be a statistically significant difference. The results
of all numerical variables were examined by the statistical mean, standard deviation, and
graphical analysis using GraphPad Prism 9.2.0 software (GraphPad Software, San diego,
Inc., CA, USA). All cell viability tests were performed with three independent samples
from each group for all the different assays.

3. Results and Discussion

The plasmon-based photothermal effect of GNRs has become an excellent source of
controlled drug release with potential applications and outstanding properties in DDSs. As
mentioned earlier, GNRs have strong absorption in the NIR wavelength range; hence, in this
study, we irradiated GNRs with NIR light to generate heat to shrink the nanofibers, which
results in drug release. The GNRs used in this study were prepared using CTAB, which
is a toxic surfactant and unstable in organic solvents. Hence, surface modification was
performed on the GNRs to ensure good stability in organic solvents. For this purpose, CTAB
attached on the surface of the GNRs was exchanged with TMA through the ligand exchange
process. The obtained TMA-GNRs exhibited good stability in DMF:THF 1:1, which we used
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as the electrospinning solution. CTAB-GNRs and TMA–GNRs were characterized through
TEM, UV-Vis spectroscopy, and the zeta potential (Figure 1). The TEM images (Figure 1a,b)
show that the GNRs retained their rod shape even after exchanging the surface functionality
from CTAB to TMA. The UV-Vis spectrum (Figure 1c) of the CTAB–GNRs solution was
confirmed to have specific peaks at 513 nm and 722 nm. Furthermore, in the UV-vis
spectrum of TMA–GNRs, the peaks corresponding to TMA–GNRs appeared at 519 nm
and 765 nm. Due to the change in the dielectric constant of the environment of each GNR
and the sensitivity to the different organic solvents used for the spectrum measurement,
the absorption spectra of TMA-GNRs showed pronounced shifts in both the transverse
and longitudinal surface plasmon resonance (LSPR) bands after ligand exchange. The zeta
potential (Figure 1d) value of CTAB-GNRs was measured at 20.1 ± 1.3 mV, whereas that
of TMA-GNRs increased to 35.6 ± 2.6 mV owing to the high charge density after surface
modification, which indicates that TMA successfully replaced CTAB from the surface of
the GNRs.

–

–
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–

–

Figure 1. TEM images of (a) CTAB-GNRs and (b) TMA-GNRs; (c) UV-Vis spectra of CTAB-GNRs and TMA-GNRs; and
(d) zeta potential of CTAB-GNRs and TMA-GNRs.

In general, the morphology of nanofibers does not depend only on the electrospinning
solution, but also on the parameters of the electrospinning process such as flow rate, high
voltage, and distance between the nozzle and the collector. All the parameters used in this
method were selected based on the requirements of this study. As shown in Figure 2a,
SEM images of the nanofibers obtained the morphology after electrospinning and had an
average diameter of 600–700 nm [54]. The nanofibers had a 34% frequency of 700 nm and a
29% frequency of 650 nm, according to the diameter distribution histogram in Figure 2b.
As shown in Figure 3, the fluorescein-loaded nanofibers were visualized using CLSM.
The CLSM images in Figure 3a show optical images of the dry nanofibers, and a strong
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green fluorescence matrix is observed in Figure 3b,c, thereby indicating that fluorescein
was successfully loaded onto the matrix of the nanofibers. The CLSM of the fluorescein-
loaded nanofibers was measured in two different states, that is, original dry nanofibers and
water-treated nanofibers. In Figure 3a–c, the dry nanofibers exhibited uniform nanofibrous
structures with an average diameter of 600–700 nm. In addition, Figure 3d–f show that the
nanofibers were swollen, and their average diameter increased to 2 µm after immersing
in water.

– –
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The crosslinking of PNIPAM and OpePOSS through heat treatment at 160 °C is a 
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Figure 2. (a) SEM images and (b) diameter distribution histogram of the nanofibers.

– –
d their average diameter increased to 2 μm after 

 

– –

The crosslinking of PNIPAM and OpePOSS through heat treatment at 160 °C is a 

treatment at 160 °C for 0.5, 2 h, 4 h, and 0 h with fo

Figure 3. CLSM images of the nanofiber containing fluorescein. (a–c) Original dry nanofibers. (d–f) Water-treated nanofibers.

The crosslinking of PNIPAM and OpePOSS through heat treatment at 160 ◦C is a
promising method for the high and long-time stability of nanofibers in an aqueous solution.
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Heat-treatment at 160 ◦C for 0.5, 2 h, 4 h, and 0 h with four different samples confirmed
the cross-linking of prepared nanofibers containing GNRs and fluorescein for on-demand
drug release in Figure 4a. The time of 0 h indicates that no heat treatment was provided.
As shown in Figure 4a, the nanofibers with 0 h, 0.5 h, and 2 h of heat treatment had low
stability with fluorescein leaking in water. However, after 4 h of heat treatment, the high
stability of the nanofibers was observed without any fluorescein leakage. Meanwhile, the
stimuli-responsive behavior of the nanofibers containing GNRs was investigated using
NIR light (Figure 4b). The NIR laser power of 0.6 W/cm2 was considered as a minimal
power. As shown in Figure 4c, the original nanofibers had a surface area of 0.81 cm2;
however, when the nanofibers were exposed to the NIR light, they immediately shrank,
and their surface area decreased to 0.3 cm2. Moreover, Figure 4c demonstrates that when
the NIR light was off, the nanofibers returned to the original surface area. These quick
and reversible area changes upon the irradiation of the NIR light in a cyclic on–off manner
were observed without any significant defects. On the other hand, the nanofibers without
GNRs did not respond to the NIR light (Figure 4d), even after increasing the laser power
from 0.6 W/cm2 to 1.6 W/cm2, indicating that the system had a strong photothermal effect
owing to the presence of the GNRs. These results also confirmed the presence of GNRs in
the matrix of the nanofibers.
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Figure 4. (a) Heat treatment of nanofiber under 160 ◦C. (b) Digital images of the area changes of the whole nanofiber
containing GNRs upon irradiation of NIR light. (c) Change in area of the whole nanofiber containing GNRs as a function of
cycles of temperature alternation upon the NIR irradiation. (d) Digital images of the area of the whole nanofiber without
GNRs in the presence and absence of NIR light irradiation.

The characteristics of the controlled drug release, as a photothermal response to the
irradiated NIR light, from the nanofibers containing GNRs and fluorescein were confirmed
with a fluorescence spectrophotometer (Figure 5). The NIR-triggered drug release from the
nanofibers was monitored (Figure 5a). The nanofiber samples of 1 cm diameter with 2 µg of
fluorescein (a model drug) were immersed in 1.5 mL of water at room temperature, and the
NIR laser with a power of 1.6 W/cm2 directly irradiated the nanofibers. The drug release
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was observed every 10 min. The drug release intensity increased after every 10 min upon
NIR irradiation. The thermal response to the NIR light by the GNRs was confirmed. When
the nanofibers were not irradiated with the NIR light, there was a slight emission of the
drug; hence, the slope of the fluorescence graph was low. However, when the nanofibers
were irradiated with the NIR light, the drug was released, and the slope of the fluorescence
graph increased rapidly. The on–off drug release profile was further confirmed (Figure 5b).
The on–off mechanism was performed in the sequence of 10 min of no NIR light irradiation
and 2 min of NIR light irradiation (of power 1.6 W/cm2). This cyclic process showed
that 62.1 ± 1.1% of drug was released until 60 min. In each step, the nanofibers shrunk
owing to the increase in temperature upon NIR light irradiation and swelled when we
turned off the NIR light. This process ensured the swelling and deswelling property of the
nanofibers [75]. Different laser powers were used to investigate the drug release behavior
from the matrix of the nanofibers. The different laser powers exhibited different release
rates and amounts of drugs. The laser powers 0.6, 1.1, and 1.6 W/cm2 resulted in drug
releases of 31.1 ± 1.4%, 53.7 ± 1.8%, and 90.5 ± 3.5%, respectively, as shown in Figure 5c.
In the absence of light, a small amount of drug release was observed from the nanofibers,
indicating that the GNRs played an essential role as a heat-generating source. These
findings appeared to be appropriate for biomedical practice with a drug release of more
than 90% within 60 min [76].
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Figure 5. (a) Fluorescence intensity of drug release. (b) Pulsatile drug release from the nanofibers through the cyclic on–off
of NIR light irradiation at different time intervals. (c) Cumulative drug release from the matrix of the nanofibers with
different laser powers. (d) Rate of change in temperature for different laser powers.

454



Pharmaceutics 2021, 13, 1319

In addition, the NIR thermal response characteristics of the nanofibers were further
confirmed. It was observed that the increase in water temperature depended on the power
of the NIR laser light source, and the water temperature increased above 45 ◦C when
irradiated with the NIR laser with a power of 1.6 W/cm2. As shown in Figure 5d, upon
15 min of NIR laser irradiation of powers 0.6, 1.1, and 1.6 W/cm2, the water temperature
increased to the average values of 29.6 ± 0.05, 38.1 ± 0.03, and 47.1 ± 0.03 ◦C, respectively.
These results confirm the capability of hyperthermia therapy for cancer treatment. When
the nanofibers were placed in water at room temperature and the NIR laser irradiated the
nanofibers, the increase in the water temperature was recorded using an infrared camera
(Figure 6). Furthermore, the nanofibers did not increase the water temperature in the
absence of GNRs or light.
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Figure 6. Infrared camera images of the nanofibers (a) without GNRs and (b) with GNRs.

The biocompatibility and toxicity of the fluorescein-loaded nanofibers were evaluated
through cell studies. The nanofiber samples were preconditioned before adding the cells.
The U-87MG cells with a density of 3 × 103 cells/well were cultured in a 24-well plate
without the nanofibers as a control and on the surface of the nanofibers in a DMEM solution
at 37 ◦C in a 5% CO2 incubator. The cell growth and morphology were monitored for 24
and 48 h. The cells maintained a proper morphology even on the surface of the nanofibers,
similar to that observed in the controls. After 48 h, the supernatant was discarded, and
the cells were incubated with trypsin-EDTA for 5 min to detach the cells. The number of
adhered cells increased by 508 × 103 cells/well in the control and 431 × 103 cells/well
on the nanofibers, demonstrating the capability of easy cell growth on the surface of the
nanofibers. Furthermore, according to the results, nanofibers were found noncytotoxic in
the absence of NIR light owing to successful cell proliferation (Figure 7a–c).

The cellular uptake was evaluated through cell culturing with a density of 3 × 103 cells/well
on the nanofibers, and the cells were incubated for 24 h under the same conditions mentioned
above. The cellular uptake of released fluorescein was measured using CLSM in the absence
and presence of NIR light. First, the nanofibers were not exposed to NIR light, which resulted
in no release of fluorescein. As shown in Figure 7a–c, fluorescence intensity was not observed
in the cells after 6 h of incubation. Then, the NIR light (0.6 W/cm2) irradiated the nanofibers
for 5 min, which provided the fluorescence intensity inside the cells, indicating the release of
fluorescein upon NIR light irradiation (Figure 7d–f) [77,78].
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Figure 7. CLSM images of cell proliferation and cellular uptake on the surface of the nanofibers. (a–c) Cells on the surface of
the nanofibers (no NIR irradiation). (d–f) Cellular uptake after 6 h of incubation and 5 min of NIR irradiation at 0.6 W/cm2.

MTT assay was performed to evaluate the therapeutic potential of our platform
through cell viability with U87 cells, and CPT was chosen as an anti-cancer drug. Cells were
incubated for 24 h at 37 ◦C in a 5% CO2 incubator before experiments. In this analysis, three
control groups were prepared as: only cells without nanofibers (cells w/o NFs), nanofibers
containing GNRs without CPT (NFs+GNRs), and nanofibers containing GNRs with CPT
(NFs+GNRs+CPT). Figure 8a shows that there was no substantial decrease in cell viability
(approximately 7.6 ± 3.6%) in the case of NFs+GNRs, whereas NFs+GNRs+CPT showed
a 10.2 ± 3.9% decrease in cell viability. The nanofibers containing both GNRs and CPT
showed maximum cell death upon irradiation of different laser powers after drug release.
According to the results, upon NIR light irradiation at 0.6 W/cm2 for 2, 10, and 20 min,
the cell viabilities were 85.3 ± 6.4%, 76.6 ± 2.7%, and 62.8 ± 4.7%, respectively. Upon the
NIR irradiation at 1.1 W/cm2 for 2, 10, and 20 min, the cell viabilities were 82.2 ± 2.03%,
70.9 ± 2.4%, and 53.7 ± 4.1%, respectively. Furthermore, upon the NIR light irradiation
at 1.6 W/cm2 for 2, 10, and 20 min, the cell viabilities were 61.8 ± 9.5%, 46.4 ± 14.1%,
and 8.5 ± 4.3%, respectively. The highest cell death was achieved upon increasing the
irradiation time and laser power. In Figure 8b, the amount of released CPT has been
reported. As shown in Figure 8b, without NIR light irradiation for 2, 10, and 20 min, no
significant amount of drug was released. Upon NIR light irradiation at 0.6 W/cm2 for 2,
10, and 20 min, 0.6 ± 0.01, 3.2 ± 0.04, and 5.4 ± 0.07 µg of drug were released, respectively.
At irradiation with 1.1 W/cm2 of laser power for 2, 10, and 20 min, the released amounts
were 1.2 ± 0.4, 9.0 ± 0.2, and 11.6 ± 0.36 µg, respectively. Moreover, upon the NIR light
irradiation at 1.6 W/cm2 for 2, 10, and 20 min, the drug release amounts were 3.4 ± 0.06,
14.0 ± 0.2, and 16.9 ± 0.35 µg, respectively. The hyperthermia effect was obtained due
to the presence of GNRs in nanofibers. Cell viability decreased as the NIR laser power
increased, as seen in Figure 9a. As the GNRs were present in the matrix of the nanofibers,
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the hyperthermia effect weakened owing to the poor exposure of the GNRs to the cancer
cells. As a result of the hyperthermia treatment, the number of dead cells increased as the
temperature increased above 40 ◦C. The most severe hyperthermia effects were observed
in the case of NIR irradiation at 1.6 W/cm2, that is, as the temperature increased in the
range from 41 ◦C to 45 ◦C, the cell viability decreased to 88.6 ± 6.2%, 80.7 ± 2.6%, and
72.3 ± 0.05% after 2, 10, and 20 min of NIR light exposure, respectively [79,80]. The toxicity
of the NIR light was also investigated (Figure 9b). There was no significant reduction in
the cell viability when the cells were exposed to the NIR light at 0.6, 1.1, and 1.6 W/cm2,
thereby indicating that the NIR light was less toxic to the cells. Based on these findings,
we conclude that our method appears to be promising for on-demand drug release and
therapeutic efficacy in cancer treatment.
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Figure 8. (a) Cell viability of U87 cells owing to CPT release from the nanofibers upon NIR irradiation at different time
intervals. (b) Amount of drug release from the nanofibers upon NIR irradiation at different time intervals. * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.
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Figure 9. (a) Hyperthermia evaluation using the nanofibers containing GNRs with U87 cells. (b) NIR light toxicity for the
U87 cells in the absence of the nanofibers. * p ≤ 0.05. N.S. indicates that the difference was not significant.

4. Conclusions

Herein, we developed PNIPAM nanofibers containing GNRs and drugs that can con-
trol the drug release through NIR light irradiation. As CTAB–GNRs are stable only in water
and are not dispersed in organic solvents, TMA–GNRs were prepared through an exchange
reaction with TMA ligands that are well-dispersed in organic solvents. To prevent the
PNIPAM nanofibers from dissolving in water below the LCST, stable PNIPAM nanofibers
were prepared through a crosslinking reaction with OpePOSS. The PNIPAM nanofibers
containing GNRs and drugs obtained through electrospinning have high thermal/optical
responsiveness. In this study, the on-demand drug release was achieved through our versa-
tile nanofiber platform. The results showed that the fabricated nanofibers are structurally
stable and have a very large surface-area-to-volume ratio for effective delivery of drugs. A
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strong photothermal effect was observed by introducing the GNRs in the nanofibers. The
heat generated by the GNRs upon NIR light irradiation could control the swelling and
deswelling property of the nanofibers owing to the thermal sensitivity of PNIPAM, which
results in drug release. This optimal method allows both hydrophilic and hydrophobic
drugs to be safely introduced into DDSs and control the drug release to treat cancers and
other complex diseases. Through cell studies, good biocompatibility of the nanofibers was
confirmed. Furthermore, our method may contribute to the application of the sequential
release of multiple drugs, which is the scope of our future studies.
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Abstract: Globally, cancer is the second most common cause of death, and Europe accounts for almost
25% of the global cancer burden, although its people make up only 10% of the world’s population.
Conventional systemically administered anti-cancer drugs come with important drawbacks such as
inefficiency due to poor bioavailability and improper biodistribution, severe side effects associated
with low therapeutic indices, and the development of multidrug resistance. Therefore, smart nano-
engineered targeted drug-delivery systems with tailored pharmacokinetics and biodistribution
which can selectively deliver anti-cancer agents directly to the tumor site are the solution to most
difficulties encountered with conventional therapeutic tools. Here, we report on the synthesis,
physicochemical characterization, and in vitro evaluation of biocompatibility and anti-tumor activity
of novel magnetically targetable SPIONs based on magnetite (Fe3O4) nanoparticles’ surface modified
with β-cyclodextrin (CD) and paclitaxel (PTX)–guest–host inclusion complexes (Fe3O4@β-CD/PTX).
Both pristine Fe3O4@β-CD nanopowders and PTX-loaded thin films fabricated by MAPLE technique
were investigated. Pristine Fe3O4@β-CD and Fe3O4@β-CD/PTX thin films were physicochemically
characterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), thermal
analysis, scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The
biocompatibility of bare magnetic nanocomposite thin films was evaluated by MTT cell viability assay
on a normal 3T3 osteoblast cell line culture and by measuring the level of NO in the culture medium.
No significant modifications, neither in cell viability nor in NO level, could be observed, thereby
demonstrating the excellent biocompatibility of the SPIONs thin films. Inverted phase-contrast
microscopy showed no evident adverse effect on the morphology of normal osteoblasts. On the
other hand, Fe3O4@β-CD/PTX films decreased the cell viability of the MG-63 osteosarcoma cell
line by 85%, demonstrating excellent anti-tumor activity. The obtained results recommend these
magnetic hybrid films as promising candidates for future delivery, and hyperthermia applications in
cancer treatment.

Keywords: paclitaxel; β-Cyclodextrin; SPIONs
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1. Introduction

In a recent press release [1,2], the International Agency for Research on Cancer and
the World Health Organization put cancer as the second leading cause of death globally,
with an estimated 9.6 million deaths in 2018, while the global cancer burden has risen
18.1 million new cases. Most of the new cases (23.4%) and deaths (20.3%) by cancer were
registered in Europe. There is a strong need for more efficient, innovative therapeutic tools
to optimize clinical outcomes, increase patient compliance, and improve patient quality of
life in the context of this crisis.

Most conventional medicines currently used in cancer treatment suffer some major
drawbacks such as poor bioavailability associated with low water solubility, improper
biodistribution, and lack of controlled, selective delivery to targeted disease areas resulting
in a low therapeutic index, severe adverse effects, the development of multidrug resistance
(MDR), and even treatment failure. Pharmaceutical nanotechnology provides powerful
tools for circumventing these drawbacks by increasing drug bioavailability, prolonging
drug circulation time, decreasing the clearance rate, and increasing drug stability in phys-
iological media. Nanocarriers’ surfaces can be modified with targeting ligands which
are guided by specific ligand–receptor interactions, allowing precise spatial control of
nanocarrier localization within the body [3]. Moreover, smart nano-transporters can be
engineered to trigger drug release in response to small microenvironmental changes in
local pH, temperature, redox potential, and enzyme activity, as well as to remote, externally
applied stimuli such as electric fields, laser pulses, ultrasounds, and magnetic fields [3–5].
Furthermore, nanovehicles can overcome MDR mechanisms, including decreased uptake
and increased efflux of tumor cell drugs [6].

Among the various types of nanocarriers (organic polymers, inorganic polymers,
lipids, metals, metal oxides), superparamagnetic iron oxide nanoparticles (SPIONs) have
attracted increasing attention in recent years due to the benefits of site-specific magnetic
guidance and drug release [7]. SPIONs display a number of remarkable characteristics such
as biocompatibility [8] and sensitivity to an applied magnetic field [9] which makes them
ideal candidates for theragnostic applications, meaning that they can be simultaneously
used for imaging, targeting, and drug delivery [10–13]. Appropriately functionalized
SPIONs have received FDA approval for clinical application as contrast agents in magnetic
resonance imaging [14]. SPIONs can be passively targeted to tumoral zones due to their
enhanced permeability and retention effect. After local accumulation, magnetic hyperther-
mia consisting of sudden temperature increase in the targeted diseased area exposed to
an alternating magnetic field can induce the death of tumoral cells [15]. However, simple
magnetite (Fe3O4) nanoparticles are unstable in polar (aqueous) physiological fluids since
they tend to reduce surface energy. They are intrinsically prone to aggregation through van
der Waal’s and magnetic dipole–dipole interactions [16–18]. Therefore, SPIONs surfaces
should be modified to prevent agglomeration by covering them with a stabilizing shell of
appropriate, biocompatible materials.

β-Cyclodextrin (β-CD) is a macrocyclic oligosaccharide formed of seven D-glucopyranose
units linked to each other by α-1,4 glycosidic bonds [19]. It has the shape of a hollow truncated
cone with a hydrophilic outer surface and a hydrophobic inner cavity. The hydrophobic interior
of the cavity is lined with C-H groups with glycosidic oxygen in between, while the hydrophilic
exterior is made up of the hydroxyl groups of the glucopyranose rings. All secondary hydroxyl
groups are situated on the wider rim of the hollow truncated cone, whereas all primary
hydroxyl groups are situated on the narrower rim. Due to these peculiar structural and shape
features, β-CD molecules have the unique ability to entrap hydrophobic compounds in their
internal cavity and solubilize them in an aqueous environment.

The formation of host–guest inclusion complexes relies on the complementarity of
the two partners involved in the steric match. That is, the inclusion guest molecule must
have a size that fits, at least partially, into the host cavity and interactionally matches the
developing intermolecular forces during the inclusion process. Moreover, the inclusion
complex’s binding energy, which crucially affects the loading and release performances,
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can be predicted by molecular docking studies [20,21]. Furthermore, cyclodextrins possess
excellent biocompatibility, being largely studied as water-dispersible nanocarriers for
the delivery of hydrophobic compounds and drugs like curcumin [22], paclitaxel [23],
irinotecan [24], and ibuprofen [25]. An interesting study [26] uses the molecular docking
and release of the guest molecule to construct pH-responsive CD-capped mesoporous
silica nanoparticles.

All the above properties of β-CD make it an excellent surface modifier for SPIONs.
It allows magnetite nanoparticles to become water-dispersible magnetically targetable
nanovehicles suitable for hydrophobic anti-cancer drug delivery, magnetic hyperthermia,
and theragnostic applications [9,10,27–31]. Some studies report that guest molecular
docking also induces the self-assembly of SPIONs [22,23,32].

Here, we report the synthesis, characterization, biocompatibility, and in vitro anti-
cancer outcome of magnetic nanocomposite vehicles based on PTX/β-CD inclusion com-
plexes physically adsorbed onto Fe3O4 nanoparticles. We studied both nanopowder com-
posites and thin films deposited by matrix-assisted pulsed laser evaporation (MAPLE)
technique [33].

2. Materials and Methods

2.1. Materials

All chemicals used for the synthesis of the nanostructured materials were purchased
from Sigma-Aldrich (Merck Group, Darmstadt, Germany), namely anhydrous ferric
chloride (FeCl3, >99.99% trace metal basis), ferrous sulfate heptahydrate (FeSO4·7H2O,
>98%), ammonium hydroxide solution (25% NH3 in H2O), β-cyclodextrin, paclitaxel,
dimethyl sulfoxide (DMSO), chloroform (CHCl3), analytical graded acetone (C6H6O), and
ethanol (C2H6O).

2.2. Chemical Synthesis of β-Cyclodextrin-Covered Fe3O4 Nanoparticles

Fe3O4–β-cyclodextrin nanoparticles (Fe3O4@β-CD) were prepared by the co-precipitation
method, which involves base-induced simultaneous precipitation of ferrous (Fe2+) and ferric
(Fe3+) ions in an aqueous solution [34]. In brief, solution 1 (Sn1) was prepared by dissolving
ferrous sulfate and ferric chloride (molar ratio 1:2) in 300 mL demineralized water. Solution 2
(Sn2) consisted of 1 g β-CD and 9 mL ammonium hydroxide in 300 mL demineralized water.
Next, Sn 1 was added dropwise into Sn2 using a pressure-equalizing dropping funnel under
magnetic stirring. The precipitated magnetite nanoparticles were magnetically collected. After
decantation of the liquid phase, the resultant powder was thoroughly washed three times
with demineralized water and left to air dry at room temperature. The nanopowders were
fully characterized by X-ray powder diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FT-IR),
and thermal analysis (simultaneous thermogravimetric analysis (TGA) and dynamic scanning
calorimetry (DSC).

2.3. Preparation of Paclitaxel Inclusion Complex

PTX-β-CD inclusion complexes were prepared by the solvent evaporation method. To
this end, 100 mg Fe3O4@β-CD nanoparticles were redispersed in a solution of PTX (10 mg,
selected based on previous research results reported by [35]) in chloroform (1 mL) was
added and mixed in a grinding mortar until complete evaporation of chloroform. This was
subsequently stored at 5 ◦C for further use.

2.4. Target Preparation and Deposition of Fe3O4@ Paclitaxel-Loaded β-CD

Compared to solvent-based methods used to prepare thin films such as spin-coating,
dip-coating, and drop-casting, MAPLE technique has the advantage of homogeneity on
the deposited area and the possibility of tailoring the final thickness, which is of crucial
importance for the efficacy and mechanical resistance of bioactive coatings [36].
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We deposited Fe3O4@PTX-loaded β-CD thin films on glass and Si substrates which
previously have been successively cleaned with acetone, ethanol, and deionized water in an
ultrasonic bath for 15 min. The substrates were dried under a high purity nitrogen stream.
The MAPLE targets consisted of a 2% suspension of Fe3O4@β-CD/PTX inclusion complex
nanocomposites in DMSO which was poured into a pre-cooled target holder at 173 K
and subsequently immersed in liquid nitrogen for 30 min. The MAPLE depositions were
performed using a KrF* excimer (λ = 248 nm and τFWHM = 25 ns) COMPexPro 205 model,
Lambda Physics-Coherent (Göttingen, Germany), that was operated at a repetition rate of
15 Hz. Three different fluences of the laser beam, i.e., 300, 400, and 500 mJ/cm2, respectively,
were investigated. A number of laser pulses ranging between 22,000 and 75,000 were
applied to each target. During MAPLE processing, the laser spot area was 30 mm2 and the
target holder was rotated with a frequency of 0.4 Hz. During the deposition process, the
experimental parameters (i.e., substrate temperature, background pressure, and target to
substrate distance) were maintained constant (room temperature, 1 Pa, 4 cm, respectively).

2.5. Physicochemical Characterization

The crystallinity of Fe3O4@β-CD nanopowders was investigated by XRD analysis
carried out on a Shimadzu XRD 6000 diffractometer. X-ray diffraction patterns were
recorded at room temperature using CuKα radiation (λ = 1.54056Å at 15 mA and 30 kV)
with the Bragg diffraction angle 2θ ranging between 10 and 80◦.

The inner structure and morphology of the nanocomposites were investigated by TEM.
The nanopowder TEM specimens were prepared by dispersal in ethanol and ultrasonic
cleansing for 15 min. Next, the sample was placed on a carbon-coated copper grid and left
to dry at room temperature. TEM images were obtained using a TecnaiTM G2 F30 S-TWIN
electron microscope equipped with selected area electron diffraction (SAED) purchased
from the FEI (Hillsboro, OR, USA) company. The microscope was operated in transmission
mode at 300 kV. The guaranteed TEM point resolution and TEM line resolution were 2 Å
and 1.02 Å, respectively.

The shape and size nano-details of the surface of the Fe3O4@β-CD composites were
evaluated by SEM analyses performed on an FEI electron microscope, using secondary
electron beams with energies of 30 keV.

To confirm the structural integrity of the thin films of bare and PTX-loaded β-CD
surface-modified Fe3O4 nanoparticles deposited by MAPLE technique at various fluences,
we monitored the surface distribution of the chemical functional groups for CD and PTX
by FT-IR chemical maps. IR mapping (IRM) was performed on a Nicolet iN10 MX FT-IR
microscope with an MCT liquid nitrogen cooled detector in the 4000–1000 cm−1 range. The
spectral collection was made in reflection mode at 4 cm−1 resolution. A total of 32 scans
were co-added and converted to absorbance for each spectrum using OmincPicta software
(Thermo Scientific, Waltham, MA, USA). About 250 spectra were analyzed for each sample.
The absorption peaks of C-H and C-O-C functional groups in CD and C=O carbonyl groups
in PTX were chosen as specific spectral markers.

The thermal analyses were assessed with a Shimadzu DTG-TA-50H equipment (Carls-
bad, CA, USA) from room temperature to 800 ◦C at a heating rate of 10 K min−1, under a
flow of 20 mL min−1 dried synthetic air (80% N2 and 20% O2).

2.6. Biological Evaluation

The biocompatibility of Fe3O4@β-CD nanoparticle thin films on glass slides was eval-
uated in the presence of MC3T3-E1 murine osteoblast cultures. The anti-tumor efficiency of
Fe3O4@ PTX-loaded β-CD thin films on glass substrates was tested on MG-63 osteosarcoma
cells. Both types of cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum and antibiotic mixture at 37 ◦C in a humidified
atmosphere with 5% CO2. All specimens, including the uncoated substrates (control), were
sterilized by UV exposure for one hour before cell seeding.
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The percentage of viable cells was measured with an MTT test, which involves the
enzymatic reduction of the tetrazolium salt to insoluble formazan inside the metabolically
active cells. The cells were seeded on top of uncoated and coated substrates at a cellular
density of 4 × 104

× cells/cm2. Images on an inverted phase-contrast microscope (Olympus
IX71, Tokyo, Japan) were taken after 24 h of incubation. Subsequently, the culture medium
was removed and replaced with MTT solution (1 mg/mL concentration), followed by 2 h
of standard incubation in dark conditions. The water-insoluble formazan crystals were
dissolved with isopropanol. The absorbance (directly related to the number of metabolically
active cells) was measured at 595 nm using a FlexStation 3 multi-mode microplate reader
from Molecular Devices (San Jose, CA, USA).

The concentration of nitric oxide (NO) in the collected culture medium after 24 h of
incubation was performed with Griess reagent, which is a stoichiometric solution (v/v)
of 0.1% naphthylethylenediamine dihydrochloride and 1% sulphanilamide in 5% H3PO4.
Increased NO levels are related to cytotoxic effects as this molecule is connected with
inflammation and apoptosis processes. The absorbance of the mix was measured at 550 nm
using the FlexStation 3 multi-mode GENios microplate reader, and the NO concentration
was calculated from the standard NaNO2 curve.

Biological test results were analyzed using Student’s t-test on Excel (Microsoft Office
2018). Statistically significant data were considered as having p-value of less than 0.05.

2.7. Preparation of Simulated Body Fluid and Procedure of Apatite-Forming Abilities

Simulated body fluid (SBF) was prepared according to the instructions presented by
Kokubo et al. [37].

The thin films were immersed in SBF using 6-well plates. The 6-well plates were placed
for 14 days in an unstirred thermostatic water bath at 37 ◦C. The experiment was done in
triplicate. After 14 days, the samples were dried at room temperature and characterized
using a Versa 3D DualBeam (FIB/SEM) scanning electron microscope.

3. Results

3.1. Physicochemical Characterization of Fe3O4@β-CD Nanopowders

The XRD patterns of Fe3O4@β-CD nanopowders are plotted in Figure 1. Sharp
diffraction peaks appearing at 2θ = 30.31, 35.71, 43.31, 53.90, 57.61, and 62.81 were assigned
to the (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (440) planes of the magnetite lattice,
respectively, being in good agreement with the literature [38]. No other diffraction peaks
corresponding to another iron oxide, such as α-Fe2O3 or γ-Fe2O3, could be observed.

Figure 1. XRD patterns of fabricated Fe3O4@β-CD nanopowders.

The main absorptions present in the FT-IR spectrum of Fe3O4@β-CD nanocomposites
(Figure 2) were as follows: 3297 cm−1 stretching vibrations of cyclodextrin OH groups,
2930 cm−1 anisomerous stretching vibrations of aliphatic C-H and CH2 bonds in β-CD,
1081 cm−1 and 1029 cm−1 stretching vibrations of C-C, C-O-C bonds, and the wagging
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vibration of the O-H bonds directly at the sugar ring, while the intense peak at 543 cm−1

corresponds to the Fe-O stretching mode of the tetrahedral and octahedral sites [39–42].

Figure 2. FT-IR spectrum of Fe3O4@β-CD nanopowders.

The TEM images of the Fe3O4@β-CD nanopowders are plotted in Figure 3. At higher
magnifications, one can distinguish a nanocrystalline magnetite phase without agglomer-
ation and a low-ordered non-crystalline shell that can be attributed to the β-CD coating
(Figure 3b). The recorded SAED ring pattern plotted in Figure 3d corresponds to the (220),
(311), (400), (422), and (511) magnetite lattice planes being in perfect agreement with the
high polycrystallinity of the magnetite phase and confirming once again the absence of any
other crystalline phase.

Figure 3. TEM (a–c) micrographs and SAED pattern (d) of Fe3O4@β-CD nanopowders.

The simultaneous enthalpy and mass changes vs. temperature curves (DSC-TGA
curves) for simple Fe3O4 and β-CD-surface-modified magnetite are plotted in Figure 4.
Figure 4 shows that the first mass loss of 1.74% occurs between room temperature and
120◦. It was attributed to the dehydration of Fe3O4 and loss of the hydroxyl groups on
the surface of Fe3O4 nanoparticles in a slightly endothermic process. Next, two succes-
sive mass losses of 0.54% and 0.98% occur in the temperature ranges 120–200 ◦C and
200–300 ◦C, respectively, corresponding to the exothermic peaks at 162.7 ◦C and 246.8 ◦C.
These peaks can be attributed to the thermal decomposition and oxidation of some organic
matter impurities present on magnetite’s surface. The strong exothermic peak observed at
565.8 ◦C corresponds to a transformation of the Fe3O4 into maghemite (γ-Fe2O3). Unlike
Fe3O4, the crystal lattice of γ-Fe2O3 presents vacant cation sites, commonly in octahedral
sites. The mass loss of the latter transformation is 1.28%. Thus, the total mass loss is 4.54%,
corresponding to a residual mass of 95.45% wt. of the initial mass. Fe3O4@β-CD nanocom-
posite’s DSC curve shows one endothermic peak at 106 ◦C followed by three exothermic
peaks at 188, 263.1, and 520.7 ◦C, respectively. The sharp exothermic peak at 188 ◦C is due
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to the degradation of the β-CD organic phase deposited on the inorganic Fe3O4 phase’s
surface. The conversion of magnetite to maghemite is marked by the exothermic peak at
520.7 ◦C. The residual mass is 84.04% wt. of the initial mass. The difference between the
residual mass of pristine Fe3O4 and the residual mass of Fe3O4@β-CD nanocomposite is a
rough estimate of the β-CD coating weight (11.51 g/100 g Fe3O4).

Figure 4. Thermal analysis for Fe3O4 and Fe3O4@β-CD nanopowder.

3.2. Physicochemical Characterization of Fe3O4@β-CD Thin Films

To evaluate the structural-functional groups’ integrity after laser processing for the
thin films deposited by the MAPLE technique, compared with drop-cast, we used the
FT-IR imaging technique. Absorbance maps were created based on the minima of the
second derivative of the spectral data. As specific spectral markers for β-CD, we used the
absorptions’ intensities at 2930 and 1029 cm−1, while for PTX, we choose as characteristic
intensity the stretching ester/ketonic carbonyl vibration at 1739 cm−1 [43,44].

Figure 5 depicts the second derivative infrared micrographs (IRM) of Fe3O4@β-CD
drop-cast, while Figures 6–8 plot the IRM of the same nanocomposite deposited by MAPLE
tehnique at 300, 400, and 500 mJ/cm2, respectively. The lower intensities associated with
significant chemical degradation of the monitored functional group are colored in blue,
while higher intensities indicating a minimal chemical degradation are colored in red.
Similar IR maps of PTX-loaded Fe3O4@β-CD composites drop-cast and MAPLE-are plotted
in Figures 9–12, respectively.

Figure 5. Second derivate IR mappings of Fe3O4@β-CD drop-cast: surface intensity distribution
of (a) C-H and CH2 stretching vibrations at 2930 cm−1 and (b) C-O bond stretching vibrations at
1029 cm−1.
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Figure 6. Second derivate IR mappings of Fe3O4@β-CD thin films deposited at F = 300 mJ/cm2:
surface intensity distribution of (a) 2930 cm−1 and (b) 1029 cm−1.

Figure 7. Second derivate IR mappings of Fe3O4@β-CD thin films deposited at F = 400 mJ/cm2:
surface intensity distribution of (a) 2930 cm−1 and (b) 1029 cm−1.

Figure 8. Second derivate IR mappings of Fe3O4@β-CD thin films deposited at F = 500 mJ/cm2:
surface intensity distribution of (a) 2930 cm−1 and (b) 1029 cm−1.

Figure 9. Second derivate IR mappings of Fe3O4@β-CD/PTX drop-cast: surface intensity distribution
of (a) 2930 cm−1, (b) 1029 cm−1 and (c) ester/ketonic carbonyl vibration at 1739 cm−1.
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Figure 10. Second derivate IR mappings of Fe3O4@β-CD/PTX thin films deposited at
F = 300 mJ/cm2: surface intensity distribution of (a) 2930 cm−1, (b) 1029 cm−1 and (c) ester/ketonic
carbonyl vibration at 1739 cm−1.

Figure 11. Second derivate IR mappings of Fe3O4@β-CD/PTX thin films deposited at
F = 400 mJ/cm2: surface intensity distribution of (a) 2930 cm−1, (b) 1029 cm−1 and (c) 1739 cm−1.

Figure 12. Second derivate IR mappings of Fe3O4@β-CD/PTX thin films deposited at
F = 500 mJ/cm2: surface intensity distribution of (a) 2930 cm−1, (b) 1029 cm−1 and (c) 1739 cm−1.

As can be seen from the comparative analysis of IRM micrographs (Figures 5–12),
the best compromise between the deposition rate and the deposited material’s structural
integrity was obtained for a laser beam fluence (F) of 400 mJ/cm2. IR spectra collected
at different points in the surface distribution maps of spectral marker absorbance are
shown for pristine (Figure 13) and Fe3O4@β-CD/PTX (Figure 14) thin films deposited at
this optimal fluence value. Analysis of the FT-IR spectral data confirms the successful
formation of the inclusion complex.

Figure 13. IR spectra recorded for bare Fe3O4@β-CD thin films deposited at F = 400 mJ/cm2.
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Figure 14. IR spectra recorded for the thin films of Fe3O4@β-CD/PTX deposited at F = 400 mJ/cm2.

We analyzed these spectra comparatively, searching for differences due to PTX-specific
absorptions. We focused our attention on two frequencies, namely the phenyl ring absorp-
tion band at 1475 cm−1 [45] and the carbonyl group absorption at 1739 cm−1. The PTX band
at 1475 cm−1 is almost completely masked in the Fe3O4@β-CD/PTX nanocomposites, indi-
cating molecular docking of the phenyl ring structural moieties into the inner hydrophobic
cavity of β-CD. On the other hand, as compared to bare β-CD-modified magnetite, in the
IR spectrum of PTX-loaded Fe3O4@β-CD, there appears a sharp peak at ~1740 cm−1 which
clearly corresponds to the carbonyl moieties of PTX. Unlike the hydrophobic benzene
rings, the polar carbonyl groups are most probably located outside of the inner cavity of
β-CD and therefore remain unmasked. Hydrogen bonding with the outer surface OH
groups slightly alters the aspect of the vibrational band of the latter. These significant
spectral results were expected, being ascribed to host (β-CD)–guest (PTX) interactions in
the inclusion complex.

Surface morphological details (size and shape) of Fe3O4@β-CD nanocarrier pow-
ders were investigated by SEM. Agglomerated nanoparticles can be observed in the
low-magnification (5000×) SEM micrograph (Figure 15a). High-magnification images
(400,000×) revealed 3–5 nm-sized nanoparticles of well-defined spherical morphology
(Figure 15b,c).

Figure 15. SEM micrographs of Fe3O4@β-CD nanopowders at (a) low-magnification (5000×) and
(b–d) high-magnification (400,000×).

SEM analysis was also used to determine the shape, morphological and textural
features of the thin films. Figure 16b show (at 100,000× magnification) the cross-section
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of Fe3O4@β-CD thin films deposited at 400 mJ/cm2 laser fluence. One can observe the
uniform, compact, and agglomerated morphology of the film. The film’s surface exhibits
an irregular aspect with thicknesses varying from 18 nm up to 71 nm (Figure 16b).

Figure 16. Plain view (a) and cross-section (b) SEM micrographs of Fe3O4@β-CD/PTX deposited at
400 mJ/cm2.

3.3. In Vitro Biocompatibility of Fe3O4@β-CD Nanocomposite Thin Films and Anti-Tumoral
Activity of Paclitaxel-Loaded Films

In order to evaluate the biocompatibility of our novel MAPLE-fabricated magnetic
films represented by Fe3O4@β-CD nanoparticles, we carried out simple cytotoxicity assays
on a normal 3T3 osteoblast cell line culture. No change in cell viability was observed in the
presence of the bare β-CD modified magnetite after performing MTT test (Figure 17a), and
the level of NO in the culture medium was similar to the control (Figure 17b). The good
biocompatibility of this Fe3O4@β-CD nanocoating was also confirmed by phase-contrast
microscopy, as no evident adverse effect on the morphology of normal osteoblasts was
seen in Figure 18.

To evaluate the anti-tumor outcome of PTX-loaded Fe3O4@β-CD nanocomposites, the
MG-63 osteosarcoma cell line was used. A significant decrease to 85% of control (represented
by a simple glass slide) proved the high efficiency of PTX-loaded β-CD surface-modified SPI-
ONs deposited as thin films by MAPLE technique on glass substrates (Figure 17a). According
to a previous report, PTX induced a decrease of MG-63 osteosarcoma cell viability of only 10%
over control after 24 h of incubation [35]. Comparing the poor anti-tumoral activity of the free
drug with the high efficiency of PTX-loaded β-CD surface-modified SPIONs deposited as thin
films by MAPLE, we concluded that these modified surface have improved activity and great
potential for anti-cancer applications. The NO level rose to 145% of the control (Figure 17b),
suggesting the inflammatory effect induced by these PTX-loaded nanocomposites. Only a
few tumor osteoblasts were noticed after 24 h of incubation with PTX-loaded Fe3O4@β-CD
nanocomposites in the phase-contrast microscopy images (Figure 18).

Regarding the design of new pharmacologically active composites for cancer therapy,
it has previously been shown that PTX/hydroxypropyl-β-CD complex-loaded liposomes
have the potential as drug nanocarriers to treat lung adenocarcinoma [46]. The cyclodextrin-
Fe3O4 formulation was also used to encapsulate camptothecin in order to improve its
solubility and bioavailability for cancer cells. It has been confirmed that this could be used
as a major nanocarrier for camptothecin to effectively treat colon cancer [47].
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Figure 17. Biocompatibility of Fe3O4@β-CD nanoparticles on normal 3T3 osteoblasts (a) and
anti-tumor efficiency of PTX-loaded Fe3O4@β-CD nanocomposites on MG-63 osteosarcoma cells
(b) evidenced by the results of MTT (a) and Griess (b) assays. The results were calculated as mean
values (n = 3) and expressed relative to control samples (*** p < 0.001).

Figure 18. Images of phase-contrast microscopy of normal 3T3 osteoblasts and MG-63 osteosarcoma
cells cultured on the surface of Fe3O4@β-CD and PTX-loaded Fe3O4@β-CD thin films, respectively.
Objective used: 10×.
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3.4. In Vitro Biocompatibility of Fe3O4@β-CD Nanocomposite Thin Films on SBF

A supplementary in vitro test was performed on the SBF. The samples were immersed
in SBF for 14 days, and subsequently, the surface of the sample was evaluated using a
VERSA 3D scanning electron microscope. The main results are plotted in Figure 19. The for-
mation of biological apatite with needle-like structures on the surface of the Fe3O4@β-CD
thin coating can be seen in Figure 19a,b, and was also confirmed by EDS (Figure 19c).

Figure 19. SEM images (a,b) and EDS analysis (c) of Fe3O4@β-CD after 14 days of incubation in SBF at 37 ◦C.

4. Conclusions

We succeeded in the preparation of both pristine and PTX-loaded β-CD surface-
modified SPIONs, not only in the form of nanopowders but also as thin films deposited by
MAPLE technique. The physicochemical characterization of nanopowders was carried out
using XRD, SEM, TEM, SAED, FT-IR, TGA, and DSC. The structural integrity of the thin
films, deposited at the optimal laser beam fluence of 400 mJ/cm2, was proved by mapping
the surface distribution of the FT-IR absorbances of characteristic spectral markers. Biocom-
patibility and cytotoxicity of the prepared magnetic hybrid nanocomposites were assessed
in vitro by performing an MTT test on normal 3T3 cell line osteoblasts and osteosarcoma
MG-63 cell lines. The pristine β-CD surface-modified nanopowders and thin films showed
excellent biocompatibility and nocytotoxic effect. On the other hand, magnetic thin films
loaded with the anti-cancer drug PTX exhibited significantly increased affinity for tumoral
cells. The above properties recommend our novel magnetic nanopowders and thin films
as valuable candidates for future magnetically targeted drug delivery, theragnostic, and
hyperthermia applications in cancer treatment.
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Abstract: The purpose of this study was to investigate the effectiveness in photodynamic therapy
of iron oxide nanoparticles (γ-Fe2O3 NPs), synthesized by laser pyrolysis technique, functionalized
with 5,10,15,20-(Tetra-4-sulfonatophenyl) porphyrin tetraammonium (TPPS) on human cutaneous
melanoma cells, after only 1 min blue light exposure. The efficiency of porphyrin loading on the
iron oxide nanocarriers was estimated by using absorption and FTIR spectroscopy. The singlet
oxygen yield was determined via transient characteristics of singlet oxygen phosphorescence at
1270 nm both for porphyrin functionalized nanoparticles and rose bengal used as standard. The
irradiation was performed with a LED (405 nm, 1 mW/cm2) for 1 min after melanoma cells were
treated with TPPS functionalized iron oxide nanoparticles (γ-Fe2O3 NPs_TPPS) and incubated for
24 h. Biological tests revealed a high anticancer effect of γ-Fe2O3 NPs_TPPS complexes indi-cated
by the inhibition of tumor cell proliferation, reduction of cell adhesion, and induction of cell death
through ROS generated by TPPS under light exposure. The biological assays were combined with
the pharmacokinetic prediction of the porphyrin.

Keywords: photodynamic therapy PDT; porphyrin; iron oxide nanoparticles; melanoma

1. Introduction

Melanoma is the most lethal type of skin cancer and the third form of malignancy
encountered between the ages of 15 to 39 years, with an incidence constantly increasing.
Among the risk factors involved in the evolution of aggressive skin the malignant tumor are
found: family history, ultraviolet (UV) radiation exposure, or simply variations in pigmenta-
tion genes [1–3]. The pathogenic mechanism of melanoma involves two cell subpopulations
in the epidermis, called melanocytes and keratinocytes. As a result of UV exposure, skin
keratinocytes increase melanin generation by producing the melanocyte-stimulating hor-
mone (MSH) that binds the melanocortin receptor 1 (MC1R) found on melanocytes surface.
Briefly, the melanocytes transfer melanin to surrounding keratinocytes and protect the
living cells. The melanoma risk appears as a cause of long exposure of the nuclei to UV
damage and accumulation of the mutations in sensitive regions [3–7].
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For the treatment of melanoma, a lot of therapies were developed: chemotherapy,
immunotherapy, surgical resection, biochemotherapy, photodynamic therapy, and targeted
therapy [8]. Among these, photodynamic therapy (PDT) is based on the generation of
reactive oxygen species (ROS), especially singlet oxygen, by light exposure of unhealthy
tissue, at a specific wavelength. The most important aspect of the procedure is the use
of a photosensitizer (PS), a non-toxic agent that accumulates in the tumor and generates
ROS by light irradiation [9–11]. Briefly, the PS molecule is first excited to the singlet state
and through intersystem crossing forms the triplet state that then transfers the energy
to ground state oxygen, generating excited singlet state oxygen (1O2), the chief reactive
species, which interacts with surrounding molecules and destroys them [9,12]. A PS agent
must be: targeted to the tumor (able to accumulate in the tumor), a non-toxic compound,
painless, easy to eliminate, stable in time, active only on illumination, and efficient in
singlet oxygen generation [12,13].

Porphyrins, a group of organic compounds, are considered great PS agents that may
be used to accept the energy of light and produce singlet oxygen in the presence of a
triplet-state electron [9]. They are macrocyclic compounds with four pyrrole subunits inter-
connected at their α carbon atoms, are found in hemoglobin and cytochromes structure,
and have the function of a cofactor for redox-active enzymes. Moreover, their applications
in the biomedical field as PS in PDT are associated with their optical and redox proper-
ties [14,15]. A large range of porphyrin derivatives can be used in PDT. The sulfonation
of tetraphenyl porphyrin generates the tetra sulfonate porphyrin, an excellent producer
of singlet oxygen, with high solubility in water, and a promising PS for PDT. Also, tetra
sulfonate porphyrin is permeable through the cell membrane and has specific accumulation
and activity on tumor cells both in vitro and in vivo [14,15].

Generally, the PDT begins 24 h before the light exposure, when PS, such as por-
phyrin [10], is administrated for its deposition and accumulation in the tumor. Interestingly,
it was described that PS effectiveness in blood at the irradiation time determines tumor vas-
culature damage and, finally, affects the nutrient supply of the tumor. Thus, the PS action is
not concentrated only in the tumor, the effect of irradiation being not only the induction of
tumor cell death [16–22]. Moreover, PDT presents the limitation of a long in vivo half-life
of the PS and the difficulty of its transport in deep tumor regions of the body [23].

Nevertheless, the porphyrin activity as PS in the specific cell target can be improved
by many carriers (nanoparticles, micelles), being avoided the photosensitivity on healthy
tissue. Delivery systems protect the PS and release it only under specific conditions, where
ROS generation is required [24,25].

The use of nanoparticles as drug delivery systems proved to have multiple advantages,
such as: high biocompatibility, ease of fabrication and functionalization, and the control of
material size, and shape. Iron oxide nanoparticles are considered important tools in the
modulation of PS action due to their ability to carry and transport therapeutic amounts
of PS in the deep tumor regions of the body and to enhance the solubility of hydrophobic
PS [23]. Besides, the iron oxide nanoparticles present magnetic properties that can be
manipulated for medical application (cell labeling, gene delivery) or hyper/photo-thermal
therapy application. The iron oxide nanoparticles have been already used as vehicles for
the delivery of PS in PDT [26,27].

In this context, the purpose of this study was to investigate the anti-tumor effective-
ness of iron oxide nanoparticles (γ-Fe2O3 NPs) functionalized with 5,10,15,20-(Tetra-4-
sulfonatophenyl) porphyrin tetraammonium (TPPS) on human cutaneous melanoma cells,
after only 1 min light exposure. The water-soluble porphyrin, TPPS was chosen due to its
potential application in cancer therapy, and infectious diseases [28].

The efficiency of porphyrin loading on the iron oxide nanocarriers, synthesized by
laser pyrolysis technique, was estimated by using absorption and FTIR spectroscopy. Also,
the singlet oxygen yield was determined via transient characteristics of singlet oxygen
phosphorescence at 1270 nm for both, TPPS functionalized iron oxide nanoparticles (γ-
Fe2O3 NPs_TPPS) and rose bengal used as standard. The irradiation was per-formed with
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a LED (405 nm, 1 mW) for 1 min after melanoma cells were treated with γ-Fe2O3 NPs_TPPS
complexes and incubated for 24 hours. It was proved that the light exposure increased
the production of ROS generated in melanoma cells by porphyrin loaded nanoparticles,
reduced the proliferation and cellular adhesion capacity, and induced cell death.

2. Materials and Methods

2.1. Chemical Compounds

The photosensitizer, 5,10,15,20-(Tetra-4-sulfonatophenyl) porphyrin tetraammo-nium
(TPPS) (purity > 95%), was purchased from PorphyChem SAS, Dijon, France. Rose Bengal
(95% purity), used as PS standard, was bought from Sigma Aldrich (Darmstadt, Germany).

For iron oxide nanoparticles (NPs) synthesis by laser pyrolysis technique, the reac-
tive gas-es/vapors used were iron pentacarbonyl (Fe(CO)5) (99.999%, Merck, Darmstadt,
Germany) as an iron precursor, synthetic air (Linde, Dublin, Ireland) as an oxidizing
agent, and ethylene (C2H4, 99.99%, Linde, Dublin, Ireland) as laser energy transfer agent
(i.e., sensitizer).

2.2. Iron Oxide Nanoparticle Synthesis

The experimental set-up for laser pyrolysis technique is presented in Figure 1. Due
to the resonance between the emission line of the CO2 infrared laser and the absorption
line of the sensitizer gas, the ethylene molecules became vibrationally excited upon the
interaction with IR photons, and the reactive mixture is heated very fast via collisions [29].
Also, the mixture is supplementary heated by the oxidation of iron-based species and
ethylene molecules. Thus, the sudden formation of iron-based oxidized fragments/clusters
is followed by their condensation into small iron oxide nanoparticles which emerge from
the reaction zone.
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Figure 1. Laser pyrolysis of iron oxide nanoparticles.

As presented in Figure 1, the reactant flow orthogonally intersects the focused con-
tinuous beam emitted by the CO2 laser (70W maximum output power, λ = 10.6 µm). This
reactant flow is comprised of a mix of synthetic air (33 sccm) and iron pentacarbonyl vapors
(6.6 sccm) transported by a bubbled ethylene flow (33 sccm). Coaxial argon (Ar) flow is
used to both confine the gas precursors to the flow axis, as well as to ‘guide’ the freshly
nucleated nanoparticles towards the collection chamber. The reaction zone can be clearly
identified through a flame that emits in the visible spectrum. The temperature of the flame
needs to be constant throughout the experiment and it can be easily measured using an
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optical pyrometer. The process was described in detail elsewhere [29]. The experimental
parameters used are presented in Table 1.

Table 1. Experimental data.

Sample D-C2H4/Fe(CO)5 D-synth. Air D-Ar Conf D-Arwindows Tflame P Plaser

unit sccm sccm sccm sccm ◦C mbar W
FeO1 33/6.6 33 750 250 670 300 157/150

A water-soluble porphyrin, TPPS, was used as both a stabilizer and as an active
component. Initially, the TPPS powder was added to a glass vessel with 20 mL distilled
water (dH2O) having a pH = 5.5 and left 6 h in the ultrasound bath in order to ensure its
solvation. Then the iron NPs were introduced in the TPPS solution, ensuring the equal
concentration of 0.5 g/L of nanoparticles and TPPS. The 20 mL water-based suspension was
homogenized in an ultrasound bath provided with a cooling system at 59 kHz and 20 ◦C
for 12 h. The resulting suspension was then centrifuged at 10K rpm for 5 min and washed
with dH2O several times, each time the solid deposit was redispersed while maintaining
the initial water volume, with the ultrasonic bath (30 min).

2.3. Physicochemical Characterization

2.3.1. Nanoparticle Characterization

In order to characterize the hydrodynamic size and stability of the nanoparticles
suspensions, as well as the TPPS functionalized iron NPs suspensions, we utilized dynamic
light scattering (DLS) measurements (Nanoparticle Analyzer SZ-100V2, Horiba, Kyoto,
Japan) which employs a Diode-pumped solid-state (DPSS) laser emitting at 532 nm, with
a power of 100–240 V AC ± 10%, 50 Hz/60 Hz; at a scattering angle of 173◦. 1 mL
volume of aqueous suspension was added in a quartz cuvette cell for hydrodynamic
size measurements which were taken in triplicate for the following suspensions: γ-Fe2O3
(0.5 g/L) in dH2O, and γ-Fe2O3 (0.5 g/L) + TPPS (0.5 g/L) in dH2O. The same process
was used for zeta potential measurements where a cell with electrodes (carbon, 6 mm) was
used with a lower volume of solution.

XRD measurements on synthesized nanoparticles were carried out using a Panalytical
X’Pert system (Malvern Panalytical Ltd., Malvern, United Kingdom) with Bragg-Bretano
geometry: 0.02◦ step size, 30 s-time/step, 2θ: 15–80◦ with Cu Kα radiation tube and a
graphite monochromator for the diffracted X-ray beam. The NPs from a diluted water
suspension and also the final (stabilized and purified) water suspension containing NPs
coated with TPPS was characterized with a transmission electron microscope (TEM) appa-
ratus type Jeol ARM 200F also having an EDS facility. Two drops of water dispersions were
deposed on a carbon-coated grid and allowed to dry at room temperature. The elemental
composition of the as synthesized powder sample was evaluated by EDS-SEM using an
FEI Quanta Inspect apparatus.

2.3.2. Spectroscopic Methods

The efficiency of TPPS loading on iron oxide nanoparticles was determined by
measuring the absorbance spectra using a Lambda 950 UV–Vis-NIR spectrophotome-
ter (PerkinElmer, Inc., Waltham, MA, USA) and 10 mm thickness optical quartz cuvettes
(PerkinElmer, Inc., Waltham, MA, USA). The absorption spectra were measured from
200 to 800 nm at room temperature (22–24 ◦C).

The experimental detection system used to measure the time-resolved phosphores-
cence signal of the photosensitized singlet oxygen at wavelength 1270 nm was described in
detail elsewhere [30,31].

The laser beam used for excitation of TPPS molecules was emitted by the SHG (532 nm)
of a Nd:YAG laser (6 ns pulse time width at half maximum, 10 Hz repetition rate, maximum
energy per pulse 25 mJ) (Minilite II, Continuum, Excel Technology, Milpitas, CA, USA).
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The TPPS molecule is first excited to the singlet state and through intersystem crossing
forms the triplet state and then transfers the energy to ground state oxygen, generating
excited singlet state oxygen (1O2).

The laser spectroscopic technique for 1O2 species measurements is based on the radiative
deexcitation of the singlet state through the phosphorescence emission at 1270 nm.

The phosphorescence is detected by a near-infrared (NIR) photomultiplier (PMT
Module H10330, Hamamatsu, Japan) and measured with a digital scope (DPO-7254, Tek-
tronix Inc, Beaverton, OR, USA). The phosphorescence transient signal is fitted with a
mono-exponential function and the 1O2 lifetime is obtained is given by the decay constant.

The quantum yield of the singlet oxygen generation (Φ∆) is determined using also
a relative method to a reference standard. Rose Bengal (RB) which has 0.7 the quantum
yield of singlet oxygen generation in water was used as a reference. The RB solutions and
investigated solutions or suspensions were measured in the same experimental conditions
and the quantum yield was determined using the equation [31]:

Φ∆ = Φ
re f
∆

I

Ire f

Are f

A

n2

n2
re f

τ

τre f
(1)

where Φ∆ is the quantum yield of singlet oxygen generation, I is the singlet oxygen
phosphorescence intensity at the starting time of the laser pulse for the measured sample,
A is the optical absorption of the sample at the laser excitation wavelength (532 nm), τ is
the lifetime of singlet oxygen in the measured sample and n is the solvent refractive index.
The script ref indicates the measured values for the standard RB solutions. The intensity of
phosphorescence at t = 0 was obtained by the extrapolation to zero of the mono-exponential
fitting functions for the experimental decay curves.

IR spectra were recorded with a FTIR spectrometer, model Nicolet iS50, under trans-
mission mode over the wavenumber range of 4000–400 cm−1, at a resolution of 4 cm−1.
The TPPS solutions, the γ-Fe2O3 NPs, and complex γ-Fe2O3 NPs_TPPS suspensions were
dried on optical grade KRS-5 plates.

The theoretical IR spectrum of TPPS was calculated using Gaussian09 software [32].
The molecular structure was subjected to geometry optimization followed by the calcula-
tion of vibrational wavenumbers using the density functional theory (DFT). The hybrid
functional B3LYP method with 6-311G(2d) basis set was used.

2.4. Computational Approach

2.4.1. Molecular Modeling

TPPS structure was drawn and optimized using the Clean Geometry function of
Discovery Studio Visualizer Software. The NH4 groups were removed from the structure
for the molecular docking simulations, and we note the resulted structure TPPS.

The structures of our target proteins pro-caspase 3 (PDB code: 4JR0) [33] and caspase
3 (PDB code: 3DEI) [34] were imported from RCSB Protein Data Bank [35].

2.4.2. ADME-Tox Predictions

ADME-Tox prediction were made using 3 web services pkCSM [36], admetSAR [37],
and ProTox-II [38].

2.4.3. Molecular Docking

We have predicted the interaction between TPPS and our target proteins: pro-caspase
3 and caspase 3 with AutoDock4.2.6 software [39] using our usual protocol [40,41]. We
have performed blind docking simulations with the grid box grid points x y z (100, 110, 90)
for human pro-caspase 3 respectively (126, 96, 82) for caspase 3. The spacing of the grid
box is 0.375 Angstroms, and the Central Grid Point of Maps (x y z) is (6.46 1.11 23.11) for
pro-caspase 3 and (−33.06 10.36 −9.75) for caspase 3.
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2.5. In Vitro Bioassay

2.5.1. Cell Culture

Human cutaneous melanoma cell line, Mel-Juso, (ACC-74, ATCC, Manassas, VA, USA)
derived from vertical growth phase amelanotic melanoma was maintained in 75 cm2 culture
flasks and RPMI (Roswell Park Memorial Institute, Buffalo, NY, USA) medium (1640, Gibco,
Dublin, Ireland) supplemented with 1% antibiotics-antimycotics solution (Sigma-Aldrich,
St. Louis, MO, USA) and fetal bovine serum (FBS, Gibco, by Life Technologies, Carlsbad, CA,
USA) at a final concentration of 10%. At confluency of 80–90%, the cells were enzymatically
detached from the culture flasks surface using a 0.25% trypsin–0.53 mM EDTA solution. Cell
cultures were incubated in standard conditions (37 ◦C in an atmosphere with 5% CO2) and
culture media was completely refreshed once every two days.

2.5.2. Cell Treatment and LED Irradiation Protocol

To perform the in vitro experiments, Mel-Juso cells were seeded at a density of
5 × 104 cells/mL in 96 and 6-well plates and incubated at 37 ◦C, 5% CO2. After adhesion,
the cells were treated with, γ-Fe2O3 NPs_TPPS, free γ-Fe2O3 NPs and free porphyrin,
diluted in complete culture medium until a final concentration of 0.05, 0.5, 2.75, 4.16,
5.5 and 11 µg/mL for NPs, 0.01, 0.1, 0.5, 0.75, 1 and 2 µg/mL for porphyrin and 0.05 + 0.01,
0.5 + 0.1, 2.75 + 0.5, 4.16 + 0.75, 5.5 + 1 and 11 + 2 µg/mL for NPs + TPPS in γ-Fe2O3
NPs_TPPS, respectively. Untreated cells were used as control. To allow the internalization
of porphyrin and NPs, cell cultures were incubated for 24 h at 37 ◦C, 5% CO2. Afterwards,
the culture medium was replaced with a fresh one and the cells were irradiated or not
for 0.5, 1, 2.5, and 5 min, and incubated at 37 ◦C. All experiments were performed at the
interval of 24 h from the irradiation procedure. Before incubation with cells, the NPs and
TPPS suspensions were sterilized using UVC radiation for 1 h. Verifications by absorption
spectroscopy regarding possible photobleaching after UVC exposure were per-formed
to be sure that the sterilization has no effect on suspensions. No changes of the spectra
were noticed.

For cell exposure to UV light, a custom system of irradiation was developed (Figure 2).
A 405 nm LED (Nikia, Japan, NVSU 233B) was used as a light source, with a radiant flux of
1400 mW. To control the intensity of LED and the time of irradiation, a Pulse Frequency
Generator (PWM) and a Timer Relay Module were added to the pow-er supply circuit.
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Figure 2. LED Irradiation experimental setup.

A Plano-Convex Lens, with the focal length of f = 100 mm, was placed between the
LED and the plates, at a distance of 25 mm with respect to the light source to collect the
entire radiation emitted by the diode (Figure 2), and 30 mm to the probe, to ir-radiate a
large interest zone. The power density was measured at different duty cycles for the PWM,
a calibration curve was drawn and used further in irradiation parameters selection.
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2.5.3. Cell Morphology Examination

After 24 h of LED irradiation, cell morphological changes were examined by phase-
contrast microscopy using an Olympus IX73 microscope (Olympus, Tokyo, Japan) equipped
with a Hamamatsu ORCA-03G camera (A3472-06, Hamamatsu, Japan). Representative im-
ages were acquired with the CellSens Dimension software (v1.11, Olympus, Tokyo, Japan).

2.5.4. MTT Cell Viability Test

Melanoma cells were seeded at a density of 104 cells/well in 200 µL culture media
and treated with porphyrin (0.01–2 µg/mL), NPs (0.05–11 µg/mL) and γ-Fe2O3 NPs_TPPS
(0.05 + 0.01–11 + 2 µg/mL) for 24 h. After irradiation, Mel-Juso cells were incubated at
37 ◦C and the next day the culture media from each well was removed and replaced with
80 µL of 1 mg/mL MTT solution. Further, the culture plates were incubated for 2 h at
37 ◦C. In the final step, the purple formazan crystals formed during the incubation were
solubilized with 150 µL isopropanol, and the absorbance of the samples was measured at
595 nm using a Flex Station 3 microplate reader (Molecular De-vices, San Jose, CA, USA).
Non-irradiated cells were treated in the same conditions.

2.5.5. Detection of Intracellular Reactive Oxygen Species (ROS) Production

Intracellular ROS production was measured using 2′,7′-dichlorodihydrofluorescein
diacetate compound (H2DCFDA, D6883, Sigma-Aldrich, St. Louis, MO, USA). Mel-Juso
cells were seeded in 96-well culture plates (5 × 104 cells/mL) and treated with free TPPS
(0.1–1 µg/mL), free NPs (0.5–5.5 µg/mL) and γ-Fe2O3 NPs_TPPS (0.5 + 0.1–5.5 + 1 µg/mL).
After 24 h, the culture medium was removed and the cells were incubated for 30 min, at
37 ◦C with 50 µM H2DCFDA solution prepared in HBSS (Hanks’ Balanced Salt Solution).
Further, H2DCFDA solution was removed, and the cells were irradiated or not for 1 min
at a power density of 1 mW/cm2. The fluorescence was read at Flex Station 3 microplate
reader (ex. 485 nm/em. 520 nm) after 24 h of incubation. The cells from each well were
counted using the Trypan Blue method. The values of relative fluorescence units (RFU)
were divided by cell number.

2.5.6. Preparation of Cell Lysates

Mel-Juso cells were seeded in 6-well plates and treated with two different doses
of TPPS (0.5 and 0.75 µg/mL) and the corresponding concentrations of NPs (2.75 and
4.16 µg/mL). After irradiation protocol and 24 h incubation, the cells were trypsinized.
Further, the cell suspensions were centrifuged for 5 min, at 1500 rpm, 20 ◦C, and the cellular
pellets were washed and resuspended in phosphate-buffered saline solution (PBS). The
cell lysates were obtained by sonication of cell suspensions on ice, three times, using a
Hielscher UP50H sonicator (80% amplitude, 1 cycle) and their centrifugation for 10 min,
at 3000 rpm, 4 ◦C. The supernatants that resulted from centrifugation were collected and
stored at −80 ◦C until biochemical determinations. The protein concentration of cellular
lysates was estimated using Bradford reagent (B6916, Sigma-Aldrich, St. Louis, MO, USA)
and a standard curve of 0–1.5 mg/mL bovine serum albumin (BSA).

2.5.7. Measurement of Reduced Glutathione (GSH) Intracellular Content

The GSH amount of treated and untreated cells was determined using the method
based on the reaction between GSH and Ellman’s reagent. Firstly, the cell lysates were
deproteinized with an equal volume of 5% 5-sulfosalicylic acid and centrifuged for 10 min,
at 10,000 rpm, 4 ◦C. Secondly, 10 µL of supernatant were mixed with 150 µL reaction
mixture consisting of 1.5 mg/mL 5,5-dithio-bis-(2-nitrobenzoic acid) diluted in potassium
phosphate buffer (K2HPO4/KH2PO4) 0.1 M, pH = 7, with 1 mM EDTA. Lastly, the samples
were incubated at room temperature for 10 min and the absorbance was measured at
405 nm using a microplate reader. The GSH level of the samples was calculated using a
3.125–200 µM GSH standard curve.
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2.5.8. Western Blot Analysis

The expressions of some cell adhesion (β-catenin), proliferation (MCM-2), and apop-
totic (caspase 3, Bax, NF-kB) markers were analyzed using the Western blot technique.
The cell lysates were chemical (by mixing with a loading buffer containing SDS and β-
mercaptoethanol) and thermic denatured (by heating at 95 ◦C for 5 min). Then, 40 µg
of protein from each extract were loaded and migrated on denaturing 8%, 10%, and 15%
SDS-polyacrylamide gels in TRIS-glycine-SDS buffer, for 2 h. Further, the proteins were
electrotransferred from polyacrylamide gels on a PVDF membrane (cat. no. IPVH00010,
Merck, Darmstadt, Germany) using a BioRad system and TRIS-glycine-methanol buffer.
The proteins detection was performed using Western Breeze Chromogenic Anti-Mouse
and Anti-Rabbit kits (WB7103, WB7105, Invitrogen, Carlsbad, CA, USA). The membranes
were incubated with blocking solution for 30 min, at room temperature, and let overnight
with monoclonal anti-MCM-2 (sc-373702, Santa Cruz, Biotechnology, Dallas, TX, USA),
anti-β-catenin (sc-59737, Santa Cruz), and polyclonal anti-caspase 3 (sc-7148, Santa Cruz),
anti-Bax (sc-493, Santa Cruz) and anti-NF-kB (sc-109, Santa Cruz) specific primary anti-
bodies. The next day, the membranes were washed and then incubated for 30 min with
conjugated-alkaline phosphatase secondary antibodies. The protein bands were revealed
with BCIP/NBT chromogenic substrate, visualized with a ChemiDoc Imaging System
(BioRad, Hercules, CA, USA) and quantified using ImageLab software. The results were
normalized to a reference protein (β-actin).

2.5.9. Statistical Analysis

The results were calculated as an average of three replicates (n = 3) and represent-ed
as percentages relative to control (untreated cells) ± standard deviation. The statistical
significance between treated cells and control was estimated using two-way ANOVA
method performed with GraphPad Prism (Version 8, GraphPad Software, La Jolla, CA,
USA) and Tukey’s multiple comparisons test and the results were considered significant
when the p-value was less than 0.05 (*), 0.01 (**), 0.001 (***).

3. Results

3.1. Physicochemical Analysis

3.1.1. Nanoparticle Characterization

The X-ray diffractogram (Figure 3) of the synthesized powder sample indicated its
nanophase feature and the crystalline structure can be assigned to γ-Fe2O3/Fe3O4 phases:
the position of theoretical diffraction peaks is illustrated with diamonds. The positions (2θ),
and the full width at half maximum (B) of most relevant 5 peaks: (220), (311), (400), (511)
and (440) were evaluated using pseudo-Voight functions and OriginPro 2015 software. The
mean value for the constant lattice was 8360 Ǻ. The closest reference structure with that
found for our sample is the γ-Fe2O3 phase having PDF file: 00-039-1346 and a constant
lattice of 8352 Ǻ, whereas the magnetite (Fe3O4) phases have larger values (between
8.39 and 8.40 Ǻ).

Based on the most intense peak at 2θ = 35.6◦ associated with (311) plane and on the
second one as the intensity at 2θ = 63.0◦ associated with (440) plane, the mean crystal size
of as synthesized NPs was found to be 5.7 nm and 6.1 nm according to the Debye-Scherrer
equation: Dhkl = k λ/B cosθ. Here, Dhkl is crystallite size, k is the shape constant of typical
0.9 in most evaluations for cvasi-spherical particles and λ is the wavelength of the X-ray.
The presence of other iron-based crystalline phases (ex. αFe or Fe carbides) is not certain,
their eventually minor contribution being masked by the background noise.
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Figure 3. XRD patterns for as synthesized FeO1 nanoparticles (NPs).

The TEM image at medium resolution from the as synthesized NPs (Figure 4a) showed
in majority cvasi-spherical structures which appear to have a diameter between 3–9 nm
with a particles distribution well fitted with log-normal function and a mean value of
5.8 nm (left inset). The NPs, probably due to their magnetic properties, were self-organized
in loose agglomerates/aggregates containing hundreds of entities. In the case of porphyrin
functionalized NPs on copper grid, visualized by TEM in Figure 4b, the NPs agglomerates
contained particles with almost the same dimensions, with a mean diameter of 6.2 nm,
having more compact zones, yet with no evidence of solid segregation of porphyrin-based
bridges between NPs or separate clusters. The most probable spreading of adsorbed
porphyrins at the NPs surface almost as single molecular layer can be the explanation of
this very weak mean diameter NPs increase.

(a) (b) 

γ  Å)
 Å) 

−

α α

Figure 4. TEM images of the NPs (a) as synthesized nanoparticles (b) aggregates of NPs functionalised with TPPS.
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As it can be seen from the presented HR-TEM image, (Figure 5a) the functionalized
particles are spherical or polyhedral, the size of those identified here varying from 12 to
5 nm. The particles are mostly crystalline as monodomain and the observed interplanar
distances can be ascribed to the (220) and (311) planes of γFe2O3/ Fe3O4 at 0.29 nm (2.96 Å)
and 0.25 nm (2.52 Å) respectively. From both microscopes, NPs covered grids EDS analyzes
were performed in different places where the NPs agglomerates are not attached to the
original amorphous carbon layer of the TEM grids. Qualitatively the presence of O, Fe,
and a minor contribution C was detected, all derived from NPs. The presence of S and
the major contribution of C comes from the adsorbed pseudo-porphyrin whose molecules
contain -SO3

− groups. The other elements appear as an artefact from the grids (Cu) or
sample manipulation (Si). The constant presence of sulphur peak in EDS spectra from
different places of the grid and also an intensity ratio between Fe-Kα and S-Kα peaks
between 25 to 35 was used by us as an instrument to optimize the preparation process for
NPs functionalized suspension.
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Figure 5. HR (high resolution) TEM Imageof NPs functionalized with TPPS (a) and EDS spectra for synthesized NPs (b),
and NPs functionalized with TPPS (c).

A thin (less than 0.1 mm thick) pellet prepared by cold pressing from the as synthesized
sample was analyzed by EDS as SEM facility in order to evaluate the elemental composition.
Mediating the values from three different positions the following elemental composition
was determined: C-0.63 at. %, O-58.60 at. %, and Fe-40.77 at.%. The Fe/O ratio from these
values matches Fe2O3–0.13 stoichiometry.

Regarding the mean hydrodynamic size (Table 2), DLS measurements of the 0.5 g/L
suspensions showed values of 138.0 nm for iron oxide nanoparticles and this value is
consistent with the aggregate sizes measured at TEM investigation at low resolution. The
higher value for the γγ-Fe2O3 NPs_TPPS suspension (453 nm) could be explained by
coalescence and compactization phenomena of the initial NPs aggregates due to the strong
centrifugated forces acting during the purification process; an effect that cannot be fully
reversed by using the ultrasound redispersion.
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Table 2. The mean hydrodynamic size of the samples.

Sample PI Z-Average Distribution Form

γ-Fe2O3 NPs 0.340 138.0 nm Broad polydisperse
γ-Fe2O3 NPs _TPPS 0.414 453.1 nm

Zeta potential values (Table 3) indicated good stability for γ-Fe2O3 NPs (50.9 mV)
and an excellent one for γ-Fe2O3 NPs_TPPS suspension (−90.9 mV) in slightly acidic
dis-tilled water (due to dissolved CO2 from the atmosphere). This result can be explained
by the electrostatic adsorption of the negatively charged surface porphyrin onto the iron
oxide nanoparticles surface. A schematic diagram explaining the process was pro-posed in
Figure 6.

Table 3. Zeta potential values for the γ-Fe2O3 NPs and γ-Fe2O3 NPs_TPPS samples

Sample γ-Fe2O3 NPs γ-Fe2O3 NPs_TPPS

Zeta Potential (Mean) 50.9 mV −90.9 mV
Electrophoretic Mobility Mean 0.000394 cm2/Vs −0.000704 cm2/Vs
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Figure 6. Schematic diagram of the adsorption process of the TPPS of the γ-Fe2O3 surface.

3.1.2. Spectroscopic Analysis

Absorption Spectroscopy

In Figure 7, the absorption spectrum for a TPPS solution in distilled water at concen-
tration 0.004mg/mL is shown in comparison with the absorption spectrum for the water
suspension of γ-Fe2O3 nanoparticles functionalized with TPPS (0.0138 mg/mL concentra-
tion of iron nanoparticles). The absorption features of porphyrin with maxima at 413 nm,
518 nm, 555 nm, and 649 nm are clearly present in the spectrum of nanoparticles suspen-
sion and proves the γ-Fe2O3 NPs and TPPS functionalization. In the inset of Figure 7,
the standard curve for TPPS determined by the absorbance values for the peak at 413 nm at
several concentrations is shown. Taking into account the absorbance of 1.04 for the γ-Fe2O3
NPs_TPPS suspension at 413 nm (background given by NPs diffusion subtracted), we can
extrapolate from the standard curve a TPPS concentration of 0.0025 mg/mL in the γ-Fe2O3
NPs_TPPS complexes.
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Figure 7. The absorption spectra for investigated samples: TPPS solution in distilled water at
0.004 mg/mL, γ-Fe2O3 NPs_TPPS water suspension, RB solution at 0.004 mg/mL in distilled water.
In the inset, the standard curve of TPPS absorbance versus concentration is shown.

The samples were investigated by FTIR spectroscopy to highlight the functionalization
of the nanoparticles with the TPPS.

Figure 8 displays the FT-IR spectra of TPPS, γ-Fe2O3 NPs, and complex γ-Fe2O3
NPs_TPPS.
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Figure 8. FT-IR spectra of TPPS, γ-Fe2O3 NPs, and γ-Fe2O3 NPs_TPPS.

The characteristics IR vibration of TPPS molecule were identified based on the existing
literature [42–45] and the calculation molecular structure using Gaussian09 software. Table 4
presents the vibrational extracted from the experimental and theoretical spectra and their
corresponding mode of vibration.

The IR spectra of TPPS presents the characteristic vibrations of the TPPS ring and the
four SO3

− groups connected to the molecule phenyl moiety [42–45]. The N–H stretching
vibration is identified at 3196 cm−1 and 3133 cm−1 and C–H stretching vibration is observed
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at 3056 cm−1 and 2907 cm−1. The bands at 1490 cm−1 and 1643 cm−1 are attributed to
the stretching vibration of C−C and C=C bonds in the benzene ring corresponding to
sulfonatophenyl radical and TPPS ring. The in-plane deformation vibration of C=C and
C=N from the TPPS ring is observed at 1398 cm−1. The band at 1250 cm−1 represents the
C−C stretching vibration between the aryl groups and the TPPS ring. The asymmetrical
SO3 stretching vibrations are identified in the 1200–1100 cm−1 spectral range, with two
intense bands at 1165 cm−1 and 1117 cm−1 [42]. The 1003 cm−1 and 738 cm−1 are assigned
to N−H wagging vibration, whereas the band with peak at 624 cm−1 is attributed to the
C−H wagging vibration of the benzene rings and deformation vibration of the TPPS ring.

Table 4. Experimental and theoretical vibration frequencies for TPPS with their corresponding modes of vibrations.

Wavenumber (cm−1)
Mode of Vibration

Experimental Theoretical

1643 1620 stretching vibration of C−C and C=C bond (sulfonatophenyl radical)
1544 1559 stretching vibration of C−C and C=C bond (porphyrin ring/sulfonatophenyl radical)
1490 1477 stretching vibration of C−C and C=C bond (porphyrin ring/sulfonatophenyl radical)
1443 1436 stretching vibration of C−C and C=C bond (sulfonatophenyl radical)
1418 1416 stretching vibration of C−C and C=C bond (porphyrin ring)
1398 1346 in-plane deformation vibration of C=C and C=N (porphyrin ring)
1250 1252 C−C stretching vibration
1226 1213 C−H deformation vibration
1165 1154 symmetrical stretching vibrations S−O
1117 1124 asymmetrical stretching vibrations S−O
1025 1036 N−H and C−H deformation vibrations
998 1003 N−H wagging vibration

984 985 N−H and C−H deformation vibrations (porphyrin ring)/deformation vibrations of
4 neighbouring H-atoms (sulfonatophenyl radical)

855 839 deformation vibrations of 4 neighbouring H-atoms (sulfonatophenyl radical)

805 804 deformation vibrations of 4 neighbouring H-atoms (sulfonatophenyl radical)
C−C skeletal vibration (porphyrin ring)

760 767 deformation vibrations of 4 neighbouring H-atoms (sulfonatophenyl radical)
734 740 deformation vibrations of 4 neighbouring H-atoms (sulfonatophenyl radical)
681 683 N−H wagging vibration
645 647 C−C skeletal vibration (sulfonatophenyl radical)
624 618 N−H wagging vibration
581 576 S−O wagging vibration

The IR spectrum of NP shows a broad peak at 3417 cm−1 attributed to intermolecular
hydrogen bond stretching vibration as the nanoparticle surface adsorbed the water. Further,
this is supported by the appearance of the band with a peak at 1608 cm−1 representing
the O–H bending vibration of water molecules adsorbed on iron nanoparticles [46–48].
The bands with peaks at 2957 cm−1, 2925 cm−1, and 2870 cm−1 correspond to the C–H
stretching vibration, whereas the peaks at 1377 cm−1 and 1360 cm−1 are attributed to the
C–H deformation vibration. In the range 770-450 cm−1 is observed the stretching mode
characteristic to Fe-O bond vibrations, with a peak at 560 cm−1.

In the γ-Fe2O3 NPs_TPPS complex IR spectrum are identified the characteristic bands
of TPPS at 1488 cm−1, 859 cm−1, 768 cm−1, 620 cm−1 and of γ-Fe2O3 are identified at
1601 cm−1, 1374 cm−1, and 1355 cm−1. The biggest changes are observed for the C–H and
N–H vibrations of the TPPS ring. The bands at 1643 cm−1 and 734 cm−1 from the TPPS
spectrum, related to stretching vibration of C−C/C=C and to N−H wagging vibration
bonds from the TPPS ring, are shifted to 1697 cm−1 and 768 cm−1 in the γ-Fe2O3 NPs_TPPS
complex IR spectrum. This indicates the interactions of TPPS with the surface of γ-Fe2O3
NPs that results in the stiffening of the TPPS ring [42,49] due to functionalization. More, a
new band at 1247 cm−1 appears that indicates the functionalization of TPPS to γ-Fe2O3
due to the interaction of –OH of γ-Fe2O3 with -NH from the TPPS ring.
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Singlet Oxygen Generation

Figure 9 shows the transient phosphorescence decay curves measured at 1270 nm for
the singlet oxygen generated by the TPPS solution in distilled water, γ-Fe2O3 NPs_TPPS
water suspension, and RB solution at 0.004 mg/mL in distilled water used as reference.
The last has a known value of oxygen singlet quantum yield in water of 0.75 [50].
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Figure 9. Time-resolved phosphorescence signals of singlet oxygen generated by the investigated samples.

The phosphorescence signals were registered in the same experimental configuration
and conditions for all investigated samples and averaged over 1000 laser shots. To avoid
saturation effects, low energy of the laser excitation radiation of 3 mJ per pulse was used.

Using Φ∆
ref value for RB in water of 0.75 [50] and Equation (1), we determined the

quantum yield for singlet oxygen generation by γ-Fe2O3 NPs_TPPS complexes in water
suspensions of 0.6. Also, the quantum yield of singlet oxygen generation by TPPS in water
was found to be 0.8.

3.2. ADME-Tox Predictions

Since the compound is carried using the NP (so the Absorption and Distribution of
the molecule may change), we focused on his toxicity. AdmeSAR and pkCSM predict that
TPPS is soluble in water. TPPS has a 0.43 probability to be subcellular localized in the
lysosome. Predictions show that this compound has a RatLD50 of 2.47 mol/kg according to
admeSAR and 3066 mg/kg according to ProTox-II. This compound has a low toxicity class
and probably is inactive as a carcinogen, immunotoxic, cytotoxic or mutagenic compound.

TPPS is inactive on the AhR receptor, the activation of this receptor being linked
to immunosuppression, thymic involution, and immunotoxicity via transcriptional al-
terations [51]. The decrease of the mitochondrial membrane potential is associated with
apoptosis [52], the prediction of inactivity of the TPPS derivative on mitochondrial mem-
brane potential could suggest that this compound may not produce apoptosis.

TPPS is also inactive on p53 and ATAD5. Regarding hepatotoxicity, pkCSM and
ProTox-II web services reported that this compound is not hepatotoxic. Overall, according
to predictions made, TPPS is a non-toxic compound. We present the predicted results in
Table 5.
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Table 5. Toxicity predictions for TPPS4, using admeSAR pkCSM and ProTox-II webservices.

pkCSM

Model Predicted Values Unit

Water solubility −2.892 log mol/L
Hepatotoxicity No Yes/No

admeSAR

Model Results Probability

Subcellular localization Lysosome 0.4395

Model Predicted values Unit

Aqueous solubility −3.3743 LogS
Rat Acute Toxicity 2.4748 LD50, mol/kg

ProTox-II

Model Predicted values Unit

Predicted LD50 3066 mg/kg
Predicted Toxicity Class 5 1-bad 6-good

Model Results Probability

Hepatotoxicity Inactive 0.65
Carcinogenicity Inactive 0.68
Immunotoxicity Inactive 0.96

Mutagenicity Inactive 0.62
Cytotoxicity Inactive 0.75

Aryl hydrocarbon Receptor (AhR) Inactive 0.78
Mitochondrial Membrane Potential Inactive 0.85

Phosphoprotein p53 Inactive 0.86
ATPase family AAA domain-containing protein 5 (ATAD5) Inactive 0.94

3.3. Molecular Docking Simulations

Molecules with estimated binding energy greater than −6 kcal/mol have no biological
action on that target [53,54]. When TPPS interacts with Pro-caspase3, our results show that
it has the lowest predicted binding energy −9.31 kcal/mol (Table 6).

Table 6. Predicted lowest free energy of binding expressed in kcal/mol and inhibition constant (KI)
expressed in nanomolar (nM) for pro-caspase 3 and caspase 3.

Target Estimated Lowest Free Energy of Binding (kcal/mol) KI (nM)

Pro-caspase 3 −9.31 150.72
Caspase 3 −7.74 2120

Pro-caspase 3 has the lowest predicted binding energy compared to caspase 3, im-
plying that TPPS will most likely bind to pro-caspase (Table 6). In both cases, between
TPPS and caspases, we obtained favorable interactions as follows: (i) non-classical carbon-
hydrogen bound, (ii) electrostatic interactions, (iii) charge interactions: salt bridge, and
attractive charge; (iv) Pi-charge: Pi-cation and Pi anion; (v) hydrophobic: Pi- Alkyl, Pi-
Sigma interactions; and (iv) miscellaneous Pi-sulphur interactions (Figure 10).

The interaction situs in both cases is quite similar both pro-caspase 3 and caspase 3
form favourable interactions with amino acid residues: Ala200, Arg241, Ile 262, Cys264, Ile
265 (Figure 10).
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Figure 10. 2D visualization of (a) interactions between TPPS and pro-caspase3 amino acid residues (b) interactions between
TPPS and caspase3 amino acid residues. The image was obtained using Discovery studio visualizer. (Dassault Systèmes
(V20.1.0.19295), San Diego, CA, USA).

3.4. In Vitro Biological Studies

3.4.1. Phototoxicity and Cell Morphologic Alterations

The photodynamic activity of γ-Fe2O3 NPs_TPPS complexes was evaluated in com-
parison with that of the individual components of the system and performed by MTT
assay. After 24 h after treatment, the Mel-Juso cells were washed and then irradiated at
405 nm at 2 different power densities of 1 mW/cm2 (Figure 11) and respectively, 2 mW/cm2

(Figure 11b) for different time intervals (0.5, 1, 2.5 and 5 min). After irradiation, cells were
incubated for another 24 h. As demonstrated in Figure 11, the phototoxicity of TPPS and
γ-Fe2O3 NPs_TPPS on melanoma cells increased with the elevation of led power density
and irradiation time. Moreover, the suppression of cell viability was dependent on the TPPS
concentration. For example, the viability of cells ex-posed to 1 µg/mL TPPS decreased
by 40% compared to control after 5 min irradiation with 1 mW/cm2 power density and
by 80% when exposed to 2 µg/mL in the same conditions. The results revealed that none
of the applied conditions had a significant effect on cells treated with free γ-Fe2O3 NPs,
except for a slight increase corresponding to the dose of 2.75 µg/mL, thus demonstrating
their biocompatibility. However, the phototoxicity of TPPS was significantly enhanced in
the presence of NPs. A pronounced reduction of cell viability was observed starting with a
dose of 0.5 µg/mL TPPS in cells incubated with γ-Fe2O3 NPs_TPPS compared with the
one with free TPPS. As shown in Figure 11b, at 2 mW/cm2 power density, regardless the
irradiation time, cells that were treated with a concentration higher than 1 µg/mL TPPS
presented a very significant decrease of cellular viability. In comparison, at 1 mW/cm2

power density, a higher per-centage of cells survived only when irradiated for 0.5 and
1 min. Based on these results, irradiation of cells at 1 mW/cm2 power density for 1 min
was considered the most suitable setup for the next determinations.
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Figure 11. Variation of Mell-Juso cell viability depending on irradiation time (min), led power density (mW/cm2) and
treatment dose. Cells were incubated for 24 h with γ-Fe2O3 NPs, TPPS and their complex at different concentrations
and then irradiated for 0.5, 1, 2.5 and 5 min at (a) 1 and respectively (b) 2 mW/cm2 power densities. After 24 h from
irradiation cell viability was evaluated by MTT assay. Data (n = 3) were expressed as percentages related to control (100%)
± standard deviation (SD). The results were considered statistically significant when * p < 0.05; ** p < 0.01; *** p < 0.001
(sample vs. control).

Using these selected parameters, we evaluated the morphologic aspect of Mel-Juso
cells and their viability after incubation with γ-Fe2O3 NPs_TPPS complexes and LED
irradiation (Figure 12a,b). The morphologic aspect of non-irradiated cells was similar to
that of the control, which is characteristic for epithelial cells presenting smooth, unruffled
borders. When cells were irradiated for 1 min, the cells changed their aspect dependent
by TPPS concentration. A significant decrease of cell density was noticed after incubation
of cells with γ-Fe2O3 NPs_TPPS complexes starting from a dose of 0.5 µg/mL TPPS. As
observed in Figure 12a, plenty of cells detached from the substrate acquiring a round
shape with irregular borders. Non-specific cell extensions and apoptotic vesicles were also
detected at a dose higher than 0.75 µg/mL TPPS.
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Figure 12. The effect of no irradiation vs. irradiation (λ ~ 405 nm, 1 mW/cm2, 1 min) conditions on morphology and
viability of treated Mel-Juso cells. (a) Bright-field images of Mel-Juso cells after 24 h exposure to different concentration
of γ-Fe2O3 NPs_TPPS complex: (1) 0.5 µg/mL NPs and 0.1 µg/mL TPPS; (2) 2.75 µg/mL NPs and 0.5 µg/mL TPPS;
(3) 4.16 µg/mL NPs and 0.75 µg/mL TPPS; (4) 5.5 µg/mL NPs and 1 µg/mL TPPS and subjected or not to led irradiation.
Magnification 10X. Scale bar is 50 µm. (b) Cell viability of Mel-Juso cells after 24 h incubation with TPPS and γ-Fe2O3

NPs_TPPS complex at different concentrations. Data (n = 3) were expressed as percentages related to control ± standard
deviation (SD). The results were considered statistically significant when * p < 0.05; *** p < 0.001 (sample vs. control).

The alterations noticed in the microscopic images were confirmed by MTT assay
(Figure 12b). Without irradiation, exposure of Mel-Juso cells to γ-Fe2O3 NPs_TPPS com-
plexes or free TPPS generated no significant toxicity except for the dose of 1 µg/mL
γ-Fe2O3 NPs_TPPS complexes where viability slightly decrease by 10%. When irradiated,
melanoma cells incubated with γ-Fe2O3 NPs_TPPS complexes presented a 45% viability
compared to control at a dose of 0.75 µg/mL TPPS. However, no significant changes were
observed for cells incubated with free TPPS.

3.4.2. ROS Production and Antioxidant Protection

PDT-induced cell death generally occurs through the generation of intracellular ROS.
Therefore, we measured intracellular ROS levels in melanoma cells to evaluate the photo-
dynamic activity of synthesized complexes. As shown in Figure 13, under irradiation, the
ROS production increased significantly in a dose-dependent manner in cells treated with
γ-Fe2O3 NPs_TPPS complexes starting with a dose of 2.75 µg/mL NPs and 0.5 µg/mL
TPPS respectively. Interestingly, no change of ROS level was detected in cells treated with
free TPPS or γ-Fe2O3 NPs excepting the highest dose of NPs where a slight elevation of
ROS production was found. In non-irradiated conditions, the level of ROS in treated cells
was similar to that of control.

In order to evaluate the antioxidant defense response of treated cells exposed or not
to irradiation, the intracellular GSH level was measured (Figure 14). When irradiation
was applied for 1 min, the GSH level increased significantly by 55% and 31% respectively
compared to control in cells treated with the two selected doses of γ-Fe2O3 NPs_TPPS. In
cells that were not exposed to LED light, we found that the GSH content of treated cells
was almost similar to the one measured in control cells.
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Figure 13. Intracellular ROS production after incubation for 24 h with different concentrations of γ-Fe2O3 NPs, TPPS and
their complex and exposure to no irradiation vs. 1 min irradiation (λ ~ 405 nm, 1 mW/cm2) conditions. Data (n = 3) were
expressed as percentages related to control ± standard deviation (SD). The results were considered statistically significant
when *** p < 0.001 (sample vs. control).
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Figure 14. Variation of reduced glutathione (GSH) content in Mel-Juso cells incubated for 24 h
with 2 different doses of γ-Fe2O3 NPs, TPPS and their complex and submitted or not to 1 min led
irradiation (λ ~ 405 nm, 1 mW/cm2). Data (n = 3) were expressed as percentages related to control
± standard deviation (SD). The results were considered statistically significant when * p < 0.05;
*** p < 0.001 (sample vs. control).

3.4.3. Protein Expression of Proliferation, Cell Adhesion and Apoptosis-Related Markers

To demonstrate the anti-tumor potential of γ-Fe2O3 NPs_TPPS in combination with
LED irradiation, Western blotting analysis was performed on three apoptosis-related
proteins, caspase 3, Bax and NF-kB, a proliferation marker MCM-2 and a com-ponent
of adherens junctions, that promotes cell adhesion, β-catenin (Figure 15). The results
showed a significant decrease of MCM-2 and β-catenin protein levels dependent on TPPS
concentration in the Mel-Juso cells treated with γ-Fe2O3 NPs_TPPS and irradiated for
1 min at 1 mW/cm2 power density. A slight decrease was also noticed in cells treated with
free TPPS in a dose of 0.75 µg/mL. No significant changes in the ex-pression of these two
proteins were observed in any of the other conditions. The protein level of pro-caspase 3
decreased concomitantly with the increase of caspase 3 ex-pression, resulting in apoptosis
activation in Mel-Juso cells treated with γ-Fe2O3 NPs_TPPS complexes and exposed to

497



Pharmaceutics 2021, 13, 2130

irradiation. Elevation of Bax expression, a pro-apoptotic protein, was observed only in
cells treated with the higher dose of γ-Fe2O3 NPs_TPPS (0.75 µg/mL TPPS). For the same
condition, we observed an inhibition of NF-kB protein expression compared to control cells,
which confirm induction of apoptosis and suppression of proliferation. For non-irradiated
cells, using the same doses and exposure intervals, no significant changes in the expression
of the analyzed proteins were found.
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Figure 15. The protein expression of Pro-caspase 3, caspase 3, Bax, NF-kB, MCM-2 and β-catenin in Mel-Juso cells after
24 h incubation with 2 different concentrations of γ-Fe2O3 NPs, TPPS and their mixture and exposure to no irradiation vs.
1 min irradiation (λ ~ 405 nm, 1 mW/cm2) conditions. (a) Blot bands corresponding to control (Ctr), γ-Fe2O3 NPs (a. 2.75;
b. 4.16 µg/mL), TPPS (c. 0.5; d. 0.75 µg/mL) and γ-Fe2O3 NPs_TPPS complex (a+c, b+d); (b) Quantification of blot images.
Data (n = 3) were normalized to β-actin and expressed as percentages related to control (100%) ± standard deviation (SD).
The results were considered statistically significant when * p < 0.05; ** p < 0.01; *** p < 0.001 (sample vs. control).

4. Discussion

To evaluate the potential of the newly synthesized γ-Fe2O3 NPs_TPPS complexes in
melanoma PDT, their anti-tumoral activity was investigated on amelanotic Mel-Juso cells
exposed to 405 nm LED irradiation. The blue light treatment at 450 nm wavelength and
10 J/cm2 had better results than red light in an in vitro melanoma study [55]. The efficiency
and the safety of red (635 nm) and blue (400 nm) light in PDT of basal cell carcinoma seems
to be equally safe and effective [56], but porphyrins expect to deliver better results at 410 nm
than in red light [57]. In melanoma PDT treatment, flavin mononucleotide shows good
results after blue light irradiation (450 nm), resulting in an 85–90% inhibition of tumour
growth [58]. Although the low depth penetration of blue light (at 400 nm of 1 mm [59]), the
low expression of melanin pigment present in Mel-Juso cells [60,61] can suggest that the
405 nm LED light only induces the activation of porphyrin derivate, without its absorption
by melanin. Our results indicated the efficiency of the PDT procedure at 405 nm in vitro on
Mel-Juso melanoma cells. Although, the low skin penetration depth that characterizes blue
light limits the PDT impact in vivo, it can be applied to superficial tumors. The blue light
was already used in clinical trials to treat actinic keratoses [62,63] and it was suggested
that blue light improved skin texture and smoothness and that can be used for treating
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photodamaged skin. The blue light is potentially safe and effective and could be employed
for treatment of acne, acne rosacea, and sun-damaged skin [62]. Also, in [58] has been
reported a melanoma xenograft regression in mice (85–90%) after blue light photoactivation.
Taking into account all of these, future research is worth to be carried out for increasing
the outcome of blue light PDT by controlling the PS activation and the reactions in the
tegument tissue layers.

Previous studies showed that synthetic anionic porphyrins present high photoactivity
and, accumulate rapidly and preferentially in tumor cells [64,65]. However, their use has
been associated also with several disadvantages including aggregation, dark toxicity (in the
absence of light) and side effects (e.g., neurotoxicity) which has impeded its development
as a PS [65]. Using iron oxide nanoparticles as a vehicle can solve these disadvantages.
Apart from being a PS agent, TPPS also improved the stability of the γ-Fe2O3 NPs_TPPS
suspension and its aggregation significantly decreased. Moreover, using γ-Fe2O3 in com-
bination with PS can significantly enhance the PDT efficiency, apart from eliminating the
side effects of simple PS. Also, due to the magnetic properties of these vehicles they can be
used as a targeted method, thus increasing the selectivity of the PDT [11]. The strategy to
combine porphyrin with NPs may lead to an increase of the delivery of this compound
within the target cells, thus leading to the enhancement of the porphyrin photoactivity in
PDT at smaller doses and to the reduction of systemic toxicity.

Our results showed that γ-Fe2O3 NPs_TPPS has an increased phototoxicity compared
with free TPPS. The preliminary cytotoxicity studies revealed that the phototoxicity of
γ-Fe2O3 NPs_TPPS is highly dependent on irradiation time, LED power density, and TPPS
concentration. The Mel-Juso cell viability decreased dramatically with over 80% from
control upon irradiation with 1 and 2 mW/cm2 power densities for 5 min in the presence
of γ-Fe2O3 NPs_TPPS corresponding to a TPPS concentration ≥0.5 µg/mL. A different
response was obtained in cells treated with free TPPS, in the same conditions. Here, the
phototoxicity was significantly lower compared to the one of functionalized TPPS. No
significant alteration of cell viability was noticed in cells incubated with free NPs which
attests their high biocompatibility but also might suggest their capability of no interference
in PDT. Considering these results, optimal experimental conditions for further analysis
were established at 1 min irradiation and 1 mW/cm2 power density.

Furthermore, we found that in the absence of irradiation, the melanoma cell viability
has not been altered by incubation with TPPS or γ-Fe2O3 NPs_TPPS up to a concentration
of 1 µg/mL TPPS. Also, we showed that unfunctionalized TPPS did not exert toxicity under
irradiation up to a concentration of 1 µg/mL. These results might indicate a threshold
of TPPS cytotoxicity in the melanoma cells subjected or not to irradiation at 1 µg/mL. A
dose of 0.75 µg/mL of functionalized TPPS was necessary to reduce approximately half
of the melanoma cell population (IC50 dose) after 1 min irradiation followed by 24 h of
incubation. A similar study showed that a 50% lethal concentration for TPPS applied on
human skin melanoma G361 cells was 4.24 ± 0.12 µM, after 50 s of irradiation with a
dose of 1 J/cm2 and 24 h incubation of cells [66]. After a microscopic examination, we
noticed significant morphologic alterations of melanoma cells incubated with γ-Fe2O3
NPs_TPPS which correspond to dead cells including unspecific cell extensions, ruffle
borders shrinkage, blebbing or apoptotic vesicles. Many detached cells floating in the
culture media were also present.

Despite the fact that TPPS is a good photosensitizer with a quantum yield of singlet
oxygen generation of about 80% (determined via phosphorescence detection at 1270 nm),
at concentrations up to 1 µg/mL and at a very low dose of light irradiation (1 mW/cm2

and 1 min exposure), it did not show a PDT effect, in contrast with the iron oxide nanopar-
ticles having the same TPPS loading. Our studies showed that γ-Fe2O3 NPs has led to a
significant increase of TPPS photodynamic activity.

The photophysical studies showed for γ-Fe2O3 NPs_TPPS, a quantum yield of sin-
glet oxygen generation of 60%, slightly lower than the porphyrin alone. These suggest
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that the significant ROS increase is due to the ability of synthesized NPs to deliver the
photosensitizer intracellularly.

The photooxidation efficiency of TPPS in melanoma cells increased in a concentration
dependent manner when it was added in combination with NPs. These results are in
correlation with the above cytotoxicity results and might suggest the contribution of NPs in
the TPPS cell internalization and its accumulation in the cytosol. Our assumption is based
on previous studies regarding the internalization of iron oxide NPs. It was shown that
endocytosis is the most frequent mechanism of cellular uptake for this kind of nanoparti-
cles [67]. More intracellular uptake pathways of iron oxide NPs were proposed including
passive diffusion, micropinocytosis, receptor-mediated endocytosis, clathrin-mediated en-
docytosis, caveolin-mediated internalization, and other clathrin and caveolin-independent
endocytosis [68]. Furthermore, several research studies indicated that the incubation with a
higher concentration of NPs results in a higher internalization that could reach a maximum
after 24 h of exposure [69]. In melanoma cells, it was shown that internalization of super-
paramagnetic iron oxide nanoparticles coated with polyvinyl alcohol and functionalized
with amino groups is visible after 24 h of continuous exposure [70]. In another study,
on human melanoma cells, it was shown that exposure to ultrasmall superparamagnetic
iron oxide nanoparticles induced a clathrin-mediated uptake with the involvement of the
endosomal-lysosomal pathway [71].

Iron oxide NPs are internalized into cells usually by endocytosis and digested to iron
ions inside lysosomes where also NP-functionalized compounds are released in cytosol.
This localization might contribute to the increase of efficiency of γ-Fe2O3 NPs_TPPS on
cancer cells. The PDT efficacy might be also partly due to a release of lysosomal constituents
such as cathepsins to the cytosol along with TPPS [72]. The released iron ions could also
enhance PDT efficacy by contributing to the increase of ROS production. Iron ions are
involved in catalyzation of the Fenton reaction, which produces highly reactive hydroxyl
radical (OH•) from peroxide (H2O2) and superoxide anions (O2

−).
In cells, ROS production is balanced by enzymatic and non-enzymatic antioxidant

defense systems. An excess of ROS induces the loss of antioxidant capacity and macro-
molecular damage thus triggering oxidative stress. In this direction, we further evaluated
the intracellular GSH level in melanoma cells. This most abundant endogenous thiol
compound, is a non-enzymatic antioxidant with important roles in maintaining redox
homeostasis through direct scavenging or enzymatic catalysis of electrophilic and oxidant
species [73,74]. The elevated GSH level found in tumor cells confers them therapeutic resis-
tance by preserving the levels of cysteine and detoxification of xenobiotics [75]. Previous
studies suggest that overexpression of GSH might be also correlated with resistance to
PDT [76,77]. In the current study, we found that the treatment with γ-Fe2O3 NPs_TPPS
under 1 min irradiation induced a slight elevation of GSH synthesis compared to control
as a response to high ROS production. Moreover, we noticed that the increase of GSH
content was inversely proportional with the increase of ROS level. These data indicate
that the cells were not able to efficiently counteract the oxidative stress. Once installed, the
oxidative stress can lead to significant oxidative modifications, including protein oxidation,
lipid peroxidation, DNA damage, inflammation, perturbation of signaling pathways and
activation of cell death mechanisms [78].

To further investigate the anti-tumor mechanisms triggered in melanoma cells follow-
ing photodynamic activation of functionalized TPPS, we analyzed some specific protein
markers involved in different cellular processes such as apoptosis, proliferation and cell ad-
hesion. We obtained a decrease of pro-caspase 3 protein level in parallel with the activation
of caspase 3 in cells incubated with γ-Fe2O3 NPs_TPPS at 0.5 µg/mL and 0.75 µg/mL TPPS
and irradiated for 1 min. These results indicate activation of apoptosis in melanoma cells
as cell death mechanisms. Additionally, in the same cells, we found a slight upregulation
of Bax protein, a major member of the pro-apoptotic group of the Bcl-2 family, which can
activate caspase-3 through the intrinsic apoptotic pathway. Because of the small increase
of Bax protein expression, we assume that activation of caspase 3 in Mel-Juso cells was
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achieved possibly by multiple pathways. Inhibition of NF-kB (nuclear factor kappa-light-
chain-enhancer of activated B cells) in these cells also confirmed the induction of apoptosis
but also the suppression of proliferation [79]. NF-kB plays a critical role in the cellular
response to different stimuli including stress, free radicals and ultraviolet irradiation and
controls signaling pathways involved in cell survival. The TPPS-mediated apoptosis was
reported also in human gastric cancer HGC27 and SNU-1 cells treated with a dose of
6.25 µM TPPS derivate and irradiation by a laser at 650 nm with 12 J/cm2 [80].

In cells, DNA replication process is assisted by minichromosome maintenance proteins
(MCMs), considered also proliferation markers and key tools in the diagnosis and prognosis
of cancer [81]. Very recently, it was found that melanoma is characterized by elevated
expressions of MCM-2–6 and MCM-10 proteins [82]. Moreover, MCM-2-index is correlated
with lower survival rates and this protein in association with COX-2 and p-Akt1 contribute
to cell-cycle dysregulation in melanoma [83]. Considering this, we have analyzed the
expression of MCM-2 protein to evaluate the status of the proliferative capacity of tumor
cells under tested conditions. The bands revealed on blot membranes showed a decreased
expression of MCM-2 protein in Mel-Juso cells exposed to γ-Fe2O3 NPs_TPPS followed by
irradiation, which confirmed the inhibition of melanoma cells proliferation. These results
were also in correlation with the cytotoxicity evaluation and morphologic examination data.
We assume that the decrease of MCM-2 protein expression may be a consequence of ROS
overproduction induced in melanoma cells through TPPS activation after 1 min irradiation
in the presence of γ-Fe2O3 NPs_TPPS. It is well known that overproduction of ROS is
positively correlated with cell cycle arrest and apoptosis. ROS are highly active oxygen-
containing molecules that play an essential role in cell cycle progression by regulating
the ubiquitination process via intermediate phosphorylation of cyclins-dependent kinases
(CDKs) and cell cycle regulatory molecules. MCM-2 is one of the molecules that regulate
cell proliferation and the cell cycle via G1/S phase arrest. The regulatory mechanisms that
modulate and control its activity are diverse and complex, particularly, phosphorylation by
multiple kinases [84]. Compelling evidence showed that the decrease of MCM-2 expression
may be a consequence of downregulation of CK2α the catalytic subunits of protein kinase
CK2 [85], or a result of Notch-mediated cell cycle arrest and its dependent kinases [86].

Furthermore, the protein expression of β-catenin, a structural component of cell–cell
adhesions was also investigated. The role of β-catenin in melanoma is not completely
understood. It’s up-regulation has been linked to the suppression of melanoma cell in-
vasion [87], but also was reported that blockade of β-catenin in metastatic melanoma
cell lines induces apoptosis and inhibits proliferation, migration and invasion but not in
primary melanoma cell lines [88]. In the current study, we found that protein expression
of β-catenin was pronouncedly down-regulated in our primary melanoma cells when
incubated with γ-Fe2O3 NPs_TPPS and then irradiated. A slight decrease in its expression
was also registered in the irradiated cells treated with free TPPS at the highest concentra-
tion. The reduction of β-catenin protein expression may result following ROS generation.
Previously, it was shown that the degradation of β-catenin in epidermal cells is caused by
ROS accumulation through caspases activation. Simultaneously, damage of cell adhesion
may induce ROS production and caspase activation, indicating a loop mechanism involved
in cell death [89].

Taking all results into consideration, we tend to believe that in this case, suppression
of β-catenin contributes to the induction of apoptosis, suppression of proliferation and
reduction of cell adhesion.

5. Conclusions

This study proved the anti-tumoral effect of the newly synthesized γ-Fe2O3 NPs func-
tionalized with 5,10,15,20-(Tetra-4-sulfonatophenyl) porphyrin on human melanoma cells
subjected to PDT by 405 nm LED irradiation. The NPs were synthesized by laser pyrolysis
and their nanometric size and crystallinity were confirmed by DLS, XRD and TEM analyses.
The loading efficiency of NPs with TPPS was estimated by using absorption spectroscopy.
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The γ-Fe2O3 NPs_TPPS complexes showed a good efficiency for singlet oxygen gener-
ation, a quantum yield of 60% being determined by measurements of 1O2 phosphorescence
at 1270 nm.

Predicted toxicity results suggested that this compound is probably safe to use, but
future tests are needed. The low binding energy between TPPS and pro-caspase 3 suggests
a possible affinity of TPPS to the inactive form of caspase.

The biological investigations showed that γ-Fe2O3 NPs has led to a significant increase
of TPPS photodynamic activity for a very low irradiation dose (1 mW/cm2 irradiation
intensity and 1 minute of exposure). Despite the fact that TPPS is a good photosensitizer
with a high quantum yield of singlet oxygen generation, it did not show a PDT effect at
our low light dose, in contrast to iron nanoparticles loaded with the same concentration of
TPPS. This could possibly indicate a good cell internalization rate of newly synthesized
γ-Fe2O3 NPs functionalized with TPPS.

A threshold of TPPS cytotoxicity in melanoma cells exposed or not to blue light radia-
tion was found at 1 µg/mL. Moreover, we showed that photoactivated γ-Fe2O3 NPs_TPPS
could trigger apoptosis in melanoma cells and might suppress tumor proliferation and cell
adhesion by modulating the MCM-2 and β-catenin pathways.
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Abstract: The application of antibodies in nanomedicine is now standard practice in research since it
represents an innovative approach to deliver chemotherapy agents selectively to tumors. The variety
of targets or markers that are overexpressed in different types of cancers results in a high demand for
antibody conjugated-nanoparticles, which are versatile and easily customizable. Considering up-
scaling, the synthesis of antibody-conjugated nanoparticles should be simple and highly reproducible.
Here, we developed a facile coating strategy to produce antibody-conjugated nanoparticles using
‘click chemistry’ and further evaluated their selectivity towards cancer cells expressing different
markers. Our approach was consistently repeated for the conjugation of antibodies against CD44
and EGFR, which are prominent cancer cell markers. The functionalized particles presented excellent
cell specificity towards CD44 and EGFR overexpressing cells, respectively. Our results indicated that
the developed coating method is reproducible, versatile, and non-toxic, and can be used for particle
functionalization with different antibodies. This grafting strategy can be applied to a wide range of
nanoparticles and will contribute to the development of future targeted drug delivery systems.

Keywords: mesoporous silica nanoparticles; antibody functionalization; targeted drug delivery systems

1. Introduction

Despite the numerous advances in treatment options, cancer remains a leading cause
of mortality worldwide. Existing methods bear limitations and complications, such as
incomplete removal of the tumor and severe side effects. Therefore, a combination of
treatments is often required to reach the desired results [1–3]. The urge to develop more
effective therapies gave rise to intensive research in delivery of chemotherapeutics using
nanoparticles. Engineered nanoparticles have been shown to serve as excellent drug nano-
carriers. Among the advantages of using nanoparticles are their higher drug-loading
capacity, the protection of the drugs against degradation during blood circulation, and
the possibility to easily add other functionalities. As the size of particles can be tailored,
nanoparticles between 20 and 200 nm can take advantage of the enhanced permeability
and retention (EPR) effect, to passively accumulate near the tumor because of abnormal
blood vessel architecture [4,5]. However, over the last years, increasing debate on the EPR
effect has emerged, raising doubts about its reliability and applicability [6–8]. Moreover,
it has been repeatedly reported that only a small percentage of nanoparticles intravenously
injected in mouse models actually reaches the tumor cells [9–11]. This is caused by the
obstacles or biological barriers encountered by nanoparticles, which limit their delivery
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to the tumor. These include the bloodstream, the innate immune system, the endothelial
wall, and the dense extracellular matrix (ECM) of the tumor [12,13]. The ECM consists
of fibers (such as collagen and fibronectin), which are known to hamper the diffusion of
nanoparticles significantly [14]. This, together with an increased interstitial fluid pressure
at the tumor site, poses a substantial barrier for nanoparticle transport to the tumor. To this
end, strategies that can enhance the delivery of nanoparticles are widely being explored
today. Active targeting of nanoparticles to cancer cells is one of those strategies [15,16].

Over the years, a wide range of nanoparticles have been engineered and several
approaches have been developed to promote nanoparticle internalization into specific
cells. Often, nanoparticles are functionalized with ligands that recognize overexpressed
receptors or markers present on the cancer cell membrane [5,17,18]. In doing so, they
facilitate specific accumulation of the drug in cancer cells [19]. Folic acid or transferrin-
conjugated nanoparticles are popular examples of such drug delivery systems (DDSs),
as they bind to folate and transferrin receptors, respectively, overexpressed in certain
cancers [18,20,21]. Typically, one nanoparticle is designed against a particular receptor
or marker, hence targeting a specific cancer. However, patients with the same type of
cancer can overexpress different markers. For instance, overexpression of the estrogen
receptor (ER) is linked to a hormone-sensitive form of breast cancer (ER+), while HER2 is
overexpressed in an aggressive and fast-growing type of breast cancer (HER2+) [22–24].
Given the variety in potential targets, there is a continuous search for simple methods to
customize nanoparticles, turning them into versatile nano-carriers. To this end, antibodies
have proven to be a promising strategy as they can be developed against most of the
existing markers. The success of antibodies in targeting tumor cells has already been proven
with the development of antibody–drug conjugates, which have emerged as powerful
therapeutic agents in cancer therapies. To date, nine ADCs have been approved by the
FDA for clinical use [25–29]. After the advances in antibody-drug conjugates, conjugation
of antibodies to nanoparticles yields great therapeutic potential [30,31].

Conjugation of antibodies to nanoparticles can be achieved via different strategies,
i.e., ionic adsorption (non-covalent attachment) [32], covalent binding (including carbodi-
imide chemistry [33], maleimide chemistry [34] and click-chemistry [35]) or using adapter
molecules such as biotin [36]. In ionic adsorption, antibodies are linked to the nanoparticles
via electrostatic interactions [37], leading to poor reproducibility and low stability [38].
Alternatively, adapter molecules, such as the avidin-biotin couple, can be implemented,
but this interaction is influenced by the pH, affecting nanoparticle stability in more acidic
conditions as found in the tumor microenvironment [39].

Covalent attachment is achieved by functionalizing the nanoparticle surface with
functional groups (e.g., amine, carboxylic, maleimide etc.), which can react with the amino
acid side chain of the antibody by standard conjugation methods. Covalent attachment
of antibodies is generally preferred, provided that an appropriate approach is used. For
instance, while EDC/NHS coupling is a common method for covalent attachment [40],
it can result in oligomerization of antibody molecules [41]. Furthermore, some conjugation
methods require the use of catalysts, often metals, that can lead to increased toxicity of the
nanoparticles if not fully removed from the solution [42,43]. Therefore, when using covalent
conjugation, a catalyst-free approach and vast optimization are important. Despite the
progress in nanoparticle functionalization, there is still an urge for simple and reproducible
strategies to conjugate antibodies to nanoparticles, enabling the development of versatile
DDSs, which can easily be customized for selectivity towards different cancer markers.

In this work, we propose a simple and reproducible coating strategy for antibody
conjugation to nanoparticles. To avoid the use of catalysts, we developed an approach
based on copper-free click chemistry (Figure 1). Briefly, antibodies were labelled with
a dibenzocyclooctyne (DBCO) moiety, while an Azide (N3) group was attached to the
nanoparticles. The independent activation of the antibody and nanoparticles reduces
the possibility of oligomerization of the antibody or aggregation of the particles. We
proved the versatile nature of our method by creating two different types of particles,
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either conjugated to an anti-Cluster of Differentiation 44 (anti-CD44) or anti-Epidermal
Growth Factor Receptor (anti-EGFR) antibody, targeting CD44 or EGFR overexpressing
cells, respectively. CD44 and EGFR are surface receptors that manifest themselves as
important bio-markers in cancer [44,45]. In this report, mesoporous silica nanoparticles
(MSNPs) were used as a model application for our coating strategy. In recent years,
MSNPs have been pointed out as extremely promising tools in cancer research given
their high biocompatibility, chemical stability, high drug-loading and -releasing capacities,
straightforward functionalization and low-cost, scalable fabrication [46–48]. For these
reasons, MSNPs were chosen as a study model of DDSs for further surface modifications.
Nevertheless, we foresee that the coating strategy here presented can be easily applied to
a wide range of nano-carriers besides MSNPs, as it only requires the presence of amine
groups on the surface of the nanoparticle. This simple conjugation strategy will contribute
to the up-scaling of antibody-conjugated nanoparticles and to the future developments of
targeted nanoparticles with multiple functionalizations.

Figure 1. Schematic representation of the antibody-conjugated nanoparticle preparation: (a) Mesoporous silica nanoparticles
(MSNPs) loaded with the drug (Doxorubicin) and coated with a polyethyleneimine (PEI) layer (gray) are grafted with an
Azide moiety (N3, green) using NHS ester coupling. (b) The lysine residues (purple) of different antibodies were labelled
with a DBCO moiety (blue) via NHS ester coupling. (c) Click chemistry reaction of the Azide-functionalized nanoparticle
with the DBCO-labelled antibodies resulting in the final antibody-conjugated nanoparticle.

2. Materials and Methods

2.1. Materials

Mouse anti-human EGFR (αEGFR, monoclonal, cat. BE0278) and rat anti-human CD44
(αCD44, monoclonal, hermes-1, cat. BE0039) were purchased from Bio X Cell (Lebanon, NH,
USA). Goat anti-rabbit IgG (cat. ab6702) was purchased from Abcam (Cambridge, United
Kingdom). Secondary antibodies, donkey anti-rat IgG Alexa Fluor 488 (cat. A-21208)goat
anti-mouse IgG Alexa Fluor 488 (cat. A11001), Dulbecco’s modified eagle medium (DMEM),
LysoTrackerTM Deep Red, DiR lipophilic dye, Gentamicin, Dulbecco’s phosphate buffered
saline (PBS, no calcium, no magnesium), Formaldehyde (4% in PBS), trypsin-EDTA (0.5%),
Hank’s balanced salt solution (HBSS, no phenol red), Ethanol (absolute, 99.9%), donkey-
anti-rat IgG-Alexa Fluor 488 (cat. A-21208), and Zeba™ Spin Desalting Columns (40K
MWCO, 0.5 mL) were purchased from ThermoFisher Scientific (Waltham, MA, USA).
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Tetraethyl orthosilicate (TEOS, 98%), cetyltrimethylammonium chloride solution (CTAC,
25% in H2O), triethanolamine (TEA, 99%), hydrochloric acid (HCl, 1 N), Rhodamine B basic
violet 10 (RhoB, 93%), Fluorescein isothiocyanate (FITC), (3-Aminopropyl)triethoxysilane
(APTES), polyethyleneimine solution (PEI, 50% w/v in H2O), Triton X-100 (0.1%), N-(3-
dimethylaminopropyl)-N’-ethyl-carbodiimide (EDC, 97%), Dimethyl sulfoxide (DMSO,
>99.5%) and 3D Petri Dish®—Microtissues were purchased from Sigma Aldrich (Saint
Louis, MO, USA). Atto488 and Atto565 NHS ester conjugate were purchased from Atto-TEC
GmbH (Martinshardt, Siegen, Germany). DBCO-PEG4-NHS-ester and N3-PEG4-NHS-ester
were purchased from Click Chemistry Tools (Scottsdale, AZ, USA). The A549 cell line was
obtained from Sigma Aldrich (ECACC 86012804). The A431, Hek293T and NIH3T3 cell
lines were a kind gift from Prof. Hideaki Mizuno (KU Leuven, Belgium) [49,50]. The HepG2
cell line was obtained from Prof. Hitoshi Kasai (Institute of Multidisciplinary Research for
Advanced Materials (IMRAM, Chome-1-1 Katahira, Aoba Ward, Sendai, Miyagi 980-8577,
Japan [51]). BJ1-hTERT cells were a kind gift of Dr. Barderas (Instituto Salud D. Carlos
III, Spain). FuGENE® 6 and Alexa Fluor 488 HaloTag® ligand were both purchased from
Promega (Madison, WI, USA). The pcDNA3-EGFR-HaloTag® plasmid was a kind gift from
the laboratory of Prof. Dr. Hideaki Mizuno (KU Leuven, Belgium). All the chemicals were
used without further purifications.

2.2. CD44, EGFR and IgG Antibody Labelling

The antibodies (rat anti-human CD44, mouse anti-human EGFR and goat anti-rabbit
IgG) were functionalized with DBCO-PEG4-NHS ester for conjugation onto the nanopar-
ticles via copper-free click chemistry. In addition, a fluorescent label, Atto565-NHS ester
(for the EGFR antibody and the IgG) or Atto488-NHS ester (for the CD44 antibody), was
sometimes grafted onto the antibody for further investigations via fluorescence microscopy.
The labelling of 500 µg of antibody was carried out in 50 mM of borate buffer pH 8.5
(antibody concentration 1 mg/mL). Then, 10 molar equivalents of DBCO-PEG4-NHS es-
ter and 2 molar equivalents of Atto565-NHS ester or Atto488-NHS ester (when needed)
were added to the reaction, according to Eggermont and Hammink et al. [52]. After 6 h
under magnetic stirring at room temperature, the dual labelled antibodies were purified
over a 0.5-mL 40K Zeba desalting column to remove residual-free Atto565-NHS ester and
DBCO-PEG4-NHS ester molecules. After purification, absorption measurements were
carried out using a UV-VIS spectrophotometer (BioDrop µLite, BioChrom in Figure S2).
The absorption at different wavelengths was used to determine the concentration of protein,
DBCO and fluorescence dyes (A280 for the antibody, A309 for DBCO, A488 for Atto488 and
A565 for Atto565). The values obtained corresponded to a labelling degree of an average
of 10 molecules of DBCO and 2 dye molecules per antibody (absorption spectra shown in
Figure S2). Previous reports have shown that this degree of labelling does not induce loss
of antibody specificity [53].

2.3. Synthesis MSNPs

The MSNPs were synthetized by the biphase stratification method reported by
Shen et al. [54]. In short, 0.18 g of TEA was mixed with a solution of 24 mL of CTAC
and 36 mL of milli-Q water. This mixture was heated to 60 ◦C under magnetic stirring for
1 h. Next, 20 mL of TEOS (20 v/v % in octadecene) was slowly added with a syringe and the
reaction was kept proceeding overnight. When fluorescein (FITC) was linked to the MSNPs’
matrix (FITC encapsulation), 16.6 mg of FITC was dissolved in 10 mL 99.8% ethanol and
400 µL of (3-Aminopropyl)triethoxysilane (APTES). This mixture was stirred for 2 h under
inert atmosphere to couple FITC to the aminosilane. After 2 h, the solution was added
together with the TEOS. Next, the reaction was cooled down to room temperature and the
nanoparticles were washed with a solution of HCl 1.1 M in water/ethanol (v/v = 1.25:10)
with centrifugation-dispersion-sonication cycles to remove CTAC from the pores.

Subsequently, the nanoparticles were washed two times with milli-Q water in order
to neutralize the pH.
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2.4. MSNP Dye/Drug Loading

The pores of the MSNPs were loaded with doxorubicin (Dox) or rhodamine B (RhoB)
for cytotoxicity experiments and fluorescence imaging, respectively. Loading of RhoB was
performed in milli-Q water under magnetic stirring for 3 h. For Dox loading, MSNPs
were first dispersed in phosphate buffer (pH 9) to maximize the loading efficiency. To
avoid Dox aggregation, the solution containing Dox and MSNPs was sonicated for 10 min.
Next, the solution was stirred for 24 h at 400 rpm. After loading (of Dox or RhoB), the
solution was centrifuged and the supernatant was replaced with milli-Q water and the
Dox- and RhoB-loaded nanoparticles were re-suspended (MSNPs_Dox and MSNPs_RhoB,
respectively). The supernatants of all the centrifugation steps were collected and measured
with a spectrometer in order to quantify the Dox loaded inside the MSNPs. We estimated a
Dox concentration in the MSNPs of approximately 50 µM.

2.5. MSNP Functionalization

To coat the nanoparticles with a PEI layer, a 0.75% PEI solution (in milli-Q water),
adjusted to pH 7 (with 37% HCl) was added to the dye or drug-loaded MSNPs (1:1 ratio)
in a plastic vial. This mixture was magnetically stirred for 3 h, yielding PEI-coated MSNPs.
To facilitate the Azide conjugation, PEI-coated particles were dispersed in borate buffer
(pH 8.5). To conjugate the NHS ester-PEG4-N3 linker to the PEI amine groups, an NHS
ester reaction was used. In detail, 1.5 mg NHS ester-PEG4-N3 (in DMSO) were added to
500 µL of PEI-MSNPs (10 mg/mL) in a dropwise manner and magnetically stirred for 4 h.
After the reaction, the nanoparticles were centrifuged and re-dispersed in borate buffer
(N3-PEI-MSNPs). To conjugate the desired antibody via a copper-free click reaction, 100 µg
of labelled antibody (50 µL of 1 mg/mL labelled antibody solution in borate buffer) were
added to 450 µL of N3-PEI-MSNPs (10 mg/mL). The reaction was stirred for 6 h at room
temperature. After the reaction, nanoparticles (Ab-PEI-MSNPs) were centrifuged at low
speed (700 RPM) and re-dispersed in milli-Q water.

2.6. Ab-PEI-MSNPs’ Characterization

The synthesized nanoparticles were characterized by confocal fluorescence microscopy,
scanning electron microscopy (SEM,) and atomic force microscopy (AFM). For the fluores-
cence microscopy experiments, 60 µL Ab-PEI-MNSP solution was pipetted in a CoverwellTM

perfusion chamber (ThermoFisher Scientific) placed onto a #1 coverglass. After 30 min,
when some nanoparticles had sedimented, the sample was imaged with a Leica TCS SP8
mini microscope (Wetzlar, Germany). For SEM measurements, nanoparticles were drop-
casted onto an Indium-Tin Oxide-coated glass and dried. Next, the glass was coated with
Au/Pd for 20 s. Nanoparticles were visualized using a FEI Quanta 250 FEG Scanning
Electron Microscope (ThermoFisher Scientific). Zeta potential measurements were carried
out on a Malvern Zetasizer system (Malvern, UK). For AFM characterization, an Agilent
5500 AFM with MAC III controller was used for morphological imaging in intermittent
contact mode in air. MSNL-F (f = 120 kHz, k = 0.6 N m−1, tip radius of curvature < 12
nm) probes were used. The AFM topography images were leveled, line-corrected, and
measured (line profiles for diameter determination) using Gwyddion, a free and open-
source SPM (scanning probe microscopy) data visualization and analysis program (version
2.48) [55]. AFM samples were prepared on silicon substrates freshly cleaned in piranha
solution. For bare and functionalized MSNPs that carry a negative surface charge, the
clean substrate was first incubated in PAH, followed by rinsing and drying. On the other
hand, PEI-modified MSNPs were deposited on a bare silicon substrate. For each sample,
the nanoparticle suspension was incubated for 1 min on the substrate, before rinsing with
ultrapure water and drying with pure nitrogen gas. To check the colloidal stability of
the Ab-PEI-MSNPs, turbidity measurements were performed. Accordingly, the sample
turbidity (optical density) of the nanoparticles dissolved in different media (milli-Q water,
FBS and DMEM+ 10% FBS) was determined before and after 24 h of incubation at 37 ◦C by
measuring the absorbance at 600 nm.
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2.7. Cell Culture

A549 cells, HepG2, BJ1-hTERT, NIH3T3, Hek293 and A431 cells were cultured in 25 cm2

culture flasks at 37 ◦C under 5% CO2 atmosphere. All cell lines were maintained in DMEM
medium with 10% FBS, 1% L-glutamax and 0.1% gentamicin. For fluorescence microscopy
experiments, the cells were seeded in 29-mm, glass-bottom dishes (Cellvis, Mountain View,
CA, USA) and grown until~60% confluency before adding the nanoparticles.

2.8. Immunofluorescence Labeling

A549 and HepG2 cells were stained with both the dual-labelled (with DBCO and
Atto488) and non-labelled CD44 antibody (rat anti-human CD44). First, cells were seeded in
two glass-bottom dishes and grown overnight. Next, the cells were fixed with paraformalde-
hyde (4%) and the membrane was permeabilized with Triton X-100 (0.1%), for 10 min. The
sample was carefully washed with PBS (1×) between each step. After washing, blocking
was performed for 1 h with a bovine serum albumin solution (3% in PBS). The dual-
labelled and non-labelled CD44 antibodies were added to the cells at a final concentration
of 2 µg/mL and incubated overnight at 4 ◦C. After antibody incubation, the dual-labelled
antibody samples were washed three times with PBS. The samples containing non-labelled
antibody were washed three times with PBS and incubated with the secondary antibody,
donkey-anti-rat IgG-AF488, at a final concentration of 1 µg/mL for 2 h. After that, the
samples were washed with PBS. The same protocol was used for the immunofluorescent
staining of A431 and Hek293 cells with both the dual-labelled and non-labelled EGFR
antibody (mouse anti-human EGFR). In this case, a goat-anti-mouse IgG AF488 secondary
antibody was used after incubation with the non-labelled antibody.

2.9. Ab-PEI-MSNPs’ Targeting Efficiency

A549 cells, HepG2, BJ1-hTERT, NIH3T3, Hek293 and A431 cells were seeded in
a 29 mm, glass-bottom dish and grown until 60–80% confluency. FITC-encapsulated
nanoparticles with different functionalization (bare MSNP, PEI-coated MSNPs, EGFR or
CD44 antibody-conjugated MSNPs, and IgG-conjugated MSNPs) were added to the cells
to a final concentration of 50 µg/mL. After 6 h of incubation with the NPs, the cells were
washed three times with PBS and fresh medium was added to the samples. The samples
were placed back in the incubator for an additional 24 h incubation. Prior to imaging,
the plasma membrane was stained using DiR (1 µM) in HBSS for 13 min and the sample
was washed three times with HBSS. The resulting images were analyzed to quantify the
amount of nanoparticle internalization by calculating the mean fluorescence intensity of
the nanoparticle signal inside at least 20 cells per condition using the Fiji open source
software (version 1.51). [56]. Briefly, the cell area (region of interest, ROI) was manually
selected based on the membrane staining. Next, the mean fluorescence intensity of the
nanoparticles was calculated for each ROI.

2.10. Transfection of Hek293

Hek293 was reverse transfected with a pcDNA3-EGFR-HaloTag® [50]. Transfection
was carried out according to the supplier’s protocol (FuGENE® 6, Promega). Briefly,
1 µg of DNA was added to 100 µL of serum-free DMEM medium together with 3 µL of
the transfection reagent. This mixture was vortexed shortly and incubated for 17 min.
Meanwhile, the cells were passaged and plated in 29-mm, glass-bottom dishes (Cellvis).
After 17 min of incubation, the transfection mixture was added to the plated cells in a
dropwise manner. The next day, αEGFR-PEI-MSNPs were added to the transfected Hek293
cells. After 3 h, the medium was refreshed to avoid continued uptake of nanoparticles.
The cells were incubated with the nanoparticles for a total of 24 h. After incubation, EGF
receptor was visualized in the transfected Hek293 cells after incubation with the Alexa
Fluor 488 HaloTag® ligand (Promega) for 30 min at 37 ◦C (final ligand concentration of
250 nM in cell medium).
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2.11. Fluorescence Microscopy

Confocal fluorescence imaging was performed on a Leica TCS SP8 mini microscope
implementing a HC PL APO 63× water immersion objective (NA 1.2). Distinct diode lasers
were used depending on the dye. For LysoTrackerTM DeepRed and DiR lipophilic dye,
a red, 638-nm diode laser was used at a laser power between 10 and 60 µW. For RhoB
or Atto565 detection, a green, 552-nm diode laser was used for excitation (laser power
between 20 and 80 µW), while the blue, 488-nm diode laser was used to excite Doxorubicin,
FITC and Atto488 (laser power between 10 and 50 µW). The laser powers were measured
at the objective. Detection was performed with HyD SMD high-sensitivity detectors in
standard mode, operating in a detection range of 400 to 800 nm. The detection range was
adjusted depending on the dye, with 500–550 nm for Atto488 and FITC detection, 570–
600 nm for Doxorubicin, RhoB, and Atto565 and 650–750 nm for LysoTrackerTM DeepRed
and DiR lipophilic dye detection. The images were acquired with a z-step of 1 µm and line
averaging of 3.

2.12. The αCD44-PEI-MSNPs’ Intracellular Localization

A549 cells were incubated with αCD44-PEI-MSNPs_RhoB for 24 h (at a final con-
centration of 50 µg/mL). The sample was then washed three times with PBS to remove
extracellular nanoparticles and kept in HBSS during image acquisition. One sample was
imaged immediately after 24-h incubation, while two other replicates were placed back
in the incubator for the 48-and 72-h time points (after replacing the PBS for cell culture
medium). Prior to imaging, the samples were washed with HBSS and the lysosomes were
stained with LysoTrackerTM Deep Red (100 nM final concentration in HBSS) for 15 min.
After washing three times with PBS, the samples were imaged in HBSS. The fluorescence
images acquired (see Fluorescence microscopy section) were processed and analyzed us-
ing Fiji and the built-in, co-localization plugin JACoP [57]. Within this plugin, Manders
co-localization was found as an appropriate analysis strategy as this method measures the
fraction of co-occurrence of the signal in two channels rather than their correlation [58].
After manual selection of the cell area with the region of interest (ROI) manager, the Man-
ders’ coefficient (MC) was calculated for 28–40 biological replicates for each time point
(using three technical replicates). More specifically, MC indicates the fraction of pixels of
the αCD44-PEI-MSNPs’ ROI that overlap with the pixels of the LysoTracker ROI, resulting
in a value between 0 and 1. One means that 100% of the pixels of the αCD44-PEI-MSNP
ROI overlap with the pixels of the LysoTracker channel, with 0 being a 0% pixel overlap.

2.13. Doxorubicin Release

The αCD44-PEI-MSNPs were loaded with doxorubicin to a final concentration of
40 µM (αCD44-PEI-MSNP_Dox). A549 cells were incubated with αCD44-PEI-MSNP_Dox
for 24 h. After 24 h of incubation, the sample was washed with PBS three times to remove
extracellular nanoparticles and kept in HBSS during image acquisition. One sample was
immediately measured (with confocal fluorescence microscopy), while two other replicates
were placed back in the incubator for the 48- and 72-h time points (after replacing the
PBS by cell culture medium). An additional sample was checked after 8 h of nanoparticle
incubation, in order to monitor nanoparticle endocytosis. Prior to imaging, the samples
were washed three times with PBS and the acidic vesicles were visualized by adding a
solution containing LysoTrackerTM Deep Red (100-nM final concentration in HBSS) for
15 min. After a final washing step with PBS, the samples were imaged in HBSS using a
confocal microscope.

2.14. Cytotoxicity Studies

A549 and HepG2 cells were seeded in a 96-well plate at a density of 2 × 104 cells/well.
The next day, 25, 50, 100 and 200 nM of Dox and 25, 50, 100 and 200 µg/mL of empty and
Dox-loaded αCD44-PEI-MNSPs were added to the A549 cells. Four biological replicates
were prepared for each condition. Cells incubated with nanoparticles were washed with
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PBS after 24 h of nanoparticle incubation to remove the excess of nanoparticles. The PBS
was then replaced by fresh medium and the sample was placed in the cell incubator. Then,
72 h after the addition of free Dox or nanoparticles, the cells were washed 3× with PBS
and fixed with 4% PFA (in PBS). Cells were incubated with Hoechst 33342 (1 µg/mL) for
1 h. After washing with PBS, the viable cells were imaged using a Lionheart FX automated
microscope (BioTek, Santa Clara, CA, USA) implementing a 10× air objective (NA: 0.3) and
a high-power LED of 365 nm, combined with a DAPI filter cube. Images were analyzed
using the Gen5TM software (version 3.11.19).

2.15. Statistical Analysis

The data are displayed as means ± standard deviations and error bars indicate ±

standard deviation. A randomization test was used to compare any two groups of values
and performed in the online software tool “Plots of Difference” [59]. Statistical significance
was reported as * p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Results and Discussion

3.1. The αCD44-Conjugated Nanoparticles

CD44 is a transmembrane glycoprotein receptor overexpressed in different cancers
(e.g., breast, lung, colon, head and neck, and pancreatic cancer [60–63]) and cancer stem
cells [64,65]. Its presence is often associated with high malignancy and chemo-resistance,
making it an important cancer biomarker and target for cancer therapy. Hyaluronic acid
(HA) is a ligand for the CD44 receptor and has, therefore, been widely exploited as a
poly-mer coating in targeted DDSs [2,66,67]. The ligand, HA, is naturally present in the
extracellular matrix (ECM), leading to possible competition between HA from the ECM
and the HA on the nanoparticles. As an alternative, antibodies with a high affinity for
CD44 can be implemented in the DDS to target the receptor [68–70].

3.1.1. Synthesis of Azide-Functionalized MSNPs

Our approach to conjugate antibodies to nanoparticles comprised the grafting of
different groups on both the antibody and the nanoparticle, separately (Figure 1). As a
model for nano-carriers, we used MSNPs. PEI-coated MSNPs were prepared as previously
described [49]. Briefly, MSNPs were synthesized using the biphase stratification method
and loaded with either Dox or RhoB, for cytotoxicity studies or imaging assays, respec-
tively. The fluorescence spectra of the dye/drug-loaded MSNPs are shown in Figure S1
(Supplementary Materials). A PEI layer (Mw = 1.3 kDa) was deposited on the MSNPs
(PEI-MSNPs), through electrostatic interactions. In our approach, the PEI layer served two
purposes: to provide the nanoparticles with the capability of endosomal escape (as reported
by Fortuni et al. [49]) and to functionalize the surface of the NPs with amine groups. These
amine groups were used as an anchor for further covalent functionalization. An Azide
moiety was covalently linked to the PEI-MSNPs, making use of an NHS ester-PEG4-N3
linker via NHS ester coupling (N3-PEI-MSNPs, Figure 1a). The central poly(ethylene)glycol
(PEG) chain provided extra stealth to the DDS, increasing its biocompatibility. The resulting
surface Azide groups served as docking sites for the antibodies.

3.1.2. Labelling of CD44 Antibodies

To attach the antibody molecules to the Azide-grafted nanoparticles, the antibod-
ies were functionalized with a DBCO moiety (Figure 1b). Additionally, for visualization
purposes, a fluorescent dye (Atto488 or Atto565) was also added, yielding dual-labelled
antibodies. As described in the Methods section, labelling of the lysine residues of the
antibody was achieved via an NHS ester coupling reaction. The presence of the DBCO
moiety was verified via UV-VIS absorption measurements (absorption peak at 309 nm,
see Figure S2 in Supplementary Materials). To confirm that the addition of DBCO and/or
fluorescent dye did not affect the specificity of the antibody, we performed immunostain-
ings of two cell lines, A549 and HepG2 cells, with high and low expression level of CD44,
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respectively [60]. Before testing the specificity of the DBCO/Atto488-labelled antibodies,
the CD44 expression level in both cell lines was evaluated using immunofluorescence. For
this, we stained the cells with an unmodified CD44 antibody, followed by a second stain-
ing step with a fluorescently labelled secondary antibody. As shown in Figure 2a, CD44
receptor molecules were detected in A549 cells (localized to the cell membrane), while no
CD44 immunostaining was visible on the fluorescence images acquired for HepG2 cells.
A549 cells stained with the DBCO/Atto488 dual-labelled CD44 antibodies displayed a
fluorescence signal on the plasma membrane, indicating that the specificity of the antibody
was retained after labelling (Figure 2b). The fluorescence signal present in the nucleus was
attributed to the free dye molecules still present in solution after the labelling procedure
(Figure 2c).

Figure 2. Immunofluorescence (IF) using (a) the unmodified primary rat anti-human CD44 antibody and a secondary
donkey anti-rat IgG Alexa Fluor 488 antibody on A549 and HepG2 cells, (b) dual DBCO/Atto488-labelled CD44 antibodies
in A549 cells and (c) free NHS ester-Atto488 molecules. Scale bar is 10 µm.

3.1.3. Synthesis and Characterization of αCD44-Conjugated MSNPs

The antibody was covalently linked on the nanoparticle via copper-free click chem-
istry between the Azide moiety and the DBCO-labelled antibody (generating αCD44-
PEI-MSNPs, Figure 1c). The developed nanoparticles were characterized using scanning
electron microscopy (SEM), atomic force microscopy (AFM), zeta potential measurements,
and fluorescence microscopy.

SEM images displayed a uniform size and shape homogeneity of the bare MSNPs,
PEI-MSNPs and αCD44-PEI-MSNPs (conjugation with αCD44), with a mean diameter of
118, 119 and 124 nm, respectively (Figure 3a). The average size of the bare and PEI-coated
MSNPs was in agreement with previous reports [49]. Further, a low degree of aggregation
was observed in all the samples. Although there was no significant difference in diameter
between the bare MSNPs and the PEI-MSNPs, a significant increase could be observed
upon antibody functionalization (p < 0.05). These results were confirmed with AFM mea-
surements, where an average nanoparticle height of 121, 123 and 128 nm was detected for
the MSNPs, PEI-MSNPs and αCD44-PEI-MSNPs, respectively. The corresponding AFM
images and plots are displayed in supporting information (Figure S3 in Supplementary
Materials). The increase in MSNP height upon antibody functionalization indicated a
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successful attachment to the surface. The small difference can be attributed to the average
size of an antibody (in the range of 5 to 15 nm, depending on its orientation).

Figure 3. Characterization of bare (MSNPs), PEI-coated (PEI-MSNPs), Azide-functionalized (N3-PEI-
MSNPs), and CD44-conjugated (αCD44-PEI-MSNPs) mesoporous silica nanoparticles. (a) Repre-
sentative SEM images and size distribution of the imaged particles. Values shown as mean ± SD.
Scale bar is 500 nm. (b) Confocal fluorescence images of αCD44-PEI-MSNPs in which MSNPs were
loaded with RhoB (first panel, green), while an Atto488 (and DBCO) label was conjugated to the
CD44 antibody (second panel, magenta). An overlay is displayed in the third panel. Scale bar is
20 µm. (c) Zeta-potential measurements given as mean ± SD.

Zeta potential measurements were used to follow each step of the functionalization
process. Bare MSNPs had a negative charge (−37.5 mV) due to the partially deprotonated
hydroxyl groups on the MSNP surface. Upon PEI coating, the zeta potential increased
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to +63 mV as a result of the presence of amine groups in PEI. Subsequent coupling of
the Azide moiety was reflected in a decrease in the zeta potential (+31 mV) (Figure 3c).
This decrease can be associated with the formation of an amide upon NHS coupling to
the amine. Since the amine was positively charged and the resulting amide was neutral,
the reaction promoted a decrease in the overall charge. Finally, a further decrease in zeta
potential (−6.7 mV) upon antibody grafting could be observed (Figure 3c). The charge of
the nanoparticle after antibody conjugation can be related to the isoelectric point (IEP) of
the antibody. Since the IEP of IgG antibodies lies between 6.6 and 7.2 [71], antibodies were
expected to be negatively charged at neutral pH, which agreed with our zeta potential
results and previously reported results [41,72]. To evaluate the uniformity of antibody
conjugation, MSNPs were loaded with a dye (RhoB) before functionalization. Since the
antibodies were fluorescently labelled (Atto488), the colocalization between the RhoB-
loaded MSNPs and the antibody was evaluated with confocal fluorescence microscopy.
Figure 3b shows a clear overlap between the Atto488-labelled antibody and the RhoB-
loaded MSNPs. This fluorescence data supported the findings obtained from AFM and the
zeta potential measurements, indicating the proper conjugation of the antibody.

The colloidal stability of the antibody-conjugated nanoparticles in the presence of
serum was investigated using turbidity measurements. Turbidity measurements are a stan-
dard technique to detect particle aggregation, and are well described in literature [73]. This
technique is based on the scattering of light by a solution of particles, which corresponds
to the turbidity of the suspension. The scattered light is detected via the absorbance at
600 nm (OD600). This results in a value for the optical density of the samples, which is
higher for more turbid samples. CD44 antibody-conjugated nanoparticles, dissolved in
milli-Q water, FBS, and DMEM medium with 10% FBS (used for cell culture experiments),
were incubated for 24 h at 37 ◦C. The OD600 was determined at time 0 and after 24 h of
incubation. The absorbance values are presented in Table S1 (Supplementary Materials)
and showed no significant increase in sample turbidity after 24 h of incubation in all the
tested solutions, indicating that the particles were not prone to aggregation in the presence
of serum proteins.

3.2. Selectivity and Efficiency of αCD44-Functionalized Particles

3.2.1. Targeting Capability of αCD44-PEI-MSNPs

To assess the targeting capability of the antibody-conjugated MSNPs towards CD44-
overexpressing cells, FITC-encapsulated MSNPs were used to monitor the cellular uptake
via fluorescence microscopy. In this case, targeting capability refers to the selective uptake
of the CD44 antibody-conjugated nanoparticles to CD44 receptor-overexpressing cells. The
targeting efficiency was tested by comparing the number of nanoparticles internalized
in A549 cells (human lung carcinoma cells, with CD44 receptor overexpression [74]) and
HepG2 cells (liver carcinoma, with low CD44 receptor expression [75]). Both cell lines were
incubated for 6 h with MSNPs presenting different functionalization: no coating (MSNPs),
only a PEI coating (PEI-MSNP) and both the PEI and antibody functionalization (αCD44-
PEI-MSNPs). As a control, the cells were also incubated with a nanoparticle conjugated
to a non-specific IgG antibody (IgG-PEI-MSNP). Afterwards, the medium was refreshed
to avoid further nanoparticle internalization and the cells were incubated overnight (24 h
incubation in total). The internalization was quantified by confocal fluorescence imaging
after staining the plasma membrane with a lipid intercalating dye (DiR). The fluorescence
images are shown in Figure 4. The uptake of bare MSNPs was minimal in both cell lines
(Figure 4a,e), while a coating with PEI resulted in an increase in internalization in both A549
and HepG2 (Figure 4b,f). The increase in cellular uptake of nanoparticles upon PEI func-
tionalization was in agreement with previous reports and can be attributed to the positive
charge of PEI-MSNPs, leading to a higher interaction with the negatively charged plasma
membrane, which facilitates nanoparticle internalization [49,51,76,77]. It is important to
note that this enhanced uptake of PEI-coated MSNPs was cell line unspecific. Thanks to
the charge drop (from +63 mV to −6.7 mV), this unspecific internalization was minimized
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upon antibody conjugation to MSNPs. As such, uptake of αCD44-PEI-MSNPs in HepG2
was lower, similar to the internalization of bare MSNP (Figure 4g). On the other hand,
A549 cells incubated with αCD44-PEI-MSNPs displayed a high number of internalized
particles, especially when compared to bare MSNP (Figure 4e). A quantitative mean fluo-
rescence intensity of the internalized nanoparticles revealed that there were 20 times more
particles inside A549 cells when compared to HepG2 cells (Figure 4i). Incubation with
the non-specific IgG-conjugated nanoparticles resulted in an uptake comparable to bare
MSNPs in both A549 and HepG2 cells. This low internalization could be explained by the
non-specificity of this antibody to membrane proteins in these cell lines and the negative
zeta potential (−11.8 mV) of the resulting IgG-conjugated nanoparticles (which minimized
their non-specific uptake). To assure that the observed increase in cellular uptake in CD44-
overexpressing cells was not linked to the specific cell lines used, we checked the uptake
of αCD44-PEI-MSNPs in two fibroblast cell lines, NIH3T3 (mouse embryonic fibroblasts
with a low CD44 expression [78,79]) and BJ1-hTERT (human fibroblasts with high CD44 ex-
pression [80,81]), using the same experimental approach (Figure S4). The respective CD44
expression in the two cell lines was validated with a standard immunofluorescence staining
of CD44 (Figure S5, Supplementary Materials). The discrepancy between the uptake of
αCD44-PEI-MSNPs in fibroblasts with different expression levels of CD44 confirmed the
targeting efficiency of our nanoparticles after conjugation with the CD44 antibody.

3.2.2. Intracellular Trafficking

One of the main bottlenecks faced by DDSs is their entrapment in acidic vesicles and
subsequent degradation, significantly limiting the overall efficiency of the DDS [82–84]. To
this end, strategies have been developed to facilitate an endosomal escape, releasing the
nanoparticles (or their cargo) into the cytoplasm. We previously showed that the addition
of a PEI shell leads to the release of the nanoparticles in the cytoplasm [49]. To verify
that conjugation to an antibody does not affect the endosomal escape capability of the
PEI layer, the co-localization of αCD44-PEI-MSNPs with lysosomes was monitored using
fluorescence microscopy. Briefly, A549 cells were incubated with RhoB-loaded αCD44-PEI-
MSNPs for 24 h, after which the medium of the samples was refreshed, in order to avoid
further nanoparticle internalization (i.e., only nanoparticles that were endocytosed within
the first 24 h of incubation were followed). At each time point (24, 48 and 72 h after particle
addition), the acidic vesicles were stained with LysoTracker Deep Red and the samples were
imaged. Figure 5 shows representative fluorescence images at the different time points. To
quantify the co-localization between the acidic vesicles and the αCD44-PEI-MSNPs through
time, the Manders’ co-localization coefficient was calculated (Figure S6, Supplementary
Materials). Briefly, an intensity-based threshold was used to calculate the areas of the image
corresponding to nanoparticles and to lysosomes. The Manders’ coefficient (MC) calculates
the degree of overlap between objects in different channels (with 0 being no overlap and 1
indicating a complete overlap). Fluorescence images showed that, within 24 h, almost all
nanoparticles were located inside the acidic vesicles (Figure 5a). While at 24 and 48 h, no
relevant escape was observed with MC of 0.88 and 0.82 (Figure S6), a significant decrease
in the co-localization of nanoparticles and lysosomes was found after 72 h (MC of 0.66),
indicating that after 72 h a considerable number of αCD44-PEI-MSNPs were localized
outside the lysosomes (Figure 5c). Overall, these results suggest that the presence of αCD44
on the surface of the nanoparticles does not affect the endosomolytic activity of the PEI
coating as most of nanoparticles were able to dissociate from the lysosomes within 72 h.
This was validated by the significant difference in MC found between 48 and 72 h (Figure
S6). The endosomal escape rate was, however, slower than MSNPs coated with only PEI,
where the majority of the particles escaped the lysosomes within 48 h (previously reported
by our group [49]). Since the proton sponge effect is linked to the amine groups of the PEI,
this delay might be associated with the reduced number of amine groups available, as part
of these are used for N3 functionalization and further coupling to the antibodies.
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Figure 4. Confocal fluorescence microscopy images showing the influence of different MSNP coatings on the uptake of
nanoparticles in A549 and HepG2 cells. Internalization of bare MSNP (a,e), PEI-coated MSNPs (PEI-MSNP, panels (b,f)),
CD44-functionalized MSNPs (αCD44-PEI-MSNP, panels (c,g)), and IgG-functionalized MSNPs (IgG-PEI-MSNP, panels
d,h) in A549 cells (a–d) and HepG2 cells (e–h). Nanoparticles were loaded with Fluorescein (FITC, green) and the plasma
membrane was stained with DiR (magenta). The central square represents a single xy plane, while the bottom and left panels
are the xz and yz cross-sections, indicated by the dashed lines. Scale bar is 20 µM; color bars display the intensity values.
(i) Normalized mean fluorescence intensity of MSNP, PEI-MSNP, αCD44-PEI-MSNPs, and IgG-PEI-MSNPs internalized in
A549 and HepG2 (20 cells per condition). The data were analyzed using Fiji (see Methods section for details). With ns: not
significant, * (p < 0.05), *** (p < 0.001).
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Figure 5. Intracellular localization of RhoB-loaded αCD44-PEI-MSNPs (green) with respect to the lysosomes (Lysotracker
Deep Red, magenta) over time. A549 cells were incubated with αCD44-PEI-MSNPs (final concentration of 50 µg/mL) for
(a) 24 h (b) 48 h and (c) 72 h. The first column shows a complete merge including the transmission image, also displaying the
cell areas. In the second and third columns, the lysosomes and nanoparticles are depicted, in purple and green, respectively.
In the fourth and fifth columns, a channel overlay and respective magnification are shown. Scale bar is 10 µm in the main
images and 3 µm in the magnified images.

3.2.3. Intracellular Release of Doxorubicin

As shown in the previous section, a considerable number of the internalized αCD44-
PEI-MSNPs were able to escape the acidic vesicles. Aside from the ability to escape the
lysosomes, a higher efficiency requires that enough cargo can be released into the cytoplasm
in a controlled fashion. To monitor the drug release after cellular uptake, doxorubicin was
used as drug model and encapsulated in the pores of MSNPs prior to coating (αCD44-PEI-
MSNPs_Dox). Dox is a cytostatic anticancer drug that is used to treat different types of
cancer, for instance, leukemia, lymphoma, and breast cancer. Its mechanism of action is
based on the intercalation with the DNA, resulting in cell death [85]. Due to the fluorescent
nature of Dox, its intracellular localization could be monitored over time with confocal
fluorescence microscopy. To show that αCD44-PEI-MSNPs_Dox carried Dox into the target
cell and exhibited a controlled intracellular drug release, A549 cells were incubated with
αCD44-PEI-MSNPs_Dox for 8, 24, 48 and 72 h. To avoid further nanoparticle internalization,
the medium of the samples was refreshed 24 h after the addition of the nanoparticles. The
acidic compartments were stained with LysoTracker Deep Red (magenta, Figure 6) to
analyze the cargo (Dox, cyan) release/leakage from the lysosomes. While after 8 and
24 h, most of the Dox was still retained inside lysosomes (indicated by the high overlap
between the Dox and the lysosomes, Figure 6a,b), increasing amounts of Dox discharged
into the cytosol were observed after 48 and 72 h (Figure 6c,d). The overlap between the
acidic vesicles and Dox molecules at 8 and 24 h indicated that, at this time point, Dox
was presumably still inside the pores of the MSNPs or being slowly released inside the
acidic vesicles. At an acidic pH, the silica hydroxyl groups are protonated, hindering the
electrostatic interaction between the PEI and the silica surface. Therefore, we hypothesized
that the decreased pH inside the lysosomes aids in the release of the shell and facilitates
the consequent Dox release from the mesoporous silica pores. Accordingly, increasing
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amounts of Dox were detected in the cytoplasm over 48 to 72 h (Figure 6c,d). Moreover,
as shown in Figure 6d, the cells’ morphology suggested cellular death, indicating that the
cells were being killed by the successful release of the drug.

Figure 6. Intracellular release of Dox (cyan) from αCD44-PEI-MSNPs_Dox with respect to the lysosomes (magenta) over
time. A549 cells were incubated with αCD44-PEI-MSNPs_Dox (final concentration of 50 µg/mL) for (a) 8 h, (b) 24 h, (c) 48 h
and (d) 72 h. The first column shows a complete merge including the transmission image, also displaying the cell contours.
In the second and third columns, the lysosomes and Dox are depicted, in pink and cyan, respectively. In the fourth and fifth
columns, a channel overlay and respective magnification are shown. Scale bar is 10 µm in the main images and 3 µm in the
magnified images.

3.2.4. Cytotoxicity Studies

To evaluate the cytotoxicity of the antibody-coated MSNPs, the viability of A549
and HepG2 cells was investigated after 72 h of incubation with pure Dox, Dox-loaded
nanoparticles (αCD44-PEI-MSNPs@Dox), and empty nanoparticles (αCD44-PEI-MSNPs).
After 24 h of incubation with the nanoparticle/drug solution, the medium was refreshed to
avoid the continued uptake of nanoparticles/drug in the medium and to better mimic the
physiological scenario of nanoparticle clearing from the bloodstream. Different concentra-
tions of Dox and nanoparticles were added, ranging from 25 nM to 200 nM for free Dox
and 25 to 100 µg/mL for the nanoparticles (Figure 7). For both cell lines, empty αCD44-
PEI-MSNPs could be considered non-toxic, reaching a minimum of 92% cell viability at
the highest concentration (100 µg/mL). For both cell lines, a dose-dependent response
on the cell viability was observed for free Dox. We found an evident difference in the
cell-killing effect between the free Dox and the Dox-loaded nanoparticles (p < 0.05) for
A549 cells. Dox-loaded αCD44-PEI-MSNPs exhibited dose-dependent cytotoxic effects for
A549 (reaching a minimum of 38% of viability at the highest concentration). This enhanced
cytotoxicity of the Dox-loaded nanoparticles is linked to the high internalization rate of
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the αCD44-PEI-MSNPs followed by endosomal release and specific drug release in the
cytoplasm. Importantly, the negligible internalization of αCD44-PEI-MSNPs in HepG2
cells resulted in the absence of toxic effects when using Dox-loaded particles (viability
similar to the control). The high cell viability also indicates that the drug did not leak from
the nanoparticles into the extracellular environment.

Figure 7. Viability of A549 and HepG2 cells after 72-h incubation with different concentrations of free Dox, Dox-loaded
αCD44-PEI-MSNPs, and empty αCD44-PEI-MSNPs. A549 and HepG2 cells that were not incubated with particles or drug
were used as a control and represent 100% viability (data not shown). Dox concentrations are expressed in nM while
nanoparticle concentrations are in µg/mL. Estimated Dox concentration loaded in the nanoparticles was 50 µM. Error bars
indicate ± SD, with ns meaning not significant; * (p < 0.05), ** (p < 0.01), and *** (p < 0.001), n = 4.

From these results, it can be concluded that Dox-loaded αCD44-PEI-MSNPs exhibited
high toxicity to CD44-overexpressing cells only (higher than free Dox), while only limited
to no toxicity was observed for the empty carrier. Consequently, a satisfying therapeutic
efficiency can be concluded, through an efficient nanoparticle internalization and high
drug payload delivery targeted to the cancer cell cytosol.

3.3. The αEGFR-Conjugated Nanoparticles

To prove the versatility of our antibody coating strategy, we targeted next a second
cancer marker, EGFR. EGFR overexpression is related to different types of cancers and is
often associated to a poor prognosis for the patient. Especially in glioblastoma, lung, and
breast cancers, where EGFR stimulates tumor growth [44]. To this end, EGFR has emerged
as a popular target for cancer cell-specific therapies. As a result, many nanoparticles
targeting EGFR were developed, either via nanoparticle conjugation with its ligand, EGF,
or by attaching EGFR antibodies [86–89].

3.3.1. Labelling of the EGFR Antibodies

For labelling the EGFR antibodies, the same method was used as for the CD44 an-
tibodies (Section 3.1.2). Similarly, labelling with DBCO was performed, enabling the
conjugation of DBCO-EGFR antibodies to the Azide-coated nanoparticles. For fluorescence
microscopy purposes, the EGFR antibodies were also conjugated to a dye (Atto565). The
dual labelling of the EGFR antibodies with DBCO and Atto565 was carried out via an
NHS ester coupling reaction with the antibodies’ lysine residues (as described in Meth-
ods). We checked whether the specificity of the EGFR antibody was retained after dual
labelling (with Atto565 and DBCO) by performing immunofluorescence on two cell lines,
A431 and Hek293 cells, presenting high and low expression of EGFR, respectively [90,91].
First, the EGFR expression in the chosen cell lines, A431 and Hek293, was determined
via immunofluorescence with the unmodified EGFR antibody (followed by staining with
a fluorescently labelled secondary antibody, goat-anti-mouse IgG AF488). As shown in
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Figure 8a, EGFR was visualized on the plasma membrane of A431 cells, while no EGFR
could be detected in Hek293 cells. A431 cells stained with the DBCO/Atto565-labelled
EGFR antibody also displayed the plasma membrane-localized signal, proving that the
specificity of the EGFR antibody was not hindered by our labelling protocol (Figure 8b). A
nuclear background could be observed, associated to free Atto565 molecules, similar to
what was observed for the Atto488 molecules (see Section 3.1.2).

Figure 8. Immunofluorescence (IF) using (a) the unmodified primary mouse anti-human EGFR antibody followed by a
labelled secondary antibody, goat anti-mouse IgG AF488, on A431 and Hek293 cells; (b) DBCO/Atto565-labelled EGFR
antibodies in A431 cells. Scale bar is 10 µm.

3.3.2. Synthesis and Characterization of αEGFR-Conjugated MSNPs

The EGFR antibody was attached to the Azide-coated nanoparticles via the same
approach (αEGFR-PEI-MSNPs). Since the EGFR antibody was labelled with an Atto565
dye (as described in the previous section), to avoid spectral overlap during fluorescence
microscopy studies, Azide-conjugated nanoparticles were labelled with Fluorescein (FITC).
FITC was covalently attached to the silica matrix, as stated in the Methods section. The re-
sulting αEGFR-conjugated nanoparticles were characterized via SEM, AFM, zeta potential
measurements, and fluorescence microscopy.

Similar to αCD44-conjugated particles, αEGFR-PEI-MSNPs displayed a uniform size
and shape homogeneity (Figure 9a). With a mean diameter of 122 nm (as derived from the
SEM data), αEGFR-PEI-MSNPs were significantly bigger than the PEI-MSNPs (Figure 3a)
(p < 0.05) because of the EGFR layer. AFM measurements revealed an average nanoparticle
diameter of 127 nm, which agreed with the SEM results (Figure S3). Zeta potential mea-
surements were performed to check the different steps of nanoparticle functionalization.
The zeta potential data of the bare MSNPs, PEI-grafted MSNPs (PEI-MSNPs), and Azide-
conjugated MSNPs (N3-PEI-MSNPs) were already discussed in Section 3.1.3. (Figure 3c).
The αEGFR-PEI-MSNPs displayed a negative zeta potential (−11.6 mV), similar to the one
of the MNSPs after conjugation with the CD44 antibody (αCD44-PEI-MSNPs, −6.7 mV)
(Figure 9b). Additionally, in order to confirm uniform binding of the EGFR antibody,
MSNPs were encapsulated with a fluorescent dye (FITC), while the EGFR antibody was
labelled with another dye (Atto565). Accordingly, the co-localization between the EGFR
antibody and the MSNPs could be determined via confocal fluorescence microscopy mea-
surements. These data confirmed proper attachment of the EGFR antibody and uniform
coverage of the nanoparticles with antibody molecules (Figure 9c).
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Figure 9. Characterization of EGFR-conjugated (αEGFR-PEI-MSNPs) mesoporous silica nanoparticles. (a) Representative
SEM image and size distribution of the imaged particles (values shown as mean ± SD). Scale bar is 500 nm. (b) Zeta-potential
measurements. (c) Confocal fluorescence images of sedimented nanoparticles on glass showing the overlay (third panel) of
FITC-encapsulated MSNPs (first panel, green) and the Atto565/DBCO-labelled EGFR antibody (second panel, magenta).

3.3.3. Targeting Capability of αEGFR-PEI-MSNPs

The uptake of nanoparticles with different coatings (MSNPs, PEI-MSNPs, αEGFR-
PEI-MSNPs, and IgG-PEI-MSNP) was compared between A431 (epidermoid carcinoma
with high EGFR expression [86]) and Hek293 cells (human embryonic kidney cells with
low EGFR expression [91]). In agreement with the results of the preceding experiment,
bare MSNPs were internalized in A431 and Hek293 in a low amount (Figure 10a,e), and
a similar increase in uptake could be detected for MSNPs with a PEI layer (Figure 10b,f).
As predicted, conjugation of the EGFR antibody resulted in a significant discrepancy in
particle uptake between A431 and Hek293 cells (Figure 10c,g,i). Hek293 displayed a similar
uptake behavior for the αEGFR-PEI-MSNPs and the bare MSNPs (Figure 10g) while, in
A431 cells, there was an obvious increase in the number of αEGFR-PEI-MSNPs internalized,
especially when compared to bare MSNPs (Figure 10c). This increase can be attributed
to the specific recognition of the EGFR receptor by the αEGFR-PEI-MSNPs, proving cell
specificity of these nanoparticles. Similar to A549 and HepG2, the incubation of A431
and Hek239 cells with the non-specific IgG-conjugated nanoparticles resulted in an in-
ternalization comparable to bare nanoparticles. As mentioned in Section 3.2.2, this is a
consequence of the non-specificity of the IgG towards membrane proteins expressed in
these cell lines and the negative zeta potential (−11.8 mV) of the resulting IgG-conjugated
nanoparticle (minimum non-specific uptake). To further evaluate the specificity of the
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antibody-conjugated nanoparticles, expression of the EGFR receptor in Hek293 was in-
duced by transiently transfecting Hek293 cells with a plasmid encoding an EGFR-HaloTag®

fusion construct (see Methods section for details). A fluorescent ligand (Alexa Fluor 488
HaloTag® ligand) was used to identify the EGFR-expressing Hek293 cells via confocal
fluorescence microscopy (Figure S7 in Supplementary Materials). Quantitative analysis of
the fluorescence intensity revealed that Hek239 cells expressing EGFR molecules exhibited
a higher uptake of αEGFR-PEI-MSNPs (Figure 10i). This demonstrates that the internal-
ization of αEGFR-PEI-MSNPs is linked to the presence of the EGFR receptor on the cell
membrane, further confirming the selectivity of the developed nanoparticles.

Figure 10. Confocal fluorescence microscopy stacks showing the influence of different MSNP coatings in A431 and Hek293
cells. (a–d) Internalization of MSNP, PEI-MSNP, αEGFR-PEI-MSNP, and IgG-PEI-MSNP in A431 cells (from left to right).
(e–h) Internalization of MSNP, PEI-MSNP, αEGFR-PEI-MSNP, and IgG-PEI-MSNP in Hek293 cells (from left to right).
Nanoparticles (encapsulated with fluorescein) are displayed in green and the plasma membrane is stained with DiR
(magenta). Scale bar is 20 µM; color bars display the intensity values. (i) Normalized mean fluorescence intensity of MSNP,
PEI-MSNP, αEGFR-PEI-MSNPs, and IgG-PEI-MSNPs internalized in A431 and Hek293 cells and αEGFR-PEI-MSNPs in
Hek293 cells transiently expressing EGFR (Hek293 + EGFR, 20 cells per condition). The data were analyzed using Fiji (see
Methods section for details). With ns: not significant, * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).
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4. Conclusions

In this work, we showed a facile method for the conjugation of different antibodies
to nanoparticles using copper-free click chemistry. Here, mesoporous silica nanoparticles
(MSNPs) were chosen as drug carriers and the base for further functionalization; however,
other nanoparticles can be used. Similarly, the Doxorubicin loaded inside the MSNPs can
be substituted by other drugs for different therapeutic applications.

The first step in our approach was to coat the nanoparticles with a PEI layer. The
PEI amine groups provide the anchor for the covalent attachment of an Azide moiety, to
which the DBCO-labelled antibodies were covalently linked via a simple click reaction.
Importantly, click chemistry can be carried out under physiological conditions, without
using any catalyst. Furthermore, the presence of the PEI layer reduced the effect of
nanoparticle entrapment in the acidic vesicles (by taking advantage of the proton sponge
effect) and supported the controlled drug release into the cancer cell.

All existing antibodies can be labeled with a DBCO group in the same controllable
way (via an NHS-ester coupling with their amine groups) and their conjugation to the
nanoparticles only requires the presence of an amine group on the nanoparticle surface.
Therefore, this approach to produce antibody-conjugated nanoparticles is extremely ver-
satile and has the potential to be widely applied. The antibody that is conjugated can
be easily adapted (based on the expressed cancer markers) and the type of nanocarrier
can be changed (as long as surface amine groups are present). Here, the versatility of our
coating strategy was demonstrated with two different antibodies, a CD44 and an EGFR
antibody, both showing excellent selectivity towards CD44- and EGFR-overexpressing cells,
respectively. This simple method can significantly contribute to the field of personalized
cancer therapy, where the treatment should be customized according to the cancer markers
present in the tumor. In this regard, a variety of antibodies can be easily “clicked-on” for
efficient targeting purposes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics13122153/s1: Figure S1. Emission and excitation spectra of drug and dye-loaded
MSNPs. Figure S2. Absorbance for dual-labelled antibodies (IgG/DBCO/Atto565, EGFR/DBCO/
Atto565 and CD44/DBCO/Atto565), non-labelled antibodies (IgG, EGFR and CD44) and DBCO
only. Figure S3. (a) AFM images of MSNPs, PEI-MSNP, αCD44-PEI-MSNPs and αCD44-PEI-MSNPs,
(b) Graph of the average height measured with AFM (diameter). Figure S4. Confocal fluorescence
microscopy images showing the influence of different MSNP coating in the uptake of nanoparticles
in BJ1-tHERT and NIH 3T3 cells. Figure S5. Immunofluorescence (secondary goat-anti-rat IgG-
AF488) staining showing the expression of absence of the CD44 receptor in Bj-hTERT and NIH 3T3,
respectively. Figure S6. Manders’ Coefficient (MC) representing the fraction of overlap between the
αCD44-PEI-MSNPs channel with the LysoTacker Deep Red channel. Figure S7. Internalization of
αEGFR-PEI-MSNPs in wild type Hek293 (left panel) and Hek293 cells transiently transfected with
a pcDBA3-EGFR-HaloTag®(middle and right panel). Table S1. αCD44-PEI-MSNP aggregation in
different solutions: average OD600 values for αCD44-PEI-MSNPs dissolved in MilliQ water, FBS and
DMEM with 10% FBS before and after 24 h of incubation at 37 ◦C .
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Abstract: Mebendazole and other benzimidazole antihelmintics, such as albendazole, fenbendazole,
or flubendazole, have been shown to possess antitumour activity, primarily due to their microtubule-
disrupting activity. However, the extremely poor water-solubility of mebendazole and other benzimi-
dazoles, resulting in very low bioavailability, is a serious drawback of this class of drugs. Thus, the
investigation of their antitumour potential has been limited so far to administering repeated high
doses given peroral (p.o.) or to using formulations, such as liposomes. Herein, we report a fully
biocompatible, water-soluble, HPMA copolymer-based conjugate bearing mebendazole (P-MBZ;
Mw 28–33 kDa) covalently attached through a biodegradable bond, enabling systemic administration.
Such an approach not only dramatically improves mebendazole solubility but also significantly pro-
longs the half-life and ensures tumour accumulation via an enhanced permeation and retention (EPR)
effect in vivo. This P-MBZ has remarkable cytostatic and cytotoxic activities in EL-4 T-cell lymphoma,
LL2 lung carcinoma, and CT-26 colon carcinoma mouse cell lines in vitro, with corresponding IC50

values of 1.07, 1.51, and 0.814 µM, respectively. P-MBZ also demonstrated considerable antitumour
activity in EL-4 tumour-bearing mice when administered intraperitoneal (i.p.), either as a single dose
or using 3 intermittent doses. The combination of P-MBZ with immunotherapy based on complexes
of IL-2 and anti-IL-2 mAb S4B6, potently stimulating activated and memory CD8+ T cells, as well as
NK cells, further improved the therapeutic effect.

Keywords: mebendazole; drug delivery; cancer therapy; polymer; HPMA; controlled drug release

1. Introduction

Mebendazole (MBZ) belongs to the group of benzimidazole-based, broad-spectrum
antihelmintics, and it has been used for this purpose since 1974, with its antitumour
activity being described more than 30 years later [1–5]. MBZ, albendazole, flubendazole,
and fenbendazole (Figure 1) are the most promising candidate antitumour agents and
exert antitumour activity via the inhibition of tubulin assembly through binding to the
colchicine-binding site of β-tubulin, thereby suppressing microtubule formation, followed
by mitotic cell arrest and apoptosis [1,3]. The cytotoxic activity of MBZ leads to defective
cellular structures, glucose metabolism, and intracellular trafficking [6], as well as Bcl-2
inactivation, causing the increased sensitivity of cancer cells to apoptosis [7]. Consequently,
cell proliferation and formation of metastases were inhibited, and synergy with other
anticancer drugs (e.g., docetaxel) has been described [1,8,9]. MBZ is also known to inhibit
other factors involved in tumour progression, e.g., matrix metalloproteinase-2 activity and
angiogenesis [7,10–12]. Furthermore, the benzimidazoles are not substrates for P-gp and
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other ABC-transporters [11], thus avoiding the risk of inducing multidrug resistance in
exposed cancer cells, and MBZ reduces P-gp expression.

mebendazole albendazolefenbendazole flubendazole

 

–

–

μm), UV–

Figure 1. Chemical structures of various benzimidazoles with anticancer activity.

Several studies have proved the antitumour activity of MBZ in a wide range of
cancers, e.g., breast, ovary, lung and colorectal carcinoma, glioblastoma, and melanoma
in vitro or in vivo [1,10,13,14]. MBZ demonstrates antitumour activity either as a single
agent or in combination with other chemotherapeutics or radiotherapy, inhibiting tumour
growth and metastatic spread. Moreover, MBZ also stimulates the antitumour immune
response [15,16], but in vivo studies have not fully supported the in vitro data [17,18].
Nevertheless, the extremely poor water-solubility of most benzimidazoles is a serious
disadvantage as MBZ is almost completely insoluble in physiologic buffers, thus preventing
parenteral administration. Moreover, MBZ has poor bioavailability (~17–20%) upon p.o.
administration, with considerable interindividual variability; thus, it is difficult to reach a
serum level sufficient for antitumour activity [19,20].

A promising strategy for improving the pharmacologic features of low-molecular-
weight drugs, particularly water-solubility and half-life in the circulation, is to employ an
advanced drug-delivery system (DDS), such as polymer–drug conjugates, liposomes, or
self-assembled micelles [21,22]. The water-soluble, biocompatible polymer carrier based
on N-(2-hydroxypropyl)methacrylamide (HPMA) is one of the most successful DDSs de-
scribed so far. Biologically active compounds, typically low-molecular-weight cancerostatic
drugs, are covalently attached to this carrier via a defined spacer to achieve controlled
release in the target tissue [23,24]. DDSs based on HPMA copolymers significantly re-
duce the toxicity of the attached drugs, ensuring their increased accumulation in solid
tumours via the enhanced permeability and retention (EPR) effect [25,26]. HPMA copoly-
mers bearing different cytostatic drugs have been extensively studied and have proved to
possess excellent antitumour activity in numerous mouse and human tumours in vitro and
in vivo [27].

Herein, we report the antitumour activities of an HPMA copolymer conjugate bearing
MBZ covalently linked to the carrier through a biodegradable bond. The conjugate showed
very good water-solubility, enabling administration of MBZ into tumour-bearing mice via
i.p. injection, and it showed promising antitumour activity.

2. Material and Methods

2.1. Synthesis of HPMA Copolymer Conjugate Bearing MBZ

The complete synthesis of the HPMA copolymer-bound MBZ has been described
recently [28] and involves: (a) derivation of MBZ with a proper functional group en-
abling linkage to the polymer carrier; (b) preparation of side-chain functionalised HPMA
copolymers; (c) and attachment of MBZ derivatives to the polymer precursors yielding
the polymer conjugates of interest. In this study, two HPMA copolymer MBZ conjugates,
referred to as conjugate II in the cited paper [28], were prepared and studied. The MBZ was
bound to the polymer carrier via a 6-aminohexanoate-based ester linkage. The schematic
structure of the conjugates is shown in Figure 2, and their characteristics are summarised
in Table 1. All polymer molecular weights, Mn and Mw, were measured by gel permeation
chromatography (GPC) using a Shimadzu HPLC system equipped with a GPC column
(TSKgel G3000SWxl 300 × 7.8 mm; 5 µm), UV–Vis, refractive index (RI) Optilab®-rEX and
multiangle light scattering (MALS) DAWN EOS (Wyatt Technology Co., Santa Barbara,
CA, USA) detector using 80:20 methanol:sodium acetate buffer (pH 6.5; 0.3 M, flow rate
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0.5 mL/min). The hydrodynamic diameter (Dh) of the conjugates in PBS buffer (pH 7.4,
5 mg/mL, 25 ◦C) was measured by a Nano-ZS instrument (ZEN 3600, Malvern, UK). The
intensity of scattered light was measured at angle θ = 173◦, using a laser with a wavelength
of 632.8 nm, and the data were analysed using the DTS (Nano) programme. All values
were the mean of five or more independent measurements. The mebendazole content was
determined by HPLC after treatment with 1% NaOH solution for 30 min. The analyses were
performed via HPLC using a reverse-phase monolithic column (Chromolith Performance
RP-18e 100 × 4.6 mm) with UV detection. A mixture of water and acetonitrile was used as
an eluent at a gradient of 0–100% and a flow rate of 2.0 mL/min.

of scattered light was measured at angle θ = 173°

–

a b

Ɖ ⋅ −

β
β

inactivated FBS. Dulbecco’s 

⁓ –

Figure 2. Structure of the HPMA copolymer conjugate bearing MBZ bound through a 6-aminohexanoate-
based ester linkage.

Table 1. Characteristics of MBZ polymer conjugates and their precursors.

Conjugate
Mw

kDa
Ð

Size (Dh)
nm

TT/MBZ Content
mmol·g−1

Polymerisation
Technique

poly(HPMA-co-Ma-β-Ala-TT) (P-MBZ-A precursor) 28 1.4 8.2 0.33 free radical

poly(HPMA-co-Ma-β-Ala-TT) (P-MBZ-B precursor) 35 1.1 8.6 0.35 RAFT

P-MBZ-A 32 1.6 10.1 0.28 free radical

P-MBZ-B 37 1.1 10.3 0.22 RAFT

2.2. Cell Lines

The following murine cancer cell lines from the American Type Culture Collection
(ATCC, Manassas, VA, USA) were used: colon carcinoma CT-26, Lewis lung carcinoma
LL2, and T-cell lymphoma EL-4. The EL-4 cell line was propagated in RPMI-1640 medium
supplemented with 2 mM glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, 1 mM
Na pyruvate, 4.5 g/L of glucose, and 10% heat-inactivated FBS. Dulbecco’s modified eagle
medium (DMEM), supplemented with 4 mM glutamine, 100 U/mL penicillin, 100 µg/mL
streptomycin, 1.5 g/L Na bicarbonate, 4.5 g/L of glucose, 10 mM of HEPES solution,
and 10% heat-inactivated FBS, was used to cultivate the LL2 cells. The CT-26 cell line
was propagated in RPMI-1640 medium supplemented with 2 mM glutamine, 100 U/mL
penicillin, 100 µg/mL streptomycin, 1 mM Na pyruvate, 4.5 g/L of glucose, 10 mM
of HEPES solution, 5 mL of nonessential amino acids, and 10% heat-inactivated FBS.
Only cells with viability higher than 95% and within exponential growth were used for
experiments. All employed cell lines were used for up to four passages upon thawing.
All cell cultures were propagated under standard cultivation conditions (37 ◦C, 5% CO2
humidified atmosphere). Cells were cultivated until reaching ~80–90% confluence before
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any use. All cell lines were routinely tested for mycoplasma (MycoAlert Mycoplasma
Detection Kit, Lonza, Basel, Switzerland).

2.3. Mice

C57BL/6 (H-2b) mice were obtained from the animal facility at the Institute of Microbi-
ology, Czech Academy of Sciences. Food and water were given ad libitum, and the mice
were 9–15 weeks of age and weighed 19–22 g. The institutional guidelines for the care and
use of laboratory animals were strictly followed in line with a protocol approved by the
Institutional Animal Care and Use Committee of the Czech Academy of Sciences for all
animal work (Prague, Czech Republic), and the experiments were conducted in compliance
with local and European guidelines.

2.4. IL-2/S4B6 Complexes

Complexes were prepared by mixing recombinant mouse IL-2 (100 µg/mL; Peprotech,
Cranbury, NJ, USA) with anti-IL-2 mAb S4B6 (BioXCell, Lebanon, NH, USA) at a molar
ratio of 2:1. After 15 min incubation at room temperature, the complexes were diluted with
PBS to the desired concentration before application.

2.5. In Vitro Proliferation Assay

To test the in vitro cytostatic activity of the MBZ and polymer conjugates bearing MBZ,
inhibition of cell proliferation was determined using the [3H]-thymidine incorporation assay.
EL-4, LL2, or CT-26 cells (5, 2, and 0.75 × 104/well for 24-, 48-, and 72-h incubation periods,
respectively) were seeded in a 96-well, flat-bottom tissue culture plate (Nunc, Roskilde,
Denmark). Titrated concentrations of the samples were added to the wells in quadruplicate,
to reach a final volume of 250 µL. The plates were incubated in a 5% CO2 at 37 ◦C for 24, 48,
or 72 h, and then pulsed with 1 µCi (37 kBq) of [3H]-thymidine for the last 6 h of incubation.
Next, we harvested the cells on glass fibre filters (PerkinElmer, Waltham, MA, USA) using a
cell harvester (Tomtec, Orange, Hamden, CT, USA). A scintillation counter (1450 Microbeta
TriLux, Wallac, Turku, Finland) was employed to measure the radioactivity of the samples
by the use of plastic scintillator. Control cells were cultivated in a cultivation medium only.
The activity of control cells was always higher than 20,000 cpm/well.

2.6. In Vitro Cytotoxicity Assay

A conventional MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay was employed to determine the cytotoxicity of the MBZ and polymer conjugates
bearing MBZ in EL-4, LL2, and CT-26 cells in vitro. Tested cells (5, 2, and 0.75 × 104/well
for 24, 48, and 72 h incubation periods, respectively) were seeded into 96-well tissue culture
plates with flat-bottoms (Nunc, Denmark), and they were cultivated with tested samples
for 70 h as described above. Next, plates were centrifuged (200× g, 5 min, 4 ◦C), 200 µL
of cultivation medium was aspirated from each well, and 120 µL of MTT (0.83 mg/mL)
in culture medium was added to each well. Plates were cultivated for another 2 h at
standard cultivation conditions. Finally, 200 µL of DMSO was added to each well, and
the absorbance was determined after 15 min at 570 nm using a microplate reader (Infinite
200 PRO, TECAN, Männedorf, Switzerland).

2.7. Inhibition of Tumour Growth In Vivo

Female C57BL/6 mice were s.c. inoculated with 1 × 105 EL-4 cells in 100 µL of sterile
PBS on the shaved right anterior flank on day 0. Tumour-bearing mice were randomly
distributed into experimental groups, and treatment was initiated on day 8 when the
tumours reached about 5–7 mm in diameter. The doses were determined based on the
mean body weight of each experimental group at the time of drug administration and
given in 500 µL, injected i.p. The animals were observed three times a week for tumour
progression, and the tumours were measured using callipers. The tumour size, body weight
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and survival were recorded, with mice that survived until day 80 without any signs of a
tumour considered as long-term survivors.

3. Results and Discussion

Two polymer conjugates bearing MBZ, namely P-MBZ-A and P-MBZ-B, differing in
HPMA copolymer synthesis technique, were synthesised and used in the study. Free radi-
cal copolymerisation and reversible addition-fragmentation chain-transfer polymerisation
(RAFT) polymerisation techniques were employed. While the free radical polymerisation
gives rise to copolymers with rather broad dispersity, RAFT polymerisation enables the
synthesis of copolymers with a dispersity close to 1. The conjugate properties are sum-
marised in Table 1, with both polymers having a molecular weight under the threshold
limit determined for similar HPMA-based copolymers [29]. Importantly, the hydrody-
namic radius significantly increased when the mebendazole derivative was bound to the
polymer precursors (from 8.2 to 10.1 nm in the free-radical variant and from 8.6 to 10.3 nm
in the RAFT variant), attributed to the steric contribution of a bulky MBZ molecule in the
conjugate. Moreover, this is advantageous for an enhanced EPR effect, thus increasing
antitumour activity in vivo.

The linker between the MBZ and polymer carrier was designed to be cleaved by
intracellular hydrolases [30], with the hydrolysis of the ester bond within the spacer
followed by spontaneous rearrangement of the product releasing the free MBZ (Figure 3).

 
N-3 derivative

N-1 derivative

R'-COOCH
2
Cl

1

3

R'

R'

Mebendazole

hydrolysis-CH
2
O

(R’ represents the linker connected to the 

Figure 3. Generation and cleavage of the MBZ derivative. (R’ represents the linker connected to the
polymer.) A statistical mixture of N-1 and N-3 derivatives is formed due to the tautomerism of the
MBZ molecule (1,3-H shift).

3.1. Cytostatic Activity of P-MBZ Conjugates in Cancer Cell Lines of Various Origins In Vitro

The cytostatic activity of P-MBZ conjugates and free MBZ was first determined in T-cell
lymphoma EL-4, lung carcinoma LL2, and colon carcinoma CT-26, with free MBZ showing
very similar cytostatic activity in EL-4, LL2, and CT-26 cells, with an IC50 of 139, 210, and
200 nM, respectively, after 72 h incubation (Figure 4). Thus, the cytostatic activity of MBZ
is comparable to doxorubicin since it has an IC50 typically ~75, 130, and 90 nM in these
cell lines. This is in concordance with previously reported work showing similar, or even
higher, cytostatic activity of MBZ in comparison to other clinically used cancerostatics, e.g.,
paclitaxel, 5-fluorouracil, oxaliplatin, and others, in different cancer cell lines [11]. P-MBZ-A

and P-MBZ-B conjugates showed practically identical cytostatic activities (Figure 4), which
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were about 4–8 times less potent than free MBZ (IC50 ~ 0.814–1.51 µM). The difference in
dispersity between P-MBZ-A and P-MBZ-B conjugates thus does not affect their in vitro
cytostatic activity. The ratio between the cytostatic activities of free MBZ and polymer-
MBZ conjugates was similar to that for doxorubicin and the HPMA copolymer conjugate
bearing doxorubicin bound through a hydrazone bond [31], demonstrating that MBZ is
effectively released from the polymer carrier to its pharmacologically active form. These
results demonstrate that polymer-MBZ conjugates possess remarkable cytostatic activity in
cancer cell lines of various origins in vitro.

– –

 

˃

Figure 4. Cytostatic activity of polymer-bound mebendazole conjugates. Cytostatic activity of HPMA
copolymer-bound mebendazole conjugates (P-MBZ-A and P-MBZ-B) and free mebendazole (MBZ)
in EL-4 (A), LL2 (B) and CT-26 (C) murine cancer cell lines in vitro as determined by a [3H]-thymidine
incorporation assay after 72 h of incubation. The calculated IC50 values (nM) are shown inside the
graphs for all samples. Each experimental condition was performed in quadruplicate, and the results
are shown as the proliferation of exposed cells relative to the controls (untreated cells) ± SD. The
experiment was repeated with similar results.

3.2. Kinetics of Cytostatic and Cytotoxic Activities of the P-MBZ-A Conjugate and MBZ In Vitro

The cytostatic and cytotoxic activities of P-MBZ-A conjugate and free MBZ were
evaluated in LL2 and EL-4 cell lines after 24, 48, and 72 h of incubation (Figure 5), showing
that the cytostatic effects of MBZ and P-MBZ-A are more rapid in the LL2 cell line than
the cytotoxic one at very high concentrations (>5 µM MBZ). Both MBZ and P-MBZ-A

inhibited proliferation of LL2 cells to less than 50% of controls after 24 h incubation,
with little effect on cell viability. Almost-comparable cytostatic and cytotoxic effects were
observed in both cell lines after 48 h of incubation, with P-MBZ-A conjugate showing
slightly higher cytostatic activity than cytotoxic activity in LL2 cells (IC50 being 1 and
1.75 µM, respectively) after 72 h, whereas the cytostatic and cytotoxic activities of P-MBZ-

A conjugate were comparable in EL-4 cells. These results show that the cytostatic and
cytotoxic effects of P-MBZ-A conjugate are expressed later in comparison to free MBZ,
probably reflecting the release kinetics of the MBZ from the conjugate.
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Figure 5. Kinetics of the cytostatic and cytotoxic activities of polymer-bound mebendazole conju-
gate. Cytostatic activity of HPMA copolymer-bound mebendazole conjugate (P-MBZ-A) and free
mebendazole (MBZ) in LL2 (A) and EL-4 (B) murine cancer cell lines in vitro, as determined by
[3H]-thymidine incorporation and MTT assays, respectively, after 24, 48, and 72 h of incubation. The
calculated IC50 values (nM) are shown inside the graphs for those samples where these values were
reached. Each experiment was performed in quadruplicate, and the results are shown as the prolifer-
ation or viability of exposed cells relative to the controls (untreated cells) ± SD. The experiment was
repeated with similar results.
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3.3. Antitumour Activity of P-MBZ-A Conjugate In Vivo

EL-4 tumours growing in syngeneic B6 mice were employed as a model to evaluate
the antitumour activity of P-MBZ-A as the EL-4 tumour is a rapidly growing, resistant
cancer model. First, we evaluated the antitumour activity of P-MBZ-A using a prolonged
treatment schedule, where P-MBZ-A conjugate was administered i.p. in five doses given
every second day. The dose of the conjugate in naïve B6 mice was titrated to determine the
safe dose for the selected treatment schedule, which was approximately 60 mg MBZ/kg. B6
mice with progressively growing s.c. EL-4 tumours were treated with P-MBZ-A conjugate
starting on day 8 post-tumour-cell inoculation (Figure 6), and the treatment was deemed
safe as mice did not lose any weight (Figure 6B) or show any other signs of toxicity. P-MBZ-

A conjugate effectively inhibited tumour growth up to day 18 (Figure 6A), after which the
tumours exhibited growth kinetics similar to those of the controls, showing that P-MBZ-A

was capable of the potent inhibition of tumour progression, but the treatment effect rapidly
diminished thereafter. Survival of the mice treated with P-MBZ-A was 128% of the controls,
with one mouse being completely cured (Figure 6C).

Figure 6. Antitumour activity of prolonged treatment with polymer-bound mebendazole conjugate
in vivo. B6 mice (n = 7) were s.c. inoculated with 105 EL-4 cells on day 0, then i.p. injected with
5 doses (60 mg mebendazole/kg per one dose) of HPMA copolymer-bound mebendazole conjugate
(P-MBZ-A (5 × 60)) on days 8, 10, 12, 14, and 16. Untreated mice were used as controls. Tumour
growth (A), body weight (B), and survival (C) were monitored, and each experimental point (A,B) is
the average of the experimental group ± SD.

Next, the antitumour activity of P-MBZ-A conjugate, using a short-term treatment
consisting of either a single dose or three doses given every second day, was evaluated.
The safe dosage for these treatment schedules was approximately 160 and 100 mg MBZ/kg
for a single dose and 3 doses, respectively. B6 mice bearing progressively growing s.c.
EL-4 tumours were treated with P-MBZ-A conjugate starting on day 8 post-tumour-cell
inoculation (Figure 7). Treated mice did not show any weight loss (Figure 7B) or any
other sign of toxicity, with significant inhibition of tumour growth in both treatment
groups (Figure 7A), which was considerably longer lasting compared to the previous
treatment schedule. A total of 2 out of 7 mice treated with a single dose of P-MBZ-A were
completely cured (Figure 7C), and the survival of the remaining mice was prolonged to
133% of the controls. The 3-dose schedule showed the highest efficacy since 3 out of 7 mice
were completely cured, and the remaining mice survived an average of 161% longer than
the controls.
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Figure 7. Antitumour activity of short-term treatment with polymer-bound mebendazole conjugate
in vivo. B6 mice (n = 7) were s.c. inoculated with 105 EL-4 cells on day 0, then i.p. injected, either with
1 dose (160 mg mebendazole/kg) of HPMA copolymer-bound mebendazole conjugate (P-MBZ-A

(160)) on day 8 or 3 doses (100 mg mebendazole/kg per one dose) of HPMA copolymer-bound
mebendazole conjugate (P-MBZ-A (3 × 100)) on days 8, 10, and 12. Untreated mice were used
as controls. Tumour growth (A), body weight (B), and survival (C) were monitored, and each
experimental point (A,B) is the average of the experimental group ± SD.

Finally, we determined whether immunotherapy based on complexes of IL-2 and
anti-IL-2 mAb S4B6 (IL-2co) can increase the therapeutic effect of P-MBZ-A conjugate.
These complexes stimulate the expansion of activated and memory CD8+ T-cells, as well
as NK cells [32], and have been used previously in combination with HPMA copolymer
conjugate bearing doxorubicin, demonstrating significant synergy in terms of antitumour
activity in murine BCL1 leukaemia and B16-F10 melanoma. Thus, B6 mice bearing progres-
sively growing s.c. EL-4 tumours were treated with either P-MBZ-A conjugate alone or in
combination with IL-2co (Figure 8). The conjugate (100 mg MBZ/kg) was administered
in 3 doses given on days 8, 10, and 12, while IL-2co was injected on days 14, 16, and
18. No treatment caused significant body weight loss (Figure 8B) or any other sign of
toxicity. The treatment with P-MBZ-A alone was slightly less effective compared to the
previous experiment regarding tumour growth inhibition as well as survival. No mice
were completely cured, and survival was only prolonged to 131% of controls. However,
P-MBZ-A conjugate in combination with IL-2co showed considerably higher antitumour
efficacy, achieving stronger tumour growth inhibition and prolonged survival to 162% of
controls. An experimental group treated with IL-2co alone was not included since such
immunotherapy given as late as 14 days post-tumour-cell inoculation has no effect [33].

 

Figure 8. Potentiation of antitumour activity of polymer-bound mebendazole conjugate through
IL-2 immunocomplexes in vivo. B6 mice (n = 8) were s.c. inoculated with 105 EL-4 cells on day
0, then i.p. injected with 3 doses (100 mg mebendazole/kg per one dose) of HPMA copolymer-
bound mebendazole conjugate (P-MBZ-A (3 × 100)) on days 8, 10, and 12, or with the latter plus
complexes of IL-2 and anti-IL-2 mAb S4B6 mAb (2.5 µg IL-2 per one dose) on days 14, 16, and 18
(P-MBZ-A (3 × 100) + IL-2co). Untreated mice were used as controls. Tumour growth (A), body
weight (B), and survival (C) were monitored, and each experimental point (A,B) is the average of the
experimental group ± SD.
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4. Conclusions

The linear HPMA copolymer conjugate bearing MBZ covalently attached through a
biodegradable bond possesses very good water-solubility, thus enabling parenteral admin-
istration, and it has cytostatic activity in the range of 240–450 ng MBZ/mL in several cancer
cell lines of various tissue origins in vitro. Of note, the conjugate showed considerable
in vivo antitumour activity without any signs of toxicity and could be potentiated through
IL-2-based immunotherapy.
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Abstract: Although 4-borono-L-phenylalanine (4-BPA) is currently the only marketed agent available

for boron neutron capture therapy (BNCT), its low water solubility raises concerns. In this study,

we synthesized 3-borono-L-phenylalanine (3-BPA), a positional isomer of 4-BPA, with improved

water solubility. We further evaluated its physicochemical properties, tumor accumulation, and

biodistribution. The water solubility of 3-BPA was 125 g/L, which is more than 100 times higher

than that of 4-BPA. Due to the high water solubility, we prepared the administration solution of

3-BPA without a solubilizer sugar, which is inevitably added to 4-BPA preparation and has adverse

effects. In in vitro and in vivo experiments, boron accumulation in cancers after administration was

statistically equivalent in both sugar-complexed 3-BPA and 4-BPA. Furthermore, the biodistribution

of 3-BPA was comparable with that of sugar-complexed 3-BPA. Since 3-BPA has high water solubility

and tumor targetability equivalent to 4-BPA, 3-BPA can replace 4-BPA in future BNCT.

Keywords: boron neutron capture therapy; 4-borono-L-phenylalanine; drug discovery; solubility

1. Introduction

Boron neutron capture therapy (BNCT) is a cancer treatment based on the nuclear
reaction between boron (10B) atoms that are delivered into cancer cells and externally irra-
diated thermal neutrons. The alpha particles and Li nuclei produced in the nuclear reaction
are high linear energy transfer radiation. They have a range of less than one cell’s length,
so boronoagents that can selectively deliver 10B atoms into tumor cells allow for cancer-
selective treatment [1–3]. To date, two boronoagents, 4-borono-L-phenylalanine (4-BPA) and
sodium borocaptate (BSH), have been used clinically [4,5], and these studies demonstrated
that 4-BPA was therapeutically more effective than BSH [6]. 4-BPA was discovered by
Snyder et al. in 1958 [7], and Mishima et al. first succeeded in treating malignant melanoma
with 4-BPA BNCT in 1989 [8]. Currently, 4-BPA is the most widely used boronoagent for
BNCT [9–11]. In Japan, after positive results were shown in two clinical trials, 4-BPA was
marketed under the name Borofalan (Steboronine®) in May 2020 for locally advanced or
locally recurrent unresectable head and neck cancer [12]. As 4-BPA is taken up in cancer
cells by L-type/large neutral amino acid transporter 1 (LAT1, SLC7A5) [13,14], a positron
emission tomography (PET) scan with 2-[18F]fluoro-4-borono-L-phenylalanine, a LAT1
imaging probe, can noninvasively predict the applicability of 4-BPA BNCT [15]. Since LAT1
expression on plasma membrane has been reported to be cancer-specific [16], the agent
with high LAT1 recognition ability can be expected to exhibit tumor-specific accumulation.

In clinical BNCT settings, the intratumor boron concentration must be maintained at a
high level (>20 ppm) [17] for a 3 h treatment period because the therapeutic effect is directly
proportional to the intratumor boron concentration. It is necessary to administer a large
amount of boron; thus, high tumor targetability with high water solubility are prerequisites
for a useful boronoagent. However, 4-BPA has extremely poor water solubility under
neutral conditions (0.6–0.7 g/L), as mentioned in the Borofalan interview form; thus, it
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is solubilized by complex formation with sugars, such as fructose [18] and sorbitol [19],
before administration. In particular, in the case of a patient with 60 kg body weight, 30 g
4-BPA, solubilized with 31.5 g D-sorbitol in 1000 mL administration solvent, is infused
intravenously for treatment. Such a high load on the patient would have side effects.
For example, hypoglycemia and liver and kidney failures could occur in patients with
hereditary fructose intolerance due to fructose arising from D-sorbitol metabolism [20],
and hematuria could also be a side effect due to the crystallization of 4-BPA in the urine
resulting from its insolubility [12,21]. Thus, a critical drawback of 4-BPA is its low water
solubility. However, it is quite challenging to develop boronoagents with high tumor
targetability and high water solubility because the transmembrane transport system which
is applicable for intracellular targeting of such a water-soluble boronoagent with an inferior
passive intracellular penetration property to the high boron concentration levels required
for BNCT is limited [3]. To date, no small molecular boronoagent other than 4-BPA and
BSH has been tested in clinical trials [6].

We hypothesized that 3-borono-L-phenylalanine (3-BPA), a meta isomer of 4-BPA
(Figure 1), has higher water solubility than 4-BPA, focusing on previous findings that
meta-substituents show higher water solubility than para-substituents of the benzene ring
due to asymmetric conformation and structural folding [22–24]. Furthermore, recent
structure–activity relationship studies have shown that meta-substituted phenylalanine
derivatives are transported more efficiently into cells by LAT1 than para-substituted deriva-
tives [25,26]. Thus, 3-BPA would have improved water solubility and LAT1 recognition
ability compared with 4-BPA. Although 3-BPA had been evaluated and concluded to be
slightly inferior to 4-BPA in terms of accumulation in mouse melanoma in the 1990s [27,28],
intraperitoneal administration had been adopted in these experiments targeting mouse
melanoma regardless of LAT1 expression levels. Besides, the researchers added solubilizer
sugar to the tested compounds, such as 2-, 3-, and 4-BPA, without estimating solubility
in every experiment. Therefore, in this study, we carefully re-evaluated 3-BPA compared
with 4-BPA in vitro and in vivo, focusing on water solubility and uptake through LAT1,
and consequently found a significant superiority of 3-BPA as a promising lead compound
of next-generation boronoagents in future BNCT.

–

–
–

Figure 1. Chemical structure of 4-borono-L-phenylalanine (4-BPA, (a)) and 3-borono-L-phenylalanine

(3-BPA, (b)).

2. Materials and Methods

2.1. General

All reagents were obtained commercially and used without further purification unless
otherwise noted. 4-BPA (10B) was supplied by Stella Pharma Corp. (Osaka, Japan). Milli-Q
water (Merck Millipore, Burlington, MA, USA) was used in all experiments.
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2.2. Synthesis of 3-BPA

The synthesis of 3-BPA was performed according to previous reports [25,29–31]. The
synthetic scheme is shown in Supplementary Figure S1, and the details are described in the
Supplementary Methods. 3-BPA was purified and characterized using an RP-HPLC system
equipped with a C18 reversed-phase column (COSMOSIL 5C18-AR-II 10 ID × 250 mm;
Nacalai Tesque, Kyoto, Japan). The mobile phase was a mixture of water and acetonitrile
(95:5, v/v) at a flow rate of 5.0 mL/min. This condition was also used for 4-BPA. The
purified 3-BPA was lyophilized to obtain fluffy white crystals and characterized by ESI-MS
and 1H and 13C-NMR (Supplementary Figures S2 and S3).

2.3. Evaluation of the Physicochemical Properties of 3-BPA and 4-BPA

2.3.1. Water Solubility

3-BPA or 4-BPA (40 mg) were suspended in 200 µL water and stirred at 25 ◦C for 24 h.
After stirring, the solution was centrifuged at 5000 rpm for 10 min, and the amount of boron
in the supernatant solution was measured by 8800 triple quadrupole ICP-MS (Agilent,
Santa Clara, CA, USA). The experiment was repeated twice with n = 3.

2.3.2. Log p Measurement

After dissolving 3-BPA or 4-BPA in water (0.2 mg/mL), 1-octanol was added to
compose a water:1-octanol (1:1, v/v) mixture. The mixture was shaken for 5 min and then
centrifuged at 5000 rpm for 10 min. The amount of boron was measured for each liquid
phase using ICP-MS, and log p was calculated from the concentration ratio of each liquid
phase. The experiment was repeated twice with n = 6.

2.4. In Vitro Experiments

2.4.1. Cell Lines

B16F10 mouse melanoma cells (RCB2630) and T3M-4 human pancreatic adenocar-
cinoma cells (RCB1021) were provided by the RIKEN BRC (Ibaraki, Japan). U-87MG
human glioblastoma cells were provided by Prof. Magata (Hamamatsu University School
of Medicine, Hamamatsu, Japan), and A549 human lung carcinoma cells (CCL-185) were
obtained from ATCC (Manassas, VA, USA). Cells were cultured in growth medium RPMI
1640 for B16F10 and T3M-4 and DMEM for A549 and U-87MG, containing 10% fetal bovine
serum at 37 ◦C in a humidified atmosphere of 5% CO2.

2.4.2. Western Blotting

Cultured cells lysed in Passive Lysis Buffer (Promega, Madison, WI, USA) were
homogenized by sonication, centrifuged to remove debris, and subsequently diluted in
2-mercaptoethanol containing sample buffer (70 mM Tris, 1% SDS, 11% glycerol, 0.005%
bromophenol blue). Samples (10 µL, 1.0 mg/mL) were then loaded, and Western blotting
was performed using anti-LAT1 (KE026, 0.1 µg/mL) (Medicinal Chemistry Pharmaceutical,
Sapporo, Japan) as a primary antibody and horseradish peroxidase-conjugated mAb as
a secondary antibody (1:3000 dilution, HAF008, R&D Systems, Minneapolis, MN, USA).
β-Actin levels were used to control protein loading in samples and were measured with
anti-β-actin antibody (1:5000 dilution, NB600-505SS, Novus Biologicals, Littleton, CO, USA).
Immunoreactive bands were visualized using Chemi-Lumi One L (Nacalai Tesque). The
FastGene Bluestar prestained protein marker (NIPPON Genetics, Tokyo, Japan) was used as
a molecular weight marker to estimate molecular weights. An Amersham Imager 600 (GE
Healthcare Japan, Tokyo, Japan) was used to visualize bands. After ImageJ quantified the
bands, the LAT1 expression levels among tumor cells were compared as the LAT1/β-actin
ratio (n = 3).

2.4.3. Cell Staining

The cells were fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton
X100, and incubated with Blocking One Histo (Nacalai Tesque) for 10 min, followed by
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incubation for 2 h at room temperature with an anti-LAT1 antibody (KE026, 0.1 µg/mL) as
the primary antibody. The cells were then rinsed with PBS(-) and incubated for 30 min at
room temperature with a CF555-labeled antibody (SAB4600068, 2 µg/mL, Sigma-Aldrich,
St. Louis, MO, USA). For nuclear staining, the cells were incubated with Hoechst 33342
(5 µg/mL, Nacalai Tesque) for 10 min at room temperature. Fluorescence images were
acquired with a BZ-X810 instrument (Keyence Japan Co., Osaka, Japan) and visualized by
BZ-X800 Analyzer (Keyence Japan Co.).

2.4.4. Cellular Uptake Study

Cells were cultured in six-well plates 2 days before the experiment. After medium
removal, cells were washed twice with choline buffer (140 mM choline chloride, 2 mM
potassium chloride, 1 mM magnesium chloride, 1 mM calcium chloride, 1 M Tris) [25] and
preincubated with 900 µL of choline buffer containing/not containing 10 µM of the LAT1-
specific inhibitor JPH203 [32,33] (Selleck Biotech, Tokyo, Japan) at 37 ◦C for 5 min. After
incubation, 100 µL of 3-BPA or 4-BPA mixed with fructose (0.5 mg/mL, 0.11 w/v% Fru,
pH 7.4) was added and incubated at 37 ◦C for 1, 5, and 30 min. After washing three times
with choline buffer, 400 µL of 0.2 M NaOH was added to lyse the cells. After the amount of
cell protein was measured using the BCA method (Thermo Fisher Scientific, Tokyo, Japan)
and the mixture was ashed with nitric acid, the amount of boron was measured using
ICP-MS. The accumulation rate was calculated as % dose/mg protein from the quantified
dose of boron in added 3-BPA and 4-BPA, respectively (n = 3).

2.5. In Vivo Experiment

2.5.1. Animal Preparation

Male BALB/c mice (4 weeks old, Japan SLC, Shizuoka, Japan, n = 35) and BALB/c
nu-nu mice (4 weeks old, Japan SLC, n = 18) were housed under a 12 h light/12 h dark cycle
and given free access to food and water. Animal experiments were conducted according
to the institutional guidelines for animal experiments. The study protocol was approved
by the institutional Experimental Animal Committee (Permission Number: 19-76 and
20-76). Tumor-bearing mice were prepared by subcutaneous inoculation of B16F10 cells
(5 × 105 cells/mouse) suspended in PBS (-) solution (100 µL) into the right hind legs of
BALB/c mice or T3M-4 cells (2.5 × 106 cells/mouse) suspended in PBS (-):Matrigel = 1:1
solution (100 µL) into the right hind legs of BALB/c nu-nu mice. The treatments were per-
formed under 3–5% isoflurane anesthesia to reduce pain in the mice. Animals with a tumor
of approximately 10 mm in diameter at 5 weeks after inoculation of cells were assigned
for in vivo biodistribution studies so that tumor size was not biased between groups. Mice
without viable T3M-4 tumors (n = 5) were euthanized by isoflurane inhalation overdose.

2.5.2. In Vivo Biodistribution Study

B16F10-bearing mice were intravenously injected with 3-BPA or 4-BPA mixed with
fructose (3-BPA-Fru, 4-BPA-Fru, 1 mg/100 µL PBS (-), 2.2 w/v% Fru, pH 7.4), and sacrificed
10, 30, 60, or 120 min after administration. Samples of the plasma and the tissues of interest
were excised, weighed, and ashed by nitric acid, followed by ICP-MS measurements of the
boron amount. The accumulation rate was calculated as the % injected dose/g (%ID/g) of
the quantified dose of boron in the administrated solution.

LAT1-positive T3M-4 xenograft mice were intravenously injected with 3-BPA-Fru,
4-BPA-Fru (1 mg/100 µL PBS (-), 2.2 w/v% Fru, pH 7.4), or fructose-free 3-BPA (1 mg/100 µL
PBS (-)) and sacrificed 60 min later, followed by boron amount measurement in the same
manner. The details of the preparation of 3-BPA-Fru and 4-BPA-Fru and measurement of
11B-NMR (DD2 NMR Spectrometer, Agilent, Santa Clara, CA, USA, 600 MHz) to confirm
the formation of the complex with fructose are described in Supplementary Methods.
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2.6. Statistics

Data are presented as means ± standard deviations. Statistical analyses were per-
formed using Tukey’s multiple comparison tests or an unpaired t-test with GraphPad
Prism 8. Differences at the 95% confidence level (p < 0.05) were considered significant
unless otherwise noted.

3. Results

3.1. Properties of the 3-BPA and 4-BPA

The physicochemical properties of 3-BPA and 4-BPA are summarized in Table 1.
Notably, the solubility of 3-BPA in water was 125 ± 12 g/L, which is more than

100 times higher than that of 4-BPA (0.72 ± 0.13 g/L) (n = 4, each). 3-BPA has a significantly
higher log p value (n = 6) and a longer RP-HPLC retention time than 4-BPA.

Table 1. Physicochemical properties of 3-BPA and 4-BPA.

3-BPA 4-BPA

Solubility
(in water, 25 ◦C, n = 6)

* 125 ± 12 (g/L) 0.72 ± 0.13 (g/L)

Log p
(n = 12)

†
−1.59 ± 0.03 −1.80 ± 0.04

RP-HPLC
Retention time

4.5 (min) 3.7 (min)

* p < 0.0001 vs. 4-BPA by unpaired t-test. t = 24.24, df = 10. † p < 0.0001 vs. 4-BPA by unpaired t-test. t = 15.41,
df = 22.

3.2. Cellular Uptake Study

Representative bands from Western blotting of T3M-4, A549, U-87MG, and B16F10
cells and the intensity ratio to the β-actin band are shown in Supplementary Figure S4 and
Figure 2a, respectively. Representative images of cellular immunofluorescence staining
are shown in Supplementary Figure S5. These results indicated that the LAT1 expression
levels were decreased in each cell type in the following order: T3M-4, A549, B16F10,
and U-87MG cells. Boron uptakes in each cell line after 3-BPA and 4-BPA additions are
summarized in Supplementary Tables S1 and S2, showing significant inhibition of boron
uptake by LAT1 inhibitor treatment in all cell groups. The LAT1-specific boron uptake
calculated from the difference in accumulations between the inhibitor and noninhibitor
groups is plotted with time in Figure 2b,c. LAT1-specific boron uptake after the addition of
3-BPA and 4-BPA was correlated with the expression level of LAT1 (Figure 2a), which was
confirmed by statistical analysis (Supplementary Tables S3 and S4). Further, simple linear
regression (Figure 2d) and Tukey’s multiple comparison tests (Supplementary Table S5)
showed substantial equivalence between the LAT1-specific boron uptakes of 3-BPA and
4-BPA in vitro.

3.3. Biodistribution Study
11B-NMR analysis of 3-BPA-Fru, 4-BPA-Fru, and 3-BPA showed chemical shifts of 11B

atoms in 9.9, 10.1, and 30.6 ppm, respectively (Supplementary Figures S6–S8). It indicated
a change in electron density around 11B atoms due to fructose complex formation in 3-BPA-
Fru and 4-BPA-Fru solutions. Biodistributions after intravenous administration of 3-BPA-
Fru and 4-BPA-Fru to B16F10 melanoma-bearing mice are summarized in Tables 2 and 3,
and significant differences between 3-BPA-Fru and 4-BPA-Fru in boron accumulations are
summarized in Supplementary Table S6. Both exhibited high accumulation in the pancreas,
which is a high LAT1-expressing organ [34], whereas 3-BPA-Fru showed a significantly
higher boron level in the kidneys than 4-BPA-Fru. The boron levels in the melanoma
and plasma and the melanoma to plasma ratios were not significantly different between
3-BPA-Fru and 4-BPA-Fru groups over time (Figure 3).

547



Pharmaceutics 2022, 14, 1106

 

The LAT1/β actin ratio of each cell calculated from the expression levels of LAT1 and β

–

Figure 2. In vitro cell uptake of 3-BPA and 4-BPA in cancer cells with various LAT1-expression.

(a) The LAT1/β-actin ratio of each cell calculated from the expression levels of LAT1 and β-actin

obtained by Western blotting and standardized to a value of 1 for T3M-4. (b,c) LAT1-specific

accumulation (the difference in accumulation between the inhibitor group and the noninhibitor

group) in T3M-4, A549, B16F10, and U-87MG cells after 1, 5, and 30 min incubation with 3-BPA

(b) and 4-BPA (c). (d) The relationship between the uptake (% dose/mg protein) of 3-BPA and

4-BPA at 30 min incubation with a simple linear regression. Statistical analyses of LAT1-specific

accumulation of 3-BPA (b) and 4-BPA (c) were shown in Supplementary Tables S3 and S4, respectively.
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Table 2. Biodistribution of boron concentration after administration of 3-BPA-Fru in melanoma-

bearing mice (%ID/g, n = 19).

Time after Administration (min)

10
(n = 4)

30
(n = 4)

60
(n = 7)

120
(n = 4)

Plasma 5.1 ± 0.6 2.9 ± 0.2 2.3 ± 0.3 1.7 ± 0.1
Liver 8.4 ± 0.6 4.6 ± 0.4 3.5 ± 0.9 2.6 ± 0.3

Kidneys 58.3 ± 11.3 53.6 ± 7.1 36.4 ± 8.4 23.0 ± 1.9
Pancreas 52.5 ± 4.9 50.2 ± 4.5 33.1 ± 8.5 34.4 ± 2.9

Brain 2.6 ± 0.3 3.0 ± 0.1 3.0 ± 0.9 3.4 ± 0.5
Skin 5.3 ± 0.4 4.2 ± 0.5 3.4 ± 0.5 2.7 ± 0.6

Muscle 4.5 ± 0.8 5.1 ± 0.3 4.6 ± 0.5 4.4 ± 0.5
B16F10 melanoma 6.6 ± 2.1 7.0 ± 1.1 7.4 ± 1.0 6.2 ± 1.1

Tumor/Plasma 1.3 ± 0.3 2.4 ± 0.4 2.9 ± 0.5 3.7 ± 0.4

Table 3. Biodistribution of boron concentration after administration of 4-BPA-Fru in melanoma-

bearing mice (%ID/g, n = 16).

Time after Administration (min)

10
(n = 4)

30
(n = 4)

60
(n = 4)

120
(n = 4)

Plasma 5.5 ± 0.7 3.1 ± 0.2 2.7 ± 0.2 1.6 ± 0.2
Liver 7.4 ± 0.7 4.2 ± 0.2 2.9 ± 0.3 2.0 ± 0.1

Kidneys 16.9 ± 2.5 10.8 ± 1.6 8.4 ± 3.7 4.7 ± 0.6
Pancreas 44.1 ± 7.0 44.8 ± 5.7 33.9 ± 6.5 12.9 ± 1.4

Brain 1.3 ± 0.1 2.5 ± 0.2 3.0 ± 0.3 2.2 ± 0.2
Skin 5.2 ± 0.7 4.4 ± 0.5 5.0 ± 0.9 2.5 ± 0.3

Muscle 3.1 ± 0.7 4.2 ± 0.4 4.4 ± 0.3 2.8 ± 0.3
B16F10 melanoma 4.3 ± 1.4 6.4 ± 1.0 8.6 ± 0.6 5.8 ± 0.4

Tumor/Plasma 0.8 ± 0.3 2.1 ± 0.3 3.2 ± 0.1 3.6 ± 0.4

 

Figure 3. Boron accumulation in B16F10 melanoma (a) and plasma (b), and melanoma to plasma ratio

of boron accumulation (c) of 3-BPA-Fru and 4-BPA-Fru at 10, 30, 60, and 120 min after administration.

Biodistributions 60 min after intravenous administration of 3-BPA-Fru, 4-BPA-Fru, and
3-BPA to LAT1-positive T3M-4-bearing mice are summarized in Figure 4 and Supplementary
Table S7. Similar to the above results, there were no significant differences among groups
in boron accumulation levels in the organs, except for the kidneys. Note that 3-BPA and
3-BPA-Fru showed similar boron levels in all evaluated organs, indicating no additive
function of fructose on drug pharmacokinetics.
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< 0.001 by Tukey’s multiple comparison test

value, −2.26 36] vs. −1.38

water molecules and decreased π–π interaction within boron agents, but 

Figure 4. Boron accumulation in T3M-4 tumor, plasma, liver, kidneys, and the tissues surrounding

the tumor at 60 min after administration of 3-BPA, 3-BPA-Fru, and 4-BPA-Fru into BALB/c nu-nu

mice. * p < 0.001 by Tukey’s multiple comparison tests.

4. Discussion

As 4-BPA has a low water solubility that can cause side effects in patients with BNCT,
this study aimed to develop an alternative boronoagent and re-evaluated 3-BPA compared
with 4-BPA in water solubility and tumor targetability through LAT1. We found that 3-BPA
is highly soluble in water, more than 100 times higher than 4-BPA. As 3-BPA and 4-BPA
have similar acid dissociation constants (3-BPA: pKa1 = 2.26, pKa2 = 8.46, pKa3 = 9.95;
4-BPA: pKa1 = 2.35, pKa2 = 8.45, pKa3 = 9.67) [35], both would exist in similar charge states
in the neutral solution. The log p values and retention times in RP-HPLC suggest a slightly
higher tendency of 3-BPA toward the organic layer than 4-BPA. Although this would appear
contradictory to the solubility result, a relationship between tyrosine and phenylalanine
is similar to this case. Tyrosine shows a lower log p value but a lower water solubility
than phenylalanine (log p value, −2.26 [36] vs. −1.38 [36]; water solubility, 0.47 g/L [37]
vs. 12.0 g/L [38]), indicating that the hydroxyl group present at the para-position of
phenylalanine contributes to a decrease in water solubility. Similarly, 4-BPA shows a lower
log p value and water solubility than phenylalanine. In addition, to clarify the substituent
position effect, we measured and compared the water solubility of DL-meta-tyrosine and
DL-tyrosine (Supplementary Table S8). The results showed more than 25 times higher water
solubility of DL-meta-tyrosine than DL-tyrosine, confirming that introducing a substituent
at meta-position improves water solubility. The improved water solubility of 3-BPA may
be attributed to the difference in thermodynamically stable conformations from 4-BPA,
leading to increased intermolecular interactions with the surrounding water molecules
and decreased π–π interaction within boron agents, but further studies are required to
understand the detailed mechanism.

In in vitro experiments, we initially used B16F10 cells as a positive control following
past BNCT studies [28,39,40]. Surprisingly, we still found low LAT1 expression and boron
accumulation after 3-BPA and 4-BPA addition compared with other LAT1-expressing cell
groups. In the past, research was focused on melanoma, which was the primary target
disease of BNCT at that time, and no further evaluation was conducted when slightly less
accumulation of 3-BPA was observed in melanoma cells [27]. Nevertheless, in the present
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experiments using high LAT1 expressing cells, we have succeeded in demonstrating a
LAT1-dependent accumulation profile of 3-BPA statistically equivalent to that of 4-BPA,
which supports our decision to re-evaluate.

In clinical BNCT, the boron accumulations in the tumor and surrounding normal
tissues are both considered because neutron exposure to the surrounding tissues is in-
evitable during neutron irradiation and can have side effects [41,42]. This study evaluated
the amount of boron accumulation in the brain, skin, and muscle as peripheral tissues in
addition to the tumor. 3-BPA-Fru and 4-BPA-Fru showed equivalent biodistribution profiles
in the tumor and peripheral tissues in conventional melanoma mice, suggesting similar
effectiveness of 3-BPA-Fru as a boronoagent in BNCT. A significant boron accumulation
observed in the kidneys after 3-BPA-Fru injection could come from a possible recognition
difference in renal transporter systems, but it could not cause crystallization and hematuria
due to the improved solubility. The mechanism of the accumulation difference in the
kidneys remains unclear, and further studies are needed to determine the associated effects.
Interestingly, in vitro and in vivo tumor boron accumulation after 3-BPA-Fru administra-
tion was perfectly similar to the level obtained by 4-BPA-Fru, unlike our prediction based
on the previous reports showing the superiority of meta-substituted phenylalanine in LAT1
recognition [25,26]. Since these studies did not include boronic acid substitution [25,26],
further research on the structure–activity relationship of compounds with boronic acid
substitution using 3-BPA as a lead compound will contribute to BNCT agent development.

We evaluated the biodistribution of 3-BPA without fructose solubilization due to
highly improved solubility. The boron concentration in the administration solution was
more than 10 times higher than the solubility of 4-BPA. The biodistribution of 3-BPA was
comparable to that of 3-BPA-Fru, indicating that there was no need for fructose addition in
the preparation. In a tentative estimate, for a patient with 60 kg of body weight, 250 mL
or less of 3-BPA solution is required without solubilizer addition, in contrast to the case
of 4-BPA, which includes 31.5 g D-sorbitol in 1000 mL solution. Details of Borofalan
marketization that fructose was changed to D-sorbitol due to unsuitability for long-term
storage by the Maillard reaction [43], may support that 3-BPA prepared without solubilizer
addition has advantages in terms of quality control. In the clinical settings, 4-BPA would
cause crystalluria and hematuria because the solubility is lower than the possible urinary
concentration level excreted from the body [44], but the solubility of 3-BPA is much higher
than the estimated urinary concentration level, thus eliminating such related side effects.
Next, 3-[10B]BPA synthesized by an optimized synthetic scheme needs to be assessed using
the intravenous infusion method before its application in clinical settings. The tumor
targetability of 3-BPA should also be evaluated at clinical doses in the future, with reference
to the report that transporters other than LAT1 contribute to tumor uptake at clinical doses
of 4-BPA [14]. As 4-BPA was initially developed to target melanoma [8,45], 4-BPA was
designed according to the structure of tyrosine, the precursor of melanin. Since then, 4-BPA
has been promoted for clinical use, and several agents based on the 4-BPA structure have
been developed [46,47]. As the meta-substituent improved water solubility and sustained
tumor targetability, 3-BPA can replace 4-BPA as the lead compound for future drug design
of boronoagents.

In summary, although future verification for clinical use is needed, this study demon-
strated that 3-BPA is highly water-soluble, enables solubilizer elimination unlike 4-BPA,
and has a biodistribution property comparable to 4-BPA. Therefore, 3-BPA is a promising
BNCT agent that surpasses the currently marketed 4-BPA.

Supplementary Materials: The following supporting information can be downloaded at: https:

//www.mdpi.com/article/10.3390/pharmaceutics14051106/s1, Figure S1: Synthetic scheme of 3-

BPA, Figure S2: 1H-NMR spectrum of 3-BPA, Figure S3: 13C-NMR spectrum of 3-BPA, Figure S4:

Representative western blot bands (LAT1 and β-actin) of cell lysate, Figure S5: Representative images

of fluorescence immunostaining of LAT1 and nuclear staining in cells, Figure S6: 11B-NMR spectrum

of 3-BPA in PBS(-), Figure S7: 11B-NMR spectrum of 3-BPA-Fru in PBS(-), Figure S8: 11B-NMR

spectrum of 4-BPA-Fru in PBS(-); Table S1: Boron uptake in cancer cells after incubation with 3-BPA,
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Table S2: Boron uptake in cancer cells after incubation with 4-BPA, Table S3: Statistical analysis of

specific uptake between each cell after addition of 3-BPA, Table S4: Statistical analysis of specific

uptake between each cell after addition of 4-BPA, Table S5: Statistical analysis of specific uptake

between 3-BPA and 4-BPA in each cell, Table S6: Significant difference between 3-BPA-Fru and

4-BPA-Fru in boron accumulation in each tissue after administration into melanoma-bearing mice,

Table S7: Biodistribution of boron concentration at 60 min after injection of 3-BPA, 3-BPA-Fru, and

4-BPA-Fru in T3M-4 tumor-bearing mice, Table S8: Water solubility of phenylalanine, tyrosine, and

meta-tyrosine; Supplementary Methods.
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Abstract: Despite some limitations such as long-term side effects or the potential presence of intrinsic
or acquired resistance, platinum compounds are key therapeutic components for the treatment of
several solid tumors. To overcome these limitations, maintaining the same efficacy, organometallic
ruthenium(II) compounds have been proposed as a viable alternative to platinum agents as they
have a more favorable toxicity profile and represent an ideal template for both, high-throughput
and rational drug design. To support the preclinical development of bis-phoshino-amine ruthenium
compounds in the treatment of breast cancer, we carried out chemical modifications in the structure
of these derivatives with the aim of designing less toxic and more efficient therapeutic agents. We
report new bis-phoshino-amine ligands and the synthesis of their ruthenium counterparts. The
novel ligands and compounds were fully characterized, water stability analyzed, and their in vitro
cytotoxicity against a panel of tumor cell lines representative of different breast cancer subtypes
was evaluated. The mechanism of action of the lead compound of the series was explored. In vivo
toxicity was also assessed. The results obtained in this article might pave the way for the clinical
development of these compounds in breast cancer therapy.

Keywords: breast cancer; metallodrugs; RAPTA derivatives; phosphino-amine ligands

1. Introduction

Cancer is one of the most devastating diseases in the world and particularly breast
cancer is a leading cause of death in women [1]. Classical treatments for this disease include
chemotherapy, hormonotherapy, and targeted agents such as anti-HER2 treatments [1].
However, it is a global concern that many patients harbor an inherent resistance to these
drugs, and even for those that respond, progression after a specific period of time becomes
frequent [2,3].

Breast cancer can be divided into three different subtypes based on their genomic/
transcriptomic profile, the HER2 enriched, the basal-like, and the luminal breast [4,5]. The
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triple-negative breast cancer subtype mimics the basal-like subgroup and is termed in that
way due to the lack of HER2 and estrogen receptor expression, representing 15% of breast
tumors. It also harbors a more aggressive behavior along with a limited number of efficient
therapeutic options [5]. In this regard, the identification of novel targets with potential for
druggability, the optimization of those that are currently in clinical use, or the development
of new compounds with higher efficacy and a safer toxicity profile, is the main objective.

Platinum-based therapies including carboplatin and cisplatin have been the standard
treatment of care as a chemotherapy backbone, in many solid tumors, such as in triple-
negative and HER2 positive breast cancer [6–8]. Platinum agents are highly cytotoxic
and unspecific, therefore, they can produce severe undesired side effects [9]. In addition,
some tumors express an inherent resistance to these agents and others acquired secondary
resistance after being exposed to these agents for a period of time [2]. In this context, other
metallic compounds with better biological and pharmacological properties are needed.
Rutheniums have emerged as a novel and promising anticancer family of agents [10,11].
Ruthenium-based therapy might overcome platinum resistance, and improve the narrow
therapeutic window of ‘the platinum family of agents’ [12,13]. In addition, ruthenium
compounds have been shown to mediate their biological effect through a combination of
anti-proliferative activity, anti-angiogenic action, and an anti-metastatic property which
can clearly improve the action of current platinum derivatives [14–16].

To date, there have been several ruthenium compounds in clinical trials [17]. NAMI-A
was the first ruthenium agent that eventually reached the clinical stage giving rise to high
expectations for this new class of metal-based anticancer drugs [15,18]. KP1019 and its
sodium salt KP1339 were the following compounds to be evaluated [19]. NAMI-A and KP
compounds were tested in animal models demonstrating activity. Phase II combination
studies of NAMI-A along with gemcitabine against lung cancer reported moderate clinical
activity limiting their further evaluation [20]. Phase I clinical investigation of KP1019 for
patients with advanced solid tumors showed a moderate antitumor activity [21]. The ruthe-
nium compound TLD1433 completed phase I clinical trials for intravesical photodynamic
therapy in patients with a non-muscle invasive bladder tumor and is currently recruiting
patients in a phase II study [22,23].

Organometallic ruthenium compounds such as RAPTA-C [24] and RM175 [25,26] are
in advanced preclinical studies. In this regard, a very high number of new organometallic
ruthenium agents have been reported as potential candidates for clinical translation. Many
examples of the screening of mono-, di-, and poly-nuclear ruthenium compounds with bio-
logically inactive and active auxiliar ligands to give chiral and achiral complexes have been
reported by advanced biological methods to understand their mechanism of action [27–34].
In this context, successful ruthenium complexes have been reported for the treatment of
breast cancer [35]. In this regard, we proposed bis-phoshino-amines as versatile auxiliar
ligands for a direct and simple generation of RAPTA-C derivatives [36]. The cytotoxicity of
the novel ruthenium compounds was studied in a panel of tumoral cells to exploit them
as a promising family of therapeutic agents. In addition, the lead compound of the series
was selected for further evaluation (Figure 1). In a second study, we focused our efforts on
understanding its mode of action, pharmacokinetic and biodistribution parameters and
proposed plausible targets to improve subsequent designs [37].

Herein, a new family of ligands was synthetized and characterized to generate their
ruthenium counterparts. The novel ruthenium agents were evaluated against a panel of
breast tumoral cells representative of the three described breast cancer subtypes and were
also compared to platinum agents. From this work, a new lead complex was obtained, and
its mechanism of action was studied in depth. Finally, in vivo toxicity of the lead compound
and its versatility against other tumor cells overexpressing HER2+ was performed.
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Figure 1. Chemical structure of the lead bis-phosphino-amine compound for breast cancer therapy.

2. Materials and Methods

2.1. General Procedure

Synthesis reactions were performed using standard Schlenk and glove-box techniques
under an atmosphere of dry nitrogen. CH2Cl2 and hexane were pre-dried over CaCl2
and sodium wire, respectively, and distilled under nitrogen from sodium-potassium alloy
(hexane), and CaCl2 (CH2Cl2). CDCl3, DMSO-d6, and D2O were stored over activated 4 Å
molecular sieves and degassed by several freeze-thaw cycles. All NMR experiments were
conducted in deuterated solvents at 297 K in a Varian FT-400 spectrometer (VARIAN Inc.,
Palo Alto, California, USA) equipped with a 4 nucleus ASW PFG 1H/19F/13C/{15N-31P}.
The 1H π/2 pulse length was adjusted for each sample. 1H- and 13C{1H}-NMR chemical
shifts (δ) are given in ppm relative to TMS. 31P{1H}-NMR chemical shifts are given in
ppm relative to H3PO4 (85%). Coupling constants (J) are documented in Hz. The solvent
signals were used as references and chemical shifts converted to the TMS scale. IR experi-
ments were conducted on an FT/IR-4000 Series Jasco Instruments (Jasco Analytics, Madrid,
Spain). The UV-Vis absorption spectra were recorded at room temperature using a Cary
100 spectrophotometer (Agilent, Madrid, Spain) using a slit width of 0.4 nm and a scan rate
of 600 nm/min. Elemental Analysis was performed at the Unidad de Análisis Químico Ele-
mental, University complutense, Madrid (Spain) using an Elementary Chemical Analyzer
LECO CHNS-932. Mass spectroscopy was performed at the Unidad de Espectrometría de
Masas, University complutense, Madrid (Spain) using a MAXXIS II Bruker spectrometer.

2.2. Synthesis and Characterization of Ligands L1–L10

To a solution of chlorodiphenylphosphine (0.54 mL, 2.92 mmol) in toluene (15 mL)
at 0 ◦C were added dropwise triethylamine (0.45 mL, 3.22 mmol) and the corresponding
amine (1.45 mmol). After a 30 min stirring time, the ice bath was removed, and the stirring
continued. Monitoring by NMR showed all starting materials to have been consumed
within 5 h; at this point, the solution was filtered to remove the Et3NHCl formed. On
removing all volatiles under reduced pressure, the resultant white solid was repeatedly
washed with degassed MeCN until no Ph2PP(O)Ph2 impurity could be detected by 31P{1H}-
NMR.

N-tert-butyl-N-(diphenylphosphanyl)-1,1-diphenylphosphanamine (L1): After extracting
in toluene, L1 was recovered as a white solid with a yield of 86%. 1H NMR (400 MHz,
CDCl3) δ 7.88–7.17 (m, 20 H, Ar), 1.43 (s, J = 7.9 Hz, 9 H, CH3). 13C{1H}-NMR (101 MHz,
CDCl3) δ 140.74 (4 C, Ar quaternary (PPh2)), 132.81 (8 C, o-Ar CH (PPh2)), 128.23 (8 C,
m-Ar CH(PPh2)), 127.91 (4 C, p-Ar CH(PPh2)), 63.8 (1 C, C–(CH3)3), 32.75 (3 C, CH3). 31P
NMR (162 MHz, CDCl3) δ 21.39. UV-vis: maximum absorbance at 288 nm. IR: 2961 cm−1

(C–H sp3 stretching), 1476–1431 cm−1 (two bands C=C aromatic stretching), 1174 cm−1

(C–N stretching), 1087 cm−1 (C–P stretching). Elemental analysis calcd (%) for C28H29NP2:
C, 76.17; H, 6.62; N, 3.17; P, 14.03; found: C, 76.12; H, 6.52; N, 3.31.

N-(diphenylphosphanyl)-1,1-diphenyl-N-propylphosphanamine (L2): After extracting in
toluene, L3 was recovered as a white solid with a yield of 84%. 1H NMR (400 MHz, CDCl3) δ
7.40–7.33 (m, 8H, o-Ar), 7.30–7.24 (m, 12H, m- and p-Ar), 3.20–3.09 (m, 2H, -CH2-CH2-CH3),
1.11–0.95 (m, 2H, –CH2–CH2–CH3), 0.45 (t, J = 7.3 Hz, 3H, –CH2–CH2–CH3). 13C{1H}-NMR
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(101 MHz, CDCl3) δ 139.66 (4 C, Ar quaternary (PPh2)), 132.65 (8 C, o-Ar CH (PPh2)),
128.65 (6 C, m- and p-Ar CH (PPh2)), 127.95 (6 C, m- and p-Ar CH (PPh2)), 54.65 (2 C, –CH2–
CH2–CH3), 24.60 (2 C, –CH2–CH2–CH3), 10.94 (3 C, –CH2–CH2–CH3). UV-vis: maximum
absorbance at 284 nm. IR: 2957 cm−1 (C–H sp3 stretching), 1478–1433 cm−1 (two bands C=C
aromatic stretching), 1090 cm−1 (C–P stretching), 1057 cm−1 (C–N stretching). Elemental
analysis calcd (%) for C27H27NP2: C, 75.86; H, 6.37; N, 3.28; found: C, 75.69; H, 6.52; N,
3.39.

N-cyclohexyl-N-(diphenylphosphanyl)-1,1-diphenylphosphanamine (L3): After extracting
in toluene, L3 was recovered as a white solid with a yield of 82%. 1H NMR (400 MHz,
CDCl3) δ 7.24 (m, 20H, Ar), 3.29–3.11 (m, 1H, cyclohexyl CH), 1.93–1.74 (m, 2H, cyclohexyl
CH2), 1.64–1.30 (m, 4H, cyclohexyl CH2), 1.12–0.89 (m, 4H, cyclohexyl CH2). 13C{1H}-NMR
(101 MHz, CDCl3) δ 140.00 (4C, Ar quaternary (PPh2)), 132.64 (8C, o-Ar CH (PPh2)), 128.48
(8C, m-Ar CH (PPh2)), 127.96 (4 C, p-Ar CH (PPh2)), 60.33 (1 C, cyclohexyl CH), 34.89
(1 C, cyclohexyl CH2), 26.12 (2C, cyclohexyl CH2), 25.47 (2C, cyclohexyl CH2). 31P NMR
(162 MHz, CDCl3) δ 55.78. UV-vis: maximum absorbance at 276 nm. IR: 2927 cm−1 (C–H
sp3 stretching), 1449–1433 cm−1 (two bands C=C aromatic stretching), 1091 cm−1 (C–P
stretching), 1056 cm−1 (C–N stretching). Elemental analysis calcd (%) for C30H31NP2: C,
77.07; H, 6.68; N, 3.00; found: C, 76.84; H, 6.88; N, 3.31.

N-(diphenylphosphanyl)-N,1,1-triphenylphosphanamine (L4): After extracting in toluene,
L4 was recovered as a white solid with a yield of 91%. 1H NMR (400 MHz, CDCl3) δ
7.40–7.21 (m, 20H), 6.99–6.88 (m, 3H), 6.64 (d, J = 6.2 Hz, 2H). 13C{1H}-NMR (101 MHz,
CDCl3) δ 159.32 (2C, o-Ar quaternary (o-Ph)), 158.02 (1C, Ar quaternary (o-Ph)), 140.28 (4C,
Ar quaternary (PPh2)), 132.32 (8C, o-Ar CH (PPh2)), 128.03 (2C, m-Ar (o-Ph)), 127.65 (8C,
m-Ar CH (PPh2)), 126.92 (4C, p-Ar CH (PPh2)), 122.03 (2C, o-Ar (o-Ph)), 117.22 (1C, p-Ar
(o-Ph)). 31P NMR (162 MHz, CDCl3) δ 68.46. UV-vis: maximum absorbance at 280 nm. IR:
3057 cm−1 (C–H sp2 stretching), 1488–1431 cm−1 (two bands C=C aromatic stretching),
1172 cm−1 (C–N stretching), 1091 cm−1 (C–P stretching). Elemental analysis calcd (%) for
C30H25NP2: C, 78.08; H, 5.46; N, 3.04; found: C, 78.12; H, 5.54; N, 3.30.

N-(diphenylphosphanyl)-N-(2-fluorophenyl)-1,1-diphenylphosphanamine (L5): After extract-
ing in toluene, L5 was recovered as a white solid with a yield of 80%. 1H NMR (400 MHz,
CDCl3) δ 7.40–7.18 (m, 20 H, Ar (PPh2)), 7.04–6.96 (m, 1H, o-Ar (o-FPh)), 6.87–6.77 (m, 1H,
p-Ar (o-FPh)), 6.76–6.62 (m, 2H, m-Ar (o-FPh)). 13C{1H}-NMR (101 MHz, CDCl3) δ 160.47
(1C, o-Ar quaternary (o-FPh)), 158.02 (1C, Ar quaternary (o-FPh)), 139.18 (4C, Ar quater-
nary (PPh2)), 133.39 (8C, o-Ar CH (PPh2)), 131.43 (1C, m-Ar (o-FPh)), 129.05 (8C, m-Ar CH
(PPh2)), 127.97 (4C, p-Ar CH (PPh2)), 127.08 (1C, o-Ar (o-FPh)), 123.59 (1C, m-Ar (o-FPh)),
116.21 (1C, p-Ar (o-FPh)). UV-vis: maximum absorbance at 280 nm. IR: 3057 cm−1 (C–H
sp2 stretching), 1479–1432 cm−1 (two bands C=C aromatic stretching), 1245 cm−1 (C–F
stretching), 1181 cm−1 (C–N stretching), 1089 cm−1 (C–P stretching). Elemental analysis
calcd (%) for C30H24FNP2: C, 75.15; H, 5.05; N, 2.92; found: C, 74.92; H, 5.11; N, 3.18.

N-(diphenylphosphanyl)-N-(4-fluorophenyl)-1,1-diphenylphosphanamine (L6): After extract-
ing in toluene, L6 was recovered as a white solid with a yield of 86%. 1H NMR (400 MHz,
CDCl3) δ 7.38–7.19 (m, 20H, Ar), 6.58 (t, J = 8.7 Hz, 2H, m-Ar (p-FPh)), 6.48 (dd, J = 8.9, 5.1
Hz, 2H, o-Ar (p-FPh)). 13C{1H}-NMR (101 MHz, CDCl3) δ 161.44 (1C, p-Ar quaternary(p-
FPh)), 159.01 (1C, Ar quaternary (p-FPh)), 138.93 (4C, Ar quaternary (PPh2)), 133.20 (8C,
o-Ar CH (PPh2)), 130.67 (2C, m-Ar CH (p-FPh)), 129.11 (8C, m-Ar CH (PPh2)), 128.00 (4C,
p-Ar CH (PPh2)), 114.79 (2C, o-Ar CH (p-FPh)). UV-vis: maximum absorbance at 278 nm.
IR: 3056 cm−1 (C-H sp2 stretching), 1496–1430 cm−1 (two bands C=C aromatic stretching),
1202 cm−1 (C–F stretching), 1151 cm−1 (C–N stretching), 1091 cm−1 (C–P stretching). Ele-
mental analysis calcd (%) for C30H24FNP2: C, 75.15; H, 5.05; N, 2.92; found: C, 75.33; H,
5.27; N, 3.11.

N-(3-bromophenyl)-N-(diphenylphosphanyl)-1,1-diphenylphosphanamine (L7): After extract-
ing in toluene, L7 was recovered as a white solid with a yield of 92%. 1H NMR (400 MHz,
CDCl3) δ 7.40–7.19 (m, 20H, Ar (PPh2)), 7.08 (d, J = 8.2 Hz, 1H, o-Ar (m-BrPh)), 6.81 (t,
J = 8.0 Hz, 1H, m-Ar (m-BrPh)), 6.68 (s, 1H, o’-Ar (m-BrPh)), 6.62 (d, J = 8.0 Hz, 1H, p-Ar (m-
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BrPh)). 13C{1H}-NMR (101 MHz, CDCl3) δ 148.66 (4C, Ar quaternary (m-BrPh)), 138.57 (2C,
m’-Ar quaternary (m-BrPh) and Ar quaternary (PPh2)), 133.13 (8C, o-Ar CH (PPh2)), 131.95
(1C, p-Ar (m-BrPh)), 129.20 (8C, m-Ar CH (PPh2)), 128.04 (4C, p-Ar CH (PPh2)), 127.43 (2C,
o-Ar (m-BrPh)), 121.36 (1C, m-Ar (m-BrPh)). 31P NMR (162 MHz, CDCl3) δ 68.65. UV-vis:
maximum absorbance at 282 nm. IR: 3072 cm−1 (C–H sp2 stretching), 1465–1432 cm−1 (two
bands C=C aromatic stretching), 1203 cm−1 (C–N stretching), 1091 cm−1 (C–P stretching),
690 cm−1 (C–Br stretching). Elemental analysis calcd (%) for C30H24BrNP2: C, 66.68; H,
4.48; N, 2.59; found: C, 66.92; H, 4.53; N, 2.75.

N-(4-chlorophenyl)-N-(diphenylphosphanyl)-1,1-diphenylphosphanamine (L8): After extract-
ing in toluene, L8 was recovered as a white solid with a yield of 90%. 1H NMR (400 MHz,
CDCl3) δ 7.36–7.19 (m, 20H, Ar (PPh2)),), 6.85 (d, J = 8.7 Hz, 2H, m-Ar CH (p-ClPh)), 6.48 (d,
J = 8.8 Hz, 2H, o-Ar CH(p-ClPh)). 13C{1H}-NMR (101 MHz, CDCl3) δ 145.62 (1C, Ar quater-
nary (p-ClPh)), 138.72 (5C, p-Ar quaternary(p-ClPh) and Ar quaternary (PPh2)), 133.15 (8C,
o-Ar CH (PPh2)), 130.22 (2C, m-Ar CH (p-ClPh)), 129.15 (8C, m-Ar CH (PPh2)), 128.17 (2C,
o-Ar CH (p-ClPh)), 128.06 (4C, p-Ar CH (PPh2)). 31P NMR (162 MHz, cdcl3) δ 69.64. UV-vis:
maximum absorbance at 282 nm. IR: 3036 cm−1 (C–H sp2 stretching), 1477–1431 cm−1 (two
bands C=C aromatic stretching), 1211 cm−1 (C–N stretching), 1092 cm−1 (C–P stretching),
901 cm−1 (C–Cl stretching). Elemental analysis calcd (%) for C30H24ClNP2: C, 72.66; H,
4.88; N, 2.82; found: C, 72.45; H, 4.46; N, 2.62.

N,N-bis(diphenylphosphanyl)quinolin-6-amine (L9): After extracting in toluene, L9 was
recovered as a yellow solid with a yield of 78%. 1H NMR (400 MHz, CDCl3) δ 8.73 (dd,
J = 4.2, 1.7 Hz, 1H, Ar CH8 (quinoline)), 7.67 (t, J = 9.6 Hz, 2H, Ar CH9 and Ar CH10
(quinoline)), 7.41–7.32 (m, 8H, o-Ar (PPh2)), 7.33–7.23 (m, 12H, m-Ar and p-Ar (PPh2)), 7.20
(dd, J = 8.3, 4.3 Hz, 1H, Ar CH3 (quinoline)), 7.10 (d, J = 9.0 Hz, 1H, Ar CH2 (quinoline)),
6.93 (s, 1H, Ar CH6 (quinoline)). 13C{1H}-NMR (101 MHz, CDCl3) δ 149.65 (1 C, C8
(quinoline)), 145.95 (1 C, C1 (quinoline)), 145.66 (1 C, C4 (quinoline)), 138.75 (4 C, Ar
quaternary (PPh2)), 135.66 (1 C, C10 (quinoline)), 133.17 (8 C, o-Ar CH (PPh2)), 131.77 (1
C, C5 (quinoline)), 129.19 (8 C, m-Ar CH (PPh2)), 129.12 (1 C, C2 (quinoline)), 128.10 (1 C,
C3 (quinoline)), 127.94 (4 C, p-Ar CH (PPh2)), 125.90 (1 C, C6 (quinoline)), 120.89 (1 C, C9
(quinoline)). 31P NMR (162 MHz, cdcl3) δ 68.73. UV-vis: maximum absorbance at 282 nm.
IR: 3047 cm−1 (C–H sp2 stretching), 1492–1431 cm−1 (two bands C=C aromatic stretching),
1210 cm−1 (C–N stretching), 1094 cm−1 (C–P stretching). Elemental analysis calcd (%) for
C33H26N2P: C, 77.33; H, 5.11; N, 5.47; found: C, 77.22; H, 5.32; N, 5.81.

(E)-N-(diphenylphosphanyl)-1,1-diphenyl-N-(4-(phenyldiazenyl)phenyl)phosphanamine (L10):
After extracting in toluene, L10 was recovered as a yellow solid with a yield of 79%. 1H
NMR (400 MHz, CDCl3) δ 7.82 (d, J = 6.9 Hz, 2H, H3 and H5 (azobenzene)), 7.53 (d,
J = 8.8 Hz, 2H, H10 and H14 (azobenzene)), 7.45 (d, J = 7.5 Hz, 2H, H11 and H13 (azoben-
zene)), 7.42–7.38 (m, 8H, o-Ar (PPh2)), 7.34 (t, J = 1.5 Hz, 1H, H12 (azobenzene)), 7.33–7.23
(m, 12H, m-Ar and p-Ar (azobenzene)), 6.81 (d, J = 8.8 Hz, 2H, H2 and H6 (azobenzene)).
13C{1H}-NMR (101 MHz, CDCl3) δ 152.59 (1 C, C9 (azobenzene)), 150.47 (1 C, C1 (azoben-
zene)), 149.38 (1 C, C4 (azobenzene)), 138.55 (4 C, Ar quaternary (PPh2)), 133.15 (8 C, o-Ar
CH (PPh2)), 130.72 (2 C, C3 and C5 (azobenzene)), 129.19 (8 C, m-Ar CH (PPh2)), 129.02
(2 C, C11 and C13 (azobenzene)), 128.83 (2 C, C10 and C14 (azobenzene)), 128.12 (4 C,
p-Ar CH (PPh2)), 122.82 (1 C, C2 (azobenzene)), 122.66 (1 C, C6 (azobenzene)). UV-vis:
maximum absorbance at 358 nm. IR: 3047 cm−1 (C–H sp2 stretching), 1492 cm−1 (N=N
stretching), 1478–1434 cm−1 (two bands C=C aromatic stretching), 1214 cm−1 (C–N stretch-
ing), 1091 cm−1 (C–P stretching). Elemental analysis calcd (%) for C36H29N3P2: C, 76.45; H,
5.17; N, 7.43; found: C, 76.71; H, 5.32; N, 7.75.

2.3. Synthesis and Characterization of Ruthenium Compounds Ru1–Ru10

To a mixture of ligand (0.07 mmol), [RuCl2(p-cym)]2 (0.023 g, 0.037 mmol) and NaBF4
(0.010 g, 0.091 mmol) was added methanol (3 mL) and the mixture was allowed to stir for
4 h at room temperature. After this time, a white precipitate appeared. The complexes
were isolated as orange solids after filtration.
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[RuCl(p-cym)({Ph2P}2N{C4H9})][BF4] (Ru1). Yield: 46.32 mg, 0.064 mmol, 85%. 1H
NMR (400 MHz, CDCl3) δ 8.23–8.10 (d, J = 6.6 Hz, 8 H, o-Ar), 7.85 (t, J = 7.4 Hz, 4 H, p-Ar),
7.67 (t, J = 7.3 Hz, 8 H, m-Ar), 5.88 (d, J = 6.4 Hz, 2 H, cym), 5.85 (d, J = 6.5 Hz, 2 H, cym),
2.60–2.49 (m, 1 H, CH3–CH–CH3), 1.95 (d, J = 5.9 Hz, 3 H, CH3), 0.96 (d, J = 6.9 Hz, 6 H,
CH3–CH–CH3), 0.71 (s, 9 H, CH3). 13C{1H}-NMR (101 MHz, CDCl3) δ 135.36 (8 C, o-Ar CH
(PPh2), 132.64 (8 C, m-Ar CH (PPh2), 130.22 (4 C, p-Ar CH (PPh2), 98.50 (4 C, cym), 31.82 (1
C, CH–CH3)2), 31.18 (3 C, CH3), 22.81 (2 C, CH3–CH), 18.62 (1 C, CH3). Quaternary carbons
were not found. 31P NMR (162 MHz, CDCl3) δ 79.91. UV-vis: maximum absorbance at
280 nm. IR: 2963 cm−1 (C–H sp3 stretching), 1474–1436 cm−1 (two bands C=C aromatic
stretching), 1090 cm−1 (C–N stretching), 1053 cm−1 (C–P stretching), 701 cm−1 (Ru–Cl
stretching). Elemental analysis calcd (%) for C38H43BClF4NP2Ru: C, 57.12; H, 5.42; N, 1.75;
found: C, 57.93; H, 5.15; N, 1.97. MS (ESI) m/z for [C38H43ClNP2Ru+]: 712.16 (100%).

[RuCl(p-cym)({Ph2P}2N{C3H7})][BF4] (Ru2). Yield: 49.41 mg, 0.070 mmol, 93%. 1H
NMR (400 MHz, CDCl3) δ 7.54 (dd, J = 61.7, 29.3 Hz, 20 H, Ar), 6.05 (s, 2 H, cym), 5.79 (s,
2 H, cym), 2.75 (t, J = 4.3 Hz, 2 H, CH2–CH2–CH3), 2.55 (s, 1 H, CH3–CH–CH3), 1.79 (s, 3
H, CH3), 1.10–0.94 (m, 2 H, CH2–CH2–CH3), 1.06 (d, J = 6.8 Hz, 6 H, CH3–CH–CH3), 0.40
(s, 3 H, CH2–CH2–CH3). 13C{1H}-NMR (101 MHz, CDCl3) δ 133.55 (4 C, Ar quaternary
(PPh2)), 132.65 (8 C, m-Ar CH (PPh2)), 130.07 (8 C, o-Ar CH (PPh2)), 127.95 (4 C, p-Ar
CH (PPh2)), 117.87 (1 C, cym quaternay), 111.04 (1 C, cym quaternary) 95.95 (2 C, cym),
90.19 (2 C, cym), 52.26 (1 C, CH2–CH2–CH3), 31.77 (1 C, CH–CH3)2), 23.46 (1 C, CH2–
CH2–CH3), 22.79 (2 C, CH3–CH), 18.85 (1 C, CH3), 11.15 (1 C, CH2–CH2–CH3). 31P NMR
(162 MHz, CDCl3) δ 76.56. UV-vis: maximum absorbance at 276 nm. IR: 2966 cm−1 (C–H
sp3 stretching), 1477–1435 cm−1 (two bands C=C aromatic stretching), 1091 cm−1 (C–N
stretching), 1050 cm−1 (C–P stretching), 695 cm−1 (Ru–Cl stretching). Elemental analysis
calcd (%) for C37H41BClF4NP2Ru: C, 56.61; H, 5.26; N, 1.78; found: C, 56.68; H, 5.48; N,
1.87. MS (ESI) m/z for [C37H41ClNP2Ru+]: 698.14 (100%).

[RuCl(p-cym)({Ph2P}2N{C6H11})][BF4] (Ru3). Yield: 53.11 mg, 0.072 mmol, 92%. 1H
NMR (400 MHz, CDCl3) δ 7.89–7.42 (m, 20 H, Ar), 5.99 (t, J = 6.8 Hz, 2 H, cym), 5.95 (d, J =
6.2 Hz, 2 H, cym), 2.66–2.53 (m, 1 H, CH3–CH–CH3), 2.03 (s, 3 H, CH3), 1.23 (t, J = 16.6 Hz,
4 H, cyclohexyl CH2), 1.11 (d, J = 11.5 Hz, 2 H, cyclohexyl CH2), 1.02 (d, J = 6.9 Hz, 6 H,
CH3–CH–CH3), 0.63 (t, J = 13.1 Hz, 1 H, cyclohexyl CH), 0.55–0.40 (m, 4 H, cyclohexyl
CH2). 13C{1H}-NMR (101 MHz, CDCl3) δ 134.33 (8 C, o-Ar CH (PPh2)), 133.71 (4 C, Ar
quaternay (PPh2)) 132.36 (8 C, m-Ar CH (PPh2)), 130.03 (4 C, p-Ar CH (PPh2)), 116.76
(1 C, cym quaternary), 112.54 (1 C, cym quaternary), 96.29 (2 C, cym), 89.63 (2 C, cym),
33.19–32.77 (2 C, cyclohexyl CH2), 31.73 (1 C, CH–CH3)2), 25.95 (2 C, cyclohexyl CH2),
24.51 (2 C, cyclohexyl CH2 and cyclohexyl CH), 22.83 (2 C, CH3–CH), 19.01 (1 C, CH3). 31P
NMR (162 MHz, CDCl3) δ 75.97. UV-vis: maximum absorbance at 276 nm. IR: 2941 cm−1

(C–H sp3 stretching), 1478–1434 cm−1 (two bands C=C aromatic stretching), 1075 cm−1

(C–N stretching), 1046 cm−1 (C–P stretching), 699 cm−1 (Ru–Cl stretching). Elemental
analysis calcd (%) for C40H45BClF4NP2Ru: C, 58.23; H, 5.50; N, 1.70; found: C, 58.42; H,
5.39; N, 1.61. MS (ESI) m/z for [C40H45ClNP2Ru+]: 731.18 (100%).

[RuCl(p-cym)({Ph2P}2N{C6H5})][BF4] (Ru4). Yield: 51.31 mg, 0.070 mmol, 92%.1H NMR
(400 MHz, CDC3) δ 7.68–7.56 (m, 8 H, o-Ar (PPh2)), 7.54–7.43 (m, 8 H, m-Ar (PPh2)), 7.35
(t, J = 7.6 Hz, 4 H, p-Ar (PPh2)), 7.04 (t, J = 7.3 Hz, 1 H, p-phenyl), 6.96 (t, J = 7.7 Hz, 2
H, m-phenyl), 6.54 (d, 2 H, o-phenyl), 6.06 (d, J = 6.3 Hz, 2 H, cym), 5.83 (d, J = 6.3 Hz, 2
H, cym), 2.57–2.47 (m, J = 13.8, 6.8 Hz, 1 H, CH3–CH–CH3), 1.68 (s, 3 H, CH3), 1.09 (d,
J = 6.9 Hz, 6 H, CH3–CH–CH3). 13C{1H}-NMR (101 MHz, CDCl3) δ 139.66 (1 C, phenyl
quaternary), 133.41 (8 C, o-Ar CH (PPh2)), 132.79 (4 C, Ar quaternary (PPh2), 129.82 (8 C,
m-Ar CH (PPh2)), 128.97 (2 C, phenyl m-Ar CH), 127.83 (4 C, p-Ar CH (PPh2)), 126.73 (1 C,
phenyl p-Ar CH), 126.51 (2 C, phenyl o-Ar CH), 120.58 (1 C, cym quaternary), 109.01 (1 C,
cym quaternary), 94.69–93.57 (2 C, cym), 92.19 (2 C, cym), 31.44 (1 C, CH-(CH3)2), 22.49
(2 C, CH3-CH), 18.00 (1 C, CH3). 31P NMR (162 MHz, CDCl3) δ 79.01. UV-vis: maximum
absorbance at 276 nm. IR: 2962 cm−1 (C-H sp3 stretching), 1482–1435 cm−1 (two bands
C=C aromatic stretching), 1089 cm−1 (C–N stretching), 1031 cm−1 (C–P stretching), 691
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cm−1 (Ru–Cl stretching). Elemental analysis calcd (%) for C40H39BClF4NP2Ru: C, 58.66;
H, 4.80; N, 1.71; found: C, 58.79; H, 4.48; N, 1.97. MS (ESI) m/z for [C40H38ClFNP2Ru+]:
731.18 (100%).

[RuCl(p-cym)({Ph2P}2N{C6H4F})][BF4] (Ru5). Yield: 50.19 mg, 0.067 mmol, 89%. 1H
NMR (400 MHz, CDCl3) δ 7.57 (s, 8 H, o-Ar (PPh2)), 7.50–7.39 (m, 8 H, m-Ar (PPh2)), 7.29
(t, J = 7.5 Hz, 4 H, p-Ar (PPh2)), 7.14 (t, J = 10.2 Hz, 1 H, p-Ar (o-FPh)), 6.97 (t, J = 9.1 Hz,
1 H, m’-Ar (o-FPh)), 6.62 (t, J = 7.6 Hz, 1 H, m-Ar (o-FPh)), 6.17 (d, J = 6.2 Hz, 2 H, cym),
6.08 (t, J = 7.6 Hz, 1 H, o-Ar (o-FPh)), 5.90 (d, J = 6.0 Hz, 2 H, cym), 2.60–2.47 (m, 1 H,
CH3-CH-CH3), 1.69 (s, 3 H, CH3), 1.11 (d, J = 6.9 Hz, 6 H, CH3-CH-CH3). 13C{1H}-NMR
(101 MHz, CDCl3) δ 134.15 (1 C, o’-Ar quaternary (o-FPh), 134.00 (1 C, o-Ar (o-FPh)), 132.94
(8 C, m-Ar CH (PPh2)), 131.94 (4 C, Ar quaternary (PPh2)), 130.53 (1 C, p-Ar (o-FPh)), 129.43
(8 C, o-Ar CH (PPh2)), 128.12 (1 C, Ar quaternary (o-FPh)), 127.69 (4 C, p-Ar CH (PPh2)),
124.25 (1 C, m-Ar (o-FPh)), 120.59 (1 C, cym quaternary), 116.96 (1 C, m’-Ar (o-FPh)), 108.09
(1 C, cym quaternary), 93.89 (2 C, cym), 92.57 (2 C, cym), 31.31 (1 C, CH–(CH3)2), 22.47
(2 C, CH3–CH), 17.99–16.94 (1 C, CH3). 31P NMR (162 MHz, CDCl3) δ 84.21. UV-vis:
maximum absorbance at 272 nm. IR: 3065 cm−1 (C–H sp2 stretching), 2968 cm−1 (C–H
sp3 stretching), 1485–1435 cm−1 (two bands C=C aromatic stretching), 1257 cm−1 (C–F
stretching), 1097 cm−1 (C–N stretching), 1050 cm−1 (C–P stretching), 691 cm−1 (Ru–Cl
stretching). Elemental analysis calcd (%) for C40H38BClF5NP2Ru: C, 57.40; H, 4.58; N, 1.67;
found: C, 57.72; H, 4.32; N, 1.83. MS (ESI) m/z for [C40H38ClFNP2Ru+]: 750.12 (100%).

[RuCl(p-cym)({Ph2P}2N{C6H4F})][BF4] (Ru6). Yield: 51.40 mg, 0.068 mmol, 90%. 1H
NMR (400 MHz, CDCl3) δ 7.67–7.32 (m, 20 H, Ar (PPh2)), 6.71–6.63 (t, 2 H, o-Ar (p-FPh)),
6.52–6.45 (m, 2 H, m-Ar (p-FPh)), 6.15 (d, J = 6.3 Hz, 2 H, cym), 5.90 (d, J = 6.2 Hz, 2 H, cym),
2.60–2.50 (m, 1 H, CH3–CH–CH3), 1.74 (s, 3 H, CH3), 1.09 (d, J = 6.9 Hz, 6 H, CH3-CH-CH3).
13C{1H}-NMR (101 MHz, CDCl3) δ 133.62 (1 C, p-Ar quaternary (p-FPh)), 133.38 (4 C, Ar
quaternary (PPh2)), 133.22 (8 C, Ar CH (PPh2)), 131.94 (1 C, Ar quaternary (p-FPh)), 130.11
(2 C, m-Ar CH (p-FPh)), 129.83 (8 C, Ar CH (PPh2)), 127.81 (4 C, Ar CH (PPh2)), 119.96
(1 C, cym quaternary), 115.83 (2 C, o-Ar CH (p-FPh)), 110.03 (1 C, cym quaternary), 94.94
(2 C, cym), 91.74 (2 C, cym), 31.59 (1 C, CH–(CH3)2), 22.61 (2 C, CH3–CH), 18.26 (1 C,
CH3). 31P NMR (162 MHz, CDCl3) δ 81.02. UV-vis: maximum absorbance at 274 nm. IR:
3071 cm−1 (C–H sp2 stretching), 2965 cm−1 (C–H sp3 stretching), 1503–1434 cm−1 (two
bands C=C aromatic stretching), 1212 cm−1 (C–F stretching), 1093 cm−1 (C–N stretching),
1050 cm−1 (C–P stretching), 691 cm−1 (Ru–Cl stretching). Elemental analysis calcd (%) for
C40H38BClF5NP2Ru: C, 57.40; H, 4.58; N, 1.67; found: C, 57.51; H, 4.61; N, 1.88. MS (ESI)
m/z for [C40H38BrClNP2Ru+]: 810.04 (100%).

[RuCl(p-cym)({Ph2P}2N{C6H4Br})][BF4] (Ru7). Yield: 56.04 mg, 0.069 mmol, 92%. 1H
NMR (400 MHz, CDCl3) δ 7.74–7.33 (m, J = 51.1, 40.4, 17.9 Hz, 22 H, Ar (PPh2), o-Ar CH
(m-BrPh) and m-Ar CH (m-BrPh)), 6.93 (d, J = 8.7 Hz, 1 H, p-Ar CH (m-BrPh)), 6.44 (d, J =
8.7 Hz, 1 H, o-Ar CH (m-BrPh)), 6.12 (d, 2 H, cym), 5.91 (d, 2 H, cym), 2.59–2.49 (m, 1 H,
CH3–CH–CH3), 1.74 (s, 3 H, CH3), 1.09 (d, J = 6.6 Hz, 6 H, CH3–CH–CH3). 13C{1H}-NMR
(101 MHz, CDCl3) δ 133.66 (1 C, m’-Ar quaternary (m-BrPh)), 133.26 (4 C, Ar quaternary
(PPh2)), 132.04 (8 C, Ar CH (PPh2)), 130.09 (1 C, Ar quaternary (m-BrPh)), 129.81 (1 C, m-Ar
CH (m-BrPh)), 129.57 (8 C, Ar CH (PPh2)), 128.02 (4 C, Ar CH (PPh2)), 127.61 (1 C, o’-Ar CH
(m-BrPh)), 124.81 (1 C, o-Ar CH (m-BrPh)), 122.31 (1 C, p-Ar CH (m-BrPh)), 110.18 (1 C, cym
quaternary), 109.26 (1 C, cym quaternary), 95.47 (2 C, cym), 92.17 (2 C, cym), 31.62 (1 C,
CH–(CH3)2), 22.64 (2 C, CH3–CH), 18.35 (1 C, CH3). 31P NMR (162 MHz, CDCl3) δ 81.21.
UV-vis: maximum absorbance at 257 nm. IR: 3053 cm−1 (C-H sp2 stretching), 2968 cm−1

(C–H sp3 stretching), 1475–1435 cm−1 (two bands C=C aromatic stretching), 1092 cm−1

(C–N stretching), 1050 cm−1 (C–P stretching), 700 cm−1 (Ru–Cl stretching). Elemental
analysis calcd (%) for C40H38BBrClF4NP2Ru: C, 53.51; H, 4.27; N, 1.56; found: C, 54.19; H,
4.59; N, 1.34. MS (ESI) m/z for [C40H38BrClNP2Ru+]: 810.04 (100%).

[RuCl(p-cym)({Ph2P}2N{C6H4Cl})][BF4] (Ru8). Yield: 51.09 mg, 0.066 mmol, 88%. 1H
NMR (400 MHz, CDCl3) δ 7.66 (d, J = 29.2 Hz, 8 H, o-Ar (PPh2)), 7.49 (t, J = 8.1, 8 H, m-Ar
(PPh2)), 7.39 (t, J = 6.8 Hz, 4 H, p-Ar (PPh2)), 6.93 (d, J = 8.6 Hz, 2 H, o-Ar (p-ClPh)), 6.45

561



Pharmaceutics 2021, 13, 1559

(d, J = 8.6 Hz, 2 H, m-Ar (p-ClPh)), 6.12 (d, 2 H, cym), 5.90 (d, 2 H, cym, 2.59–2.49 (m, 1 H,
CH3–CH–CH3), 1.75 (s, 3 H, CH3), 1.09 (d, J = 5.7 Hz, 6 H, CH3–CH–CH3). 13C{1H}-NMR
(101 MHz, CDCl3) δ 138.13 (1 C, p-Ar quaternary (p-ClPh)), 133.53 (1 C, Ar quaternary
(p-ClPh)), 133.40 (8 C, o-Ar CH (PPh2)), 133.17 (8 C, m-Ar CH (PPh2)), 132.01 (4 C, Ar
quaternary (PPh2)), 129.18 (2 C, Ar CH (p-ClPh)), 128.10 (2 C, Ar CH (p-ClPh)), 127.98
(4 C, p-Ar CH (PPh2)), 120.44 (1 C, cym quaternary), 109.75 (1 C, cym quaternary), 95.20
(2 C, cym), 92.12 (2 C, cym), 31.58 (1 C, CH–(CH3)2), 22.60 (2 C, CH3–CH), 18.23 (1 C,
CH3). 31P NMR (162 MHz, CDCl3) δ 80.65. UV-vis: maximum absorbance at 272 nm. IR:
3065 cm−1 (C–H sp2 stretching), 2969 cm−1 (C–H sp3 stretching), 1474–1434 cm−1 (two
bands C=C aromatic stretching), 1094 cm−1 (C–N stretching), 1051 cm−1 (C–P stretching),
890 cm−1 (C–Cl stretching), 696 cm−1 (Ru–Cl stretching). Elemental analysis calcd (%) for
C40H38BCl2F4NP2Ru: C, 56.29; H, 4.49; N, 1.64; found: C, 56.45; H, 4.26; N, 1.98. MS (ESI)
m/z for [C40H38Cl2NP2Ru+]: 766.09 (100%).

[RuCl(p-cym)({Ph2P}2N{C9H6N})][BF4] (Ru9). Yield: 53.20 mg, 0.068 mmol, 90%. 1H
NMR (400 MHz, CDCl3) δ 7.76–7.32 (m, 24 H, Ar (PPh2) and Ar CH3, CH8, CH9 and
CH10 (quinoline)), 7.03–6.98 (m, 1 H, Ar CH2 (quinoline)), 6.76 (d, J = 1.5 Hz, 1 H, Ar CH6
(quinoline)), 6.12 (d, J = 6.2 Hz, 2 H, cym), 5.90 (d, J = 6.5 Hz, 2 H, cym), 2.61–2.52 (m, 1 H,
CH3–CH–CH3), 1.76 (s, 3 H, CH3), 1.12 (d, J = 6.9 Hz, 6 H, CH3–CH–CH3). 13C{1H}-NMR
(101 MHz, CDCl3) δ 133.51 (1 C, C8 (quinoline)), 133.36 (8 C, o-Ar CH (PPh2)), 133.10 (1
C, C10 (quinoline)), 132.00 (8 C, m-Ar CH (PPh2)), 130.01 (1 C, C3 (quinoline)), 128.18
(1 C, C2 (quinoline)), 127.98 (4 C, p-Ar CH (PPh2)), 125.00 (1 C, C6 (quinoline)), 122.00
(1 C, C9 (quinoline)), 95.07 (2 C, cym), 92.19 (2 C, cym), 31.55 (1 C, CH–(CH3)2), 22.58
(2 C, CH3–CH), 18.20 (1 C, CH3). Quaternary carbons were not found. 31P NMR (162
MHz, CDCl3) δ 80.87. UV-vis: maximum absorbance at 257 nm. IR: 3057 cm−1 (C-H sp2

stretching), 2954 cm−1 (C-H sp3 stretching), 1498–1480 cm−1 (two bands C=C aromatic
stretching), 1093 cm−1 (C–N stretching), 1046 cm−1 (C–P stretching), 693 cm−1 (Ru–Cl
stretching). Elemental analysis calcd (%) for C43H40BClF4N2P2Ru: C, 59.36; H, 4.63; N, 3.22;
found: C, 59.39; H, 4.66; N, 3.00. MS (ESI) m/z for [C43H40ClN2P2Ru+]: 783.14 (100%).

[RuCl(p-cym)({Ph2P}2N{C12H9N2})][BF4] (Ru10). Yield: 57.18 mg, 0.068 mmol, 91%.
1H NMR (400 MHz, CDCl3) δ 8.84–8.30 (m, J = 35.6, 14.9 Hz, 27 H, Ar (PPh2) and Ar
CH3, CH5, CH10, CH11, CH12, CH13 and CH14 (azobencene)), 7.71 (d, J = 8.0 Hz, 2 H,
Ar CH2 and CH6 (azobencene)), 7.08 (s, 2 H, cym), 6.88 (s, 2 H, cym), 3.65–3.45 (m, 1 H,
CH–(CH3)2), 2.69 (s, 3 H, CH3), 2.13 (d, J = 6.8 Hz, 6 H, CH3–CH–CH3). 13C{1H}-NMR
(101 MHz, CDCl3) δ 147.44 (1 C, C9 (quaternary azobencene)), 134.38 (1 C, C1 (quaternary
azobencene)), 133.89 (1 C, Ar quaternary (PPh2)), 132.76 (8 C, Ar CH (PPh2)), 132.20 (1 C, C4
(quaternary azobencene)), 130.96 (8 C, Ar CH (PPh2)), 129.94 (5 C, p-Ar CH (PPh2) and C12
(azobencene)), 128.91 (2 C, C3 and C5 (azobencene)), 126.22 (2 C, C11 and C13 (azobencene)),
124.18 (2 C, C10 and C14 (azobencene)), 123.60 (2 C, C2 and C6 (azobencene)), 120.87 (1 C,
cym quaternary), 109.99 (1 C, cym quaternary), 96.12 (2 C, cym), 93.32 (2 C, cym), 32.28 (1
C, CH–(CH3)2), 23.31 (2 C, CH3–CH), 18.84 (1 C, CH3). 31P NMR (162 MHz, CDCl3) δ 80.39.
UV-vis: maximum absorbance at 348 nm. IR: 3065 cm−1 (C–H sp2 stretching), 2944 cm−1 (C–
H sp3 stretching), 1493 cm−1 (N=N stretching), 1482–1435 cm−1 (two bands C=C aromatic
stretching), 1093 cm−1 (C–N stretching), 1042 cm−1 (C–P stretching), 690 cm−1 (Ru–Cl
stretching). Elemental analysis calcd (%) for C46H43BClF4N3P2Ru: C, 59.85; H, 4.70; N, 4.55;
found: C, 60.12; H, 4.53; N, 4.42. MS (ESI) m/z for [C46H43ClN3P2Ru+]: 836.17 (100%).

2.4. X-ray Crystallography

Prismatic crystal for Ru3 was mounted on a glass fiber and used for data collection
on a Bruker D8 Venture with a Photon detector equipped with graphite monochromated
MoKα radiation (λ = 0.71073 Å) (Bruker Apex2, Bruker AXS Inc., Madison, WI, USA,
2004). The data reduction was performed with the APEX2 software and corrected for
absorption using SADABS [38]. Crystal structures were solved by direct methods using the
SIR97 program [39] and refined by full-matrix least-squares on F2 including all reflections
using anisotropic displacement parameters by means of the WINGX crystallographic
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package [40,41]. Generally, anisotropic temperature factors were assigned to all atoms
except for C2 and hydrogen atoms, which are riding their parent atoms with an isotropic
temperature factor arbitrarily chosen as 1.2 times that of the respective parent. Several
crystals of Ru3 were measured and the structure was solved from the best data we were
able to collect, due to the fact that the crystals diffracted very little. Final R(F), wR(F2),
and goodness of fit agreement factors, details on the data collection and analysis can be
found in Table S1. CCDC 2,076,579 contain the supplementary crystallographic data for
Ru3. These data can be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif, accessed on 11 April 2021.

2.5. HSA Binding Studies by Steady-State Fluorescence Spectroscopy

Three milliliters of protein solution (5 µM) was titrated by successive addition of a
metallodrug stock solution. The excitation wavelength was 283 nm HSA, whereas the
emission fluorescence intensities were collected at 372 nm. The excitation and emission slits
were fixed at 5 nm. The step and dwell time was 0.1 s. For the inner filter effect fluorescence
was corrected through:

Fcorr = Fobs 10
(Aexc+Aem)

2

where Fcorr and Fobs are the corrected and observed fluorescence intensities, and Aexc and
Aem are the absorbances of the system at excitation and emission wavelengths. Temperature
was controlled at 300 K by a temperature-controlled cuvette holder, TC 125 (Quantum
Northwest), and the experiment was repeated three times.

The Stern–Volmer equation was then used to evaluate the quenching constant KSV of
the studied drug–protein systems:

F0

F
= 1 + KSV [Q]

where F0 and F are the emission intensities in the absence and the presence of the quencher,
respectively, [Q] is the concentration of the quencher (metallodrug), and KSV is the Stern–
Volmer constant [42].

For static quenching, the relationship between fluorescence intensity and the quencher
concentration, [Q], is described by the following equation:

log
(

F0 − F

F

)

= log Ka + n log[Q]

where F0 corresponds to the fluorescence intensity of the protein in absence of quencher, n
and Ka are the number of binding sites and binding constant, respectively [43,44].

2.6. Biological Assays

The compounds were dissolved in dimethyl sulfoxide (DMSO) before performing each
experiment. The maximal concentration used was 50 µM, due to limited water solubility;
cisplatin was tested up to 100 µM [45]. The same volume of solvent was added to control
conditions and did not exceed 0.25% v/v.

Cell culture studies. The cell lines T47D, MCF7, BT474, SKBR3, BT549, HS578T, OV-
CAR8, and SKOV3 and the immortalized non-transformed keratinocyte cell line HACAT
was kindly provided by Drs. J. Losada and A. Balmain or acquired in ATCC. All lines
were grown in DMEM containing 10% fetal bovine serum (FBS) and were supplemented
with 100 U/mL penicillin, 5 mM L-glutamine, 100 µg/mL streptomycin at 37 ◦C and 5%
CO2 (Sigma-Aldrich, St. Louis, MO, USA). Carboplatin and cisplatin were purchased from
Accord Healthcare (the United Kingdom. MA).

MTT metabolization assays. For viability assessment, cell proliferation was assayed
by MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5 diphenyltetrazolium bromide) (Sigma Aldrich).
Cell lines were plated at 10,000 cells per well in 48-multiwell plates. 24 h later, the cells
were treated at correspondent doses of the drugs for 72 h. After that, the medium was
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aspirated and phenol red-free DMEM with MTT 0.5 mg/mL was added for 60 min in
growth conditions. The medium was removed and MTT crystals were solubilized with
0.5 mL of dimethylsulfoxide (DMSO) (Sigma-Aldrich) and evaluated at an absorbance of
555 nm in a multiwell plate reader.

Cell cycle and apoptosis assay. For cell cycle analyses, cell lines were plated at 100,000
cells per well in 6-multiwell plates. 24 h later, wells were treated with an IC50 dose of Ru3 for
24 h. In order to fix the cells, the cells were incubated for 15 min in 70% ethanol. After that,
pellets were washed in 2% BSA in PBS and were stained with Propidium iodide/RNAse
staining solution for 1 h at 4 ◦C in dark conditions (Immunostep S.L., Salamanca, Spain).

For apoptosis analysis, the same number of cells were treated for 48 h. Then, adherent
and floating cells were washed with PBS and incubated in Annexin V binding buffer
(Immunostep S.L.,) for 1 h in the dark with Annexin V and PI staining solution (Immunostep
S.L). Percentage of dead cells was determined considering early apoptotic (Annexin V-
positive, PI-negative), late apoptotic (Annexin V-positive and PI-positive), and residual
necrotic (Annexin V-negative, PI-positive) cells which were included as dead cells in the
analysis.

Flow cytometry assays were evaluated in a FACSCanto II flow cytometer (BD Bio-
sciences).

In vivo studies. For in vivo toxicity analysis, 12 female BALB/c nu/nu mice of 5 weeks
old were treated and weighted twice a week intraperitoneally with Ru3 or cDDP at a
fixed dose of 5mg/kg for up to four treatments. Mice were humanely sacrificed by CO2
inhalation in an appropriated chamber. This study was performed under the supervision
of the Ethics Committee and veterinary staff of Complejo Hospitalario Universitario de
Albacete. Mice were monitored and managed at the animal facility following local legal
guidelines.

2.7. Statistical Analysis

The in vitro experiments data are the average of three independent experiments
performed in triplicate, with error bars showing the standard deviation of the triplicates.
To determine significant statistical differences, equal variances Tukey’s test was used with
ANOVA, respectively, and to compare the media of experimental groups, Student’s t-test
was used. The values for the statistical analyses are: *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.

3. Results

3.1. Synthesis and Characterization of Precursor Ligands and Ruthenium Compounds

At the outset, a new family of bis-phoshino-amines (PNP) ligands was synthetized.
The new PNP ligands were obtained to expand the structure space previously covered
and with the aim to generate new ruthenium therapeutic agents [36]. The PNP ligands
(L1–L10) were directly obtained by condensing chlorophosphine with the corresponding
amine in the presence of Et3N (Figure 2). Due to the abundance of commercial amines and
phosphines, this methodology is very versatile to expand ligand sets for different purposes.
To optimize the synthetic protocol, the reaction was monitored by 31P-NMR. The ligands
L1–L10 were obtained in very good yields upon extraction with toluene. Even though PNP
ligands are wide-angle bidentade ligands, mononuclear ruthenium compounds Ru1–Ru10
were obtained after exposing the corresponding ligand to [RuCl2(p-cymene)]2 in MeOH
(Figure 2). Within a 30 min reaction time, an orange solution was observed and found to
contain the mononuclear ruthenium derivative at a very good yield. Ru0 was obtained
following a procedure previously reported [36].
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Figure 2. Synthesis of precursor ligands L1–L10 and ruthenium compounds Ru1–Ru10.

The characterization of L1–L10 and Ru1–Ru10 were carried out by analytical methods,
infrared (IR), ultraviolet-visible (UV-Vis), and nuclear magnetic resonance (NMR) spec-
troscopy. Structural elucidation is depicted in the experimental section and illustrated as
representative examples of ligands and compounds in Figures S1–S5 in the Supporting
Information. In the IR spectrum of L1–L10 (solid state), the amine group manifested itself
with a broad band around 1020–1250 cm−1, while a strong absorption around 1090 cm−1

was attributed to the stretching vibration of the P–C moiety. The presence of two signals
at 5.7–7.1 ppm and at 90–120 ppm in the 1H and 13C{1H} NMR spectra of the ruthenium
complexes, respectively, confirmed the presence of the p-cymene ligand in the coordination
sphere. As expected, upon coordination to ruthenium, the peaks corresponding to the
phenyl rings of the PPh2 moiety shifted downfield, as noted in the 1H NMR spectrum of
complexes Ru1–Ru10. Explicitly, the characteristic signals for L1–L10 in the complexes
were downfield-shifted in all cases with regard to those of the free ligands. Moreover, the
NMR patterns of the arene resonances supported the asymmetric nature of the resulting
complexes. Indeed, the expected ABCD spin system for the p-cymene resonances was
observed. The IR spectra of Ru1–Ru10 exhibited a broad band around 300 cm−1 for the
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Ru–Cl [46,47], while a strong absorption in the range 1030–1050 cm−1 was attributed to
the stretching vibration of the P–C moiety. The UV-Vis absorption spectra of L1–L10 and
Ru1–Ru10 were recorded in DMSO solutions (10−5 M) at 25 ◦C. L1–L9 presented broad
absorption bands centered at 278–290 nm, while L10 presented intense and well-defined
characteristic bands of quinoline moieties at 358 nm. The absorption spectra of the Ru1–
Ru10 compounds featured a very intense band attributed to π−π* electronic transitions
corresponding to the Ru-(p-cymene) moiety (λ = 250–304 nm). A weak band is attributable
to metal to ligand charge transfer transitions (MLCT) from Ru d orbitals to the π* orbitals
of the ligands (304–364 nm), and a shoulder assigned to d−d transitions (364–574 nm) [46].

Single crystals suitable for X-ray diffraction were obtained by slow evaporation of
solutions of Ru3 in CH2Cl2. Selected bond lengths and angles with estimated standard
deviations are compiled in Table S1 and crystallographic refinement parameters are given
in Table S2 in the Supporting Information. Figure 3 shows the ORTEP view of Ru3 as a
representative complex of the series. The structure shows the characteristic “three-legged
piano-stool” conformation around the Ru center with a η6-coodinated p-cymene ring [48,49].
Its solid-state structure revealed a distorted tetrahedral geometry with a P-Ru-P chelate
angle of 68.42(13)◦. The Ru−centroid distance for the Ru3 complex has a value of 1.770 Å
(Figure S7) and is standard compared to similar complexes [36]. The bond distance and
angle values are comparable to those reported in the literature for ruthenium analogs [50].

–
– – – –

– –

–

–

–

–

Figure 3. MERCURY plot for the structure of complex Ru3. Thermal ellipsoids are given at the
30% probability level. Hydrogen atoms have been omitted for clarity. Selected bond distances (Å),
Ru1–Cl1: 2.383(3) Å, Ru1–P1: 2.343(3) Å, Ru1–P2: 2.296(4) Å, N1–P1: 1.717(11) Å, N1–P2: 1.703(11) Å.

3.2. Stability of the Ruthenium Complexes in Solution

The ligands L1–L10 were not soluble in water. Ru1–Ru10 were air stable and soluble
in chlorinated solvents, but not indefinitely stable upon air contact. According to NMR
experiments, and as a representative example, Ru3 completely degraded in chloroform
after two weeks, with the orange/yellow solutions progressively turning to green and
affording a complicated mixture of species. Qualitative tests determined that Ru4–Ru8
are slightly soluble in water and very soluble in other polar solvents such as methanol
and ethanol. Ru9–Ru10 were sparingly soluble in water, but very soluble in some organic
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solvents such as dichloromethane and dimethyl sulfoxide. The enhanced solubility of
ruthenium compounds relative to the free ligands could be attributable to the blocking of
the hydrogen-bonding acceptor atoms of the ligands after coordination. Regarding the PNP
ligand influence, the non-aromatic derivatives gave better solubilities than the aromatic
analogs because of the lower hydrophobicity. In any event, Ru1–Ru10 were soluble enough
to enable biological studies in aqueous media and circumvent hypothetical administration
problems.

As it happens to many metallodrugs, the ruthenium compounds needed to be dis-
solved in a mixture of H2O:DMSO to perform biological assays which in any case did
not exceed 0.25% v/v of DMSO. Therefore, the stability of the ruthenium compounds in
DMSO-d6 and DMSO-d6:D2O was carried out by NMR monitoring. The set of signals
belonging to the starting ruthenium complex did not persist throughout the stability exper-
iments carried out in DMSO-d6 (25 ◦C). Partial release in different extents of the p-cymene
ligand from Ru1–Ru10 was observed due to the disruptive effect of DMSO (see Table S3
and Figure S6 as a representative example in the Supporting Information). However, this
progressive dissociation is dismissed in the presence of water (Figure S7). The molar ratio
between them remained constant in spectra recorded after one week in all the samples. In
addition, the respective single set of resonances for the p-cymene ligand in the ruthenium
compounds were not modified upon the addition of 0.15 mM NaCl. The existence of only
one pattern for the ruthenium derivatives suggested ruling out fast chloride dissociation
from Ru1–Ru10, analogously to that found for RAPTA-C [51]. The mechanism of action of
RAPTA-C and its derivatives remains to be fully understood [52]. Although it is assumed
that DNA is the target for metallodrugs, evidence suggests that, for certain compounds,
proteins are likely involved in the therapeutic effect. It is well known that noncationic
complexes underwent aquation to a notable extent, depending on the counterion and the
chemical structure of the auxiliary ligand [53]. It is expected for Ru0–Ru10 the formation
of the more reactive aqua derivatives from their respective chloride precursors as the
activation step for subsequent interaction with the biological targets.

3.3. Antiproliferative Efficacy of New Synthetized Ruthenium Compounds Compared to Ru0 and
Platins

In a previous study, we reported Ru0 as the lead PNP-Ru compound by preliminary
biochemical and biological studies in different breast cancer subtypes [37]. The results
showed that complex Ru0 is much more effective in promoting in vitro cytotoxic effect on
HER2+ and RH+/HER2− breast cancer cell lines than the reference metallodrugs cisplatin,
carboplatin, or RAPTA–C [35]. Therefore, a pharmacologic screening using Ru1–Ru10
were performed in a panel of representative tumor cell lines of each subtype: luminal
(RH+/HER2−:T47D and MCF7) and HER2+ (BT474 and SKBR3) (Figure 4A). As can be
seen in Figure 4B,C, most ruthenium compounds showed better antiproliferative effects
than platinum agents used as controls in all the cancer cell lines evaluated. Ru2 and Ru3
showed the highest cytotoxic activity, being Ru3 the most active compound of all analyzed
(see IC50 values for T47D, MCF7, BT474, and SKBR3 cells of the most active ruthenium
compounds Ru0, Ru2, and Ru3 in Table 1). Ligands L1–L10 did not show significant
cytotoxicity with IC50 > 1000 (see Table S5 in the Supporting Information). Importantly,
Ru3 displayed high cytotoxicity with IC50 values lower than 1 µM, and was significantly
more cytotoxic than cisplatin and carboplatin in the cancer cell lines studied. Notably,
Ru3 was found to be highly cytotoxic in both HER2+ and luminal breast cancer cell lines,
suggesting a mode of action independent of the receptor status of the cells. The IC50
values observed for Ru3 were in the range for the most cytotoxic ruthenium complexes
reported to date [35,54]. Ru3 reports very low IC50 values, confirming its high potential
for breast cancer treatment (see IC50 values of Ru3 for all cell lines in Table 1). Otherwise,

those ruthenium compounds with aromatic rings in the PNP moiety (Ru4–Ru10) did not
reduce the cell viability by more than 50% at the concentration tested (Figure 4 and data
not shown). These results clearly indicate that the substitution in the PNP moiety can lead
to a significant increase in the cytotoxicity of the resulting complexes.
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Figure 4. Impact in cell viability of ruthenium compounds at 1 µM. (A) Screening of several ruthenium compounds by
exploring cell viability in BT474, SKBR3, T47D, and MCF7 breast cancer cell lines for 72 h evaluated using MTTs. Ru3

displayed the most anti-proliferative activity. The cytotoxic activity was evaluated at 1 µM for 72 h by MTT metabolization
between Ru0, carboplatin, and cisplatin in HER2+ (B) and luminal (C) cell lines. Data are the average +/− standard
deviation (SD) of three independent experiments performed in triplicate. To determine significant statistical differences,
Student’s t-test was used. The values for the statistical analyses are: * p ≤ 0.05; ** p ≤ 0.01.

Table 1. IC50 values of the most active compounds in the different cell lines.

Cell Line
IC50 (nM)

Ru0 Ru2 Ru3

HACAT - - 350
MCF7 300 45 15
T47D 450 60 10

HS578T - - 250
BT549 - - 45
SKBR3 700 80 60
BT474 800 180 120

OVCAR8 - - 300
SKOV3 - - 170

Many factors could be involved in the cytotoxicity of the new ruthenium derivatives
such as physical and chemical properties, target affinity, or even plausible interaction with
other biomacromolecules. The relatively high activity exhibited by Ru3 could be somehow
related to the stability of the ruthenium complexes in biological media. Table S3 in the
supporting information showed the high stability of these compounds in water which rule
out any potential relationship between stability and cytotoxicity. On the other hand, the
variability in the pharmacological profiles observed might depend on the ability of these
compounds to penetrate biological membranes, which in turn is mainly dependent on
lipophilicity factors [53]. In this context, calculated logarithmic octanol/water partition
coefficients (clogP) for Ru1–Ru10 were obtained using the software Molinsipiration. The
variability of the substitution in the PNP moiety may explain the observed lipophilicity
pattern. Figure S8 in the supporting information depicts the logP versus %MTTs trans-
formed. A general trend in which the cytotoxicity could correlate with lipophilicity was not
observed for these derivatives. In an effort to find a correlation between activity and affinity
to proteins, the affinity to HSA of the most active compound of the series, Ru3, one of the
less active, Ru8, and Ru0 for comparison were obtained by UV-Vis absorption spectroscopy
studies (see Table S4 in the Supporting Information). Unfortunately, a significant difference
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in the Ka values was not observed between species which did not facilitate the discovery of
any structure–activity relationship.

3.4. Ru3 Exerts a G2/M Arrest in Breast Cancer Cell Lines

To further explore the effect of Ru3 on cell viability, cell cycle analysis after a 24 h
incubation period with Ru3-IC50 was performed (Figure 5) (see representative FACS plots
for cell cycle and apoptosis in Figure S9 in the Supporting Information). Due to the
promising cytotoxicity results in luminal and HER2+ cell lines, we expanded our research
to the three breast cancer subgroups, including the basal-like subtype. As a result, six cell
lines (BT474 and SKBR3 as HER2+, T47D and MCF7 as luminal and HS578T, and BT549 as
basal-like) were treated with either the vehicle or Ru3 for 24 h and stained with propidium
iodide/RNase solution. As shown in Figure 5, Ru3 blocked cell cycle progression at the
G0/G1 phases in all of the cell lines evaluated except for the HER2-positive subgroup
(SKBR3 and BT474).

 

−
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Figure 5. Evaluation of cell cycle impact exerted by Ru3 in several breast cancer cell line models. Cell cycle progression
was evaluated in HER2+ (A), basal (B), and luminal (C) cell lines by propidium iodide staining and cytometer evaluation
after 24 h of IC50 Ru3 dose treatment for each cell line. Data are the average +/− standard deviation (SD) of three
independent experiments performed in triplicate. To determine significant statistical differences between G0/G1 phase
averages, Student’s t-test was used. The values for the statistical analyses are: *, p ≤ 0.05; **, p ≤ 0.01.
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3.5. Ru3 Exerts Apoptotic-Based Cell Death in TNBC

On the basis of the cytotoxic results of Ru3 in breast cancer cell lines, the mechanism
of cell death induction was evaluated. We analyzed Ru3 ability to induce apoptosis by
flow cytometry as previously described [37,53,55–57]. The experiments were performed
using an incubation time of 48 h, and Ru3 concentrations corresponding to their respective
IC50 value. Treatment with Ru3 was able to significantly increase apoptosis in all the cell
lines analyzed, (Figure 6), suggesting that the lead compound clearly induces cell death by
apoptosis in a wide range of breast cancer cell lines.
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Figure 6. Evaluation of cell death mechanism exerted by Ru3 in several breast cancer cell line
models. Cell death was evaluated in HER2+ (A), basal (B), and luminal (C) cell lines by Annexin
V/propidium iodide staining and cytometer evaluation after 48 h using the IC50 Ru3 dose treatment
specific each cell line. Data are the average +/− standard deviation (SD) of three independent
experiments performed in triplicate. To determine significant statistical differences between living
cells groups, Student’s t-test was used. The values for the statistical analyses are: *, p ≤ 0.05; **, p ≤

0.01; ***, p ≤ 0.001.

3.6. Ru3 Is Less Toxic Than Cisplatin Using In Vitro and in In Vivo Studies

We next evaluated the in vitro effect of Ru3 on the viability of non-tumoral cells. To
this end, we used the non-transformed but immortalized keratinocytes cell line HACAT.
Interestingly, Ru3, the most potent compound of the series, did not display significant
toxicity in non-tumoral cells, showing IC50 values which doubled one of the transformed
cell lines (Figure 7A and Table 1). The in vivo toxicity of Ru3 and cisplatin was evaluated

570



Pharmaceutics 2021, 13, 1559

by measuring the animal body weight and their behavior. Treatment with Ru3 and cisplatin
was performed using 5 mg/kg intraperitoneal (IP) doses for seven consecutive days. As
displayed in Figure 7B, Ru3 did not induce significant weight loss compared with cisplatin
where a 30% weight reduction was observed. No lethality was reported after seven days
of treatment with both compounds. This data suggests that a repeated dose of Ru3 is
much better tolerated than cisplatin. On the other hand, in the HACAT cell line, the effects
over cell cycle distribution were almost undetectable after 24 h at a 200 nM (Figure 7C), a
treatment dose that would cause high toxicity on breast cancer cell lines. Moreover, the
effect of that dose over cell death was weaker than the one caused to breast cancer cell lines,
despite being statistically significant (Figure 7D).

−1

−1

’s
≤ 0.05; **, ≤ 0.01; ***, ≤ 0.001.

Figure 7. Ru3 displays less toxicity in non-transformed cells. (A) IC50 comparison, measured by MTT metabolization,
between breast cancer cell lines and HACAT, showing that the IC50 of the non-transformed cell line at least doubles the
value of the transformed cell lines. (B) Ru3 shows lower toxicity in vivo than platin compounds. Toxicity was evaluated
after 7 days of IP treatment with 5 mg kg−1 twice a week. Ru3 (N = 6) exerted significantly less toxicity than cDDP (N = 6)
at the 5 mg kg−1 with a treatment schedule of two administrations a week. (C) The effect of Ru3 in HACAT cell lines in
terms of cell cycle arrest, demonstrating no modifications in any cell cycle phase. (D) Cell death was evaluated, and weaker
effects were observed when compared to breast cancer cell lines at the dose of 200 nM. Data are the average +/− standard
deviation (SD) of three independent experiments performed in triplicate. To determine significant statistical differences
between the averages of treatment groups, G0/G1 or living cells groups respectively, Student’s t-test was used. The values
for the statistical analyses are: *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.

3.7. Ru3 Is Also a Therapeutic Alternative in Ovarian Cancer

TNBC share many biological similarities with ovarian cancer including that both
tumors display a high grade of antitumor sensitivity to platinum agents. In this context,
we aimed to evaluate the activity of this agent in two well-characterized ovarian cancer
cell lines, SKOV3 and OVCAR8, in comparison to cisplatin (cDDP) (Figure 8A,B). To detect
differences, we used doses of cisplatin below their IC50 (Figure 8C). As can be seen in
Figure 8, cisplatin showed modest activity and the action of Ru3 was much potent at the
low doses used.
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Figure 8. Ru3 is a putative therapeutic candidate for ovarian cancer treatment. Viability of two ovarian cancer cell lines,
OVCAR8 and SKOV3, was assayed by MTT metabolization after 72 h treatment with Ru3 and cDDP, as a control, showing
that Ru3 developed more toxicity in both cell line models (A) and (B), as IC50 values demonstrate (C). Data are the average
+/− standard deviation (SD) of three independent experiments performed in triplicate. To determine significant statistical
differences, Student’s t-test was used. The values for the statistical analyses are: *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.

4. Discussion

Breast cancer is a heterogeneous disease where some genomic and clinical characteris-
tics have classified this cancer into several subgroups. Among them, the triple-negative
subtype harbors more aggressive behavior, and more therapeutic options are needed due
to poor clinical outcomes. In addition, this tumor shares many similarities with ovarian
cancer, such as the high grade of genomic instability or the special sensibility to DNA
damaging agents including platinum compounds [58]. However, in both cases, after a
specific period of time receiving treatment with platinum agents, progression is observed,
and additional therapeutic options are needed.

In this context, the rapid development of drug-based metals other than platinum has
placed organometallic ruthenium (II) complexes in the spotlight of interest for many drug
designers over the last decade. The development of novel compounds in this scenario
should fulfill two criteria, first, they must have an optimized toxicity profile, and secondly,
their antitumoral activity should remain similar or improved compared with classical
platinum agents such as

Cisplatin. In our case, both characteristics are included in the family of new agents
described in this report.

Our previous studies allow us to validate PNP-Ru compounds as anticancer drugs
for breast cancer therapy establishing a proof of concept for further optimization and
characterization of novel agents. In this case, further rational modifications of the molecular
structure were required to improve the pharmacological profile of these derivatives. A
set of novel PNP ligands was designed to prepare an ample series of ruthenium(II) arene
complexes, with the aim of fine-tuning the cytotoxic properties of these types of promising
anticancer drugs. Our results suggest that slight modifications in the molecular structure
of the PNP-Ru compounds is decisive for tuning its antitumoral activity.

In our work, we position Ru3 as the lead compound of the series. Three reasons justify
this approach: (1) Ru3 is the most potent antitumoral compound of the series, able to induce
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cell death without affecting non-transformed cells; (2) its antitumoral action is related to
the activation of the intrinsic apoptotic pathway and displays a pharmacological profile
that is maintained in cisplatin-resistant cells; (3) it shows less acute toxicity in vitro and
in vivo than the reference metallodrug cisplatin and supporting its evaluation in different
solid tumors where DNA-damaging agents have a role.

An interesting finding was the fact that Ru3 induced a profound anti-tumoral effect in
TNBC and ovarian cancer cell lines, and that the mechanism of action was mainly mediated
by apoptotic cell death. Of note, only a slight increase in G0/G1 was detected, suggesting
that the compound is cytotoxic rather than cytostatic. The relevant induction of apoptosis is
shared by other metallodrugs such as platinum agents although our drug displayed a safer
toxicity profile with a more antitumoral activity [9]. On the other hand, when compared
with cisplatin, Ru3 was less toxic in non-transformed cells and did not induce weight loss
in animals after a maintainance dose administration. These findings, in addition to the
clear antitumoral activity in vitro of Ru3 compared with cisplatin or carboplatin, position
this compound as a future alternative for clinical development. In addition, Ru3 displayed
a significant antitumoral activity in ovarian cancer, which suggests that these agents can
cover a wide range of clinical necessities.

On the other hand, we acknowledge that the full mechanism of action of the compound
has not been evaluated in this first study. We could speculate that induction of DNA could
be one of those mechanisms, but not the principal, considering the significant induction of
cell death observed after its administration. In this context, as an apoptotic inducer agent,
combination with other agents acting on complementary molecular vulnerabilities could
be exploited, such as the combination with anti-HER2 therapies. Our previous experience
reinforces this approach.

5. Conclusions

In conclusion, the structure of Ru3 might serve as the basis for the design of more
active and less toxic antitumoral compounds and pave the way for the clinical development
of these compounds as alternatives for the treatment of tumors. The simple accessible
synthesis of this compound and its biological activity makes Ru3 a good candidate for
further evaluation in vivo as a potential chemotherapeutic agent against breast cancer.
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Abstract: The pandemic of the coronavirus disease 2019 (COVID-19) represents an unprecedented

challenge to identify effective drugs for prevention and treatment. While the world’s attention is

focused on news of COVID-19 vaccine updates, clinical management still requires improvement.

Due to the similarity of cancer-induced inflammation, immune dysfunction, and coagulopathy to

COVID-19, anticancer drugs, such as Interferon, Pembrolizumab or Bicalutamide, are already being

tested in clinical trials for repurposing, alone or in combination. Given the rapid pace of scientific

discovery and clinical data generated by the large number of people rapidly infected, clinicians need

effective medical treatments for this infection.

Keywords: drug repurposing; COVID-19; cancer; pandemic; vaccination

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic, caused by the severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2), has caused catastrophic damage to
human life. Since December 2019, the pandemic has spread worldwide and still is ongoing.
SARS-CoV-2 primarily infects the upper and lower respiratory tract; however, it can also
affect other vital organs. Most people recover from the acute phase of the disease, but some
people continue to experience a range of effects for months after recovery. Clinical manage-
ment is currently focused on supportive care and prevention and control of complications
such as acute respiratory distress syndrome (ARDS) [1].

Although the world’s attention is understandably centred on reports of COVID-
19 vaccine updates, from supply to administration, the need for treatments cannot be
overlooked, as vaccination cannot protect everybody and as infection overwhelms hospitals
and nursing homes. When we compare COVID-19 to the common flu, which is routinely
targeted and has readily available and effective vaccines, we can see that no vaccine is ideal.
Therefore, flu medications are still in high demand to avoid hospitalization and save lives.
While the rise of new variants of COVID-19 threatens the efficacy of the available vaccines,
it is critical that we must continue researching therapies to minimize hospitalization
and cure COVID-19. The world health organization created (WHO) guidelines on using
vaccines and antivirals during influenza pandemics to address the shortage of vaccines and
antivirals [2]. Demonstrating that with therapy, people can live longer and gain control over
the pandemic’s curse, as the likelihood of people becoming ill and spreading the disease
decreases. Therapeutics also can be used as prophylactics to prevent hospitalizations and
severe cases of the disease.

The food and drug administration (FDA) granted emergency use authorization to two
monoclonal antibody treatments for non-hospitalized adults and children over the age of
12 who have mild to moderate COVID-19 symptoms, who are at risk for developing severe
COVID-19 or being hospitalized for it. Regeneron’s casirivimab and imdevimab combo and
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Eli Lilly’s bamlanivimab and etesevimab combination are the two treatmentsPrior approval
for the single use of bamlanivmab to treat COVID-19 was withdrawn in April 2021 due
to new data revealing minimal efficacy [3]. While these medications can be beneficial, the
need for intravenous administration (IV) requires a visit to a clinic or hospital immediately
after symptoms appear, which limits their use.

Consequently, effective therapies, which are available to anyone who needs them,
must work with various populations and ensure that the responses to the pandemic are
globally successful and inclusive. Having both important tools in our arsenal would ensure
that most of the population is shielded from the severe effects of COVID-19. However, the
development of novel antiviral drugs needs long-term investigation in clinical trials. There-
fore, the benefit of repurposing drugs to justify off-label usage is linked to the established
safety profile. However, it may vary depending on the disease and the consolidated data
on pharmacodynamics, pharmacokinetics and efficacy in phase I–IV trials [4,5]. Some host
cell targets that interfere with the viral growth cycle, such as kinases, are commonly shared
in the mechanisms of multiple viral infections and other conditions such as cancer, indi-
cating the possibility of translating information through medical disciplines and disease
models [6].

Several anticancer compounds were investigated as possible future drugs for COVID-
19, among the thousands of coronavirus drugs studied. This article includes anticancer
drugs that have already been approved or are being fast-tracked by regulatory authorities,
supported by published evidence and used to treat the treatment of cancer patients. In
times of crisis, such as COVID-19, drug repurposing is a valuable technique because
it provides quick access to agents with not only accessible safety data but also defined
manufacturing lines and supply chains, which facilitates the process of discovery. The
major limitation of the use of repurposed therapeutics is associated with dosage regimens.
Most of the time, effective concentrations needed for antiviral activity are often higher than
those clinically attainable under the approved regimens [7].

Drug repurposing is not a reason for designing low-quality clinical trials or emphasiz-
ing the bias of early outcomes and uncontrolled cohorts, and it is desirable to use molecules
with a specified safety profile. In addition, these therapies have early-and late-phase data
on toxicity and complications management, which are especially helpful in the setting of
a pandemic versus novel therapies. Several antineoplastic agents have the potential to
improve COVID-19 outcomes by using the exact mechanisms and targets used in cancer
treatment [8]. These targets are primarily associated with inhibiting cell division, regulating
inflammation, and modulating the host-tumor microenvironment.

2. Materials and Methods

Using the OpenData Portal [9] was possible to research COVID-19-related drug repur-
posing data and experiments for all approved drugs. From this portal were only selected
the anticancer drugs tested. Then was searched on the database of clinicaltrials.gov [10],
the list of anticancer drugs tested on COVID-19 to see which were listed in clinical trials
(20 May 2021). Additionally, searching through the site of European Pharmaceutical Re-
view [11], in the news section, we were able to find more information about repurposed
drugs and clinical trials for COVID-19. In the end, it was possible to formulate an updated
list of anticancer drug candidates for COVID-19 treatment.

3. Viral, Host and Immune Targets in COVID-19

Antiviral therapy and prevention approaches are focused on (a) inhibiting the repli-
cation of the viral genome by either preventing the virus from entering the host cells
or suppressing one or more phases of replication; (b) boosting the immune system and
producing a type of antiviral memory via vaccination; (c) injection of antiviral antibodies
generated in the plasma [12].

SARS-CoV-2 replicates similarly to other Coronaviridae viruses. Coronaviruses can
infect the host through both endosomal and non-endosomal (cell surface) routes. The viral
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protein kinases and their associated signaling cascades have now been targeted in order
to reduce coronavirus replication, particularly SARS-CoV-2. The virus can enter the cells
via endocytosis or plasma membrane fusion through the interaction between the Spike
(S) protein of the virus and angiotensin-converting enzyme 2 (ACE2) and transmembrane
protease serine 2 (TMPRSS2) at the target cell [12,13].

After receptor-mediated endocytosis of the virus into the host cells, the virus releases
the viral genome (single-stranded positive RNA) and uses the host ribosome to translate
into viral polyproteins. Viral proteinases 3CLpro and PLpro cleave viral polyproteins into
effector proteins (see Appendix A). RNA-dependent RNA polymerase, in turn, synthesizes
a full-length negative-strand RNA template, which is used to make more viral genomic
RNA. The viral genome then is synthesized by genomic replication, and four essential
structural viral proteins (nucleocapsid (N), spike (S), membrane (M) and envelope (E)) are
produced by transcription and translation [14]. The N protein binds genomic RNA, while
S, M and E proteins are integrated into the membrane of the endoplasmic reticulum (ER),
forming ERGIC—endoplasmic reticulum-Golgi intermediate compartment (also referred
to as a vesicular-tubular cluster). The assembled nucleocapsid with helical twisted RNA
is encapsulated into the ER lumen, viral progeny is transported by the ERGIC toward
the plasma membrane of the host cell, and finally, the daughter virus is released by
exocytosis [15].

The SARS-CoV-2 infection activates both innate and adaptive immune responses
in the host. Patients with severe COVID-19 have a lower number of natural killer (NK)
cells and a higher level of the C-reactive protein. The early failure of antiviral immunity
during SARS-CoV-2 infection is correlated with a significant decrease in total T cells and
NK cells [16].

Exploring potential clinical targets for COVID-19 attenuation is critical for long-term
COVID-19 treatment.

4. Similarities of Cancer Immune Response and COVID-19

Cancer treatment is still a major challenge, but tremendous progress in anticancer
drug discovery and development has occurred in the last few decades. The spent decades
developing drugs for cancer-induced inflammation, immune dysfunction, and vasculariza-
tion provided us with a number of drug options that could be useful in the treatment of
other diseases.

Patients affected by COVID-19 also display inflammation, immune dysfunction and
vascular syndrome dysfunction [17].

Evidence suggests that the immune response to SARS-CoV-2 can play different roles:
dysregulated immune responses in critically ill patients with COVID-19 is reflected by lym-
phopenia, mainly affecting CD4+ T cells, including effector, memory, and regulatory T cells,
and decreased IFN-γ expression in CD4+ T cells. Exhaustion of cytotoxic T lymphocytes,
activation of macrophages, and a low human leukocyte antigen-DR expression on CD14
monocytes has been noted in patients with COVID-19 [18]. These similarities led scientists
to consider anticancer therapy for the management of COVID-19 [8].

Furthermore, the homeostasis maintained by the vascular endothelium in health is
affected by COVID-19 infection. In clinical studies, patients with COVID-19 have higher
levels of fibrinogen, fibrin degradation products, and D-dimer, which appear to be related
to disease severity and thrombotic risk [17]. Since the susceptibility to thrombotic events
tends to be, at least in part, linked to inflammation and activation of the innate immune
system that can cause systemic coagulation pathways. Therefore, the counterparts between
the mechanisms of immunotherapy-related toxicities and the COVID-19 cytokine storm
must be well considered in order not to affect the efficiency of the reused drug and increase
the risk of the disease.
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5. Repurposing Anticancer Drugs against COVID-19

The drug repurposing approach puts the drug discovery process on a fast track.
COVID-19 researchers’ attention to its potential growth is wider in a range of different
scientific fields. Due to the availability of in-vitro and in-vivo screening data, chemical
optimization, toxicity studies, bulk manufacturing, formulation development and phar-
macokinetic profiles of FDA-approved drugs, drug development cycles are shortened as
all these critical steps can be bypassed [7,8]. In addition, there is no need for larger invest-
ments and repurposed drugs are proven to be safe in preclinical models, thus lowering
the attrition rates as well. The main advantage of drug repurposing is associated with the
established safety of the known candidate compounds. The development time frame and
costs are substantially reduced when advancing a candidate into a clinical trial, which is
possible without neglecting the comorbidities already associated with certain medications
not to aggravate the patient condition provoked by the viral infection [6].

Several drugs that have been approved for cancer indication by the US FDA are now in
COVID-19 clinical trials to test their efficiency in reducing mortality and speed up recovery.
The following Tables 1–6 represent anticancer drugs in clinical trials for COVID-19. In this
review, we explore according to different categories of therapies which drugs represent
more or fewer advantages for COVID-19. Appendix A is an updated list of all the anticancer
drugs we could find or drugs used for the best supportive cancer care, which are being
tested on their effectiveness to treat patients with mild to severe SARS-CoV-2.

Table 1. Anticancer drugs in clinical trials for COVID-19: Interferon-based therapies.

Anticancer
Drug

Viral—Host
Targets

Mechanism of
Action

Combination Primary End-Point
Source (20
May 2021)

IFN
Jak1 and Tyk2 Jak1 and Tyk2 - Negative SARS-CoV-2 RNA

on a nasopharyngeal swab
[10]

Jak1 and Tyk2 Jak1 and Tyk2 -

IFN-B1A Jak1 and Tyk2

Jak1 and Tyk2 - Clinical Improvement

[10]

Jak1 and Tyk2 Lopinavir, ritonavir
Percentage of subjects
reporting severity

Hydroxychloroquine,
lopinavir, ritonavir

Reduce Mortality

Hydroxychloroquine,
lopinavir, ritonavir,
umifenovir

Time to clinical
improvement

Multifactorial All-cause mortality

IFN beta 1b Jak1 and Tyk2 Jak1 and Tyk2
Remdesivir Clinical improvement

[10]
ribavirin Reduce hospitalisation

IFN-A2B

activate two Jak
(Janus kinase)

tyrosine kinases
(Jak1 and Tyk2)

activate two Jak
(Janus kinase)

tyrosine kinases
(Jak1 and Tyk2)

-
Improvement in FMTVDM
Measurement with nuclear
imaging

[10]
- Incidence of adverse events

IFN-B1A/B Jak1 and Tyk2 Jak1 and Tyk2
Hydroxychloroquine,
lopinavir, ritonavir

Time to clinical
improvement

[10]

IFN-B1B

Jak1 and Tyk2 Jak1 and Tyk2
Hydroxychloroquine,
lopinavir, ritonavir

Time to negative NPS
viral load

[10]

Jak1 and Tyk2 Jak1 and Tyk2
Ribavirin, lopinavir,
ritonavir

Time to negative NPS
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Table 2. Anticancer drugs in clinical trials for COVID-19: Anti-cytokine agents.

Anticancer
Drug

Viral—Host
Targets

Mechanism of Action Combination Primary End-Point
Source (20
May 2021)

Thalido-mide

Inhibition of
inflammatory
cytokine
production

Inhibit the producti-on of
interleukin
(IL)-6

- Time to clinical recovery [10]

Siltuximab Interleukin-6 Interleukin-6

-
The proportion of patients
Requiring ICU admission
at any time

-
Mortality in siltuximab
treated patients

[11]

Anakinra
Time to clinical
improvement

tocilizumab Ventilator-free days

Table 3. Anticancer drugs in clinical trials for COVID-19: Immune-checkpoint inhibitors.

Anticancer
Drug

Viral—Host
Targets

Mechanism of Action Combination Primary End-Point
Source (20
May 2021)

PD-1 blocking
antibody

PD-1
Can prevent the tumor
cell from binding PD-1

- Lung injury score [10]

Nivolumab
PD-1/PD-L1

pathway blockade
Immune homeostasis
restoration

-
Time to clinical
improvement

[10]

- Efficacy and safety [10]

- Viral clearance kinetics [10]

Pembrolizumab
PD-1/PD-L1

pathway blockade
Immune homeostasis
restoration

Tocilizumab
Percentage of patients
with the normalisation of
SpO2 ≥96% in room air

[10]

Table 4. Anticancer drugs in clinical trials for COVID-19: Hormone therapy.

Anticancer
Drug

Viral—Host
Targets

Mechanism of
Action

Combination Primary End-Point
Source (6
February

2021)

Bicalutami-de
Downregulates
TMPRSS2

Binding of
androgen receptor

- COVID-19 symptom relief [9]

Camostat
Reduce number of
participants requiring
hospitalization

Enzalutami-de
Reduce androgen
driven morbidity
in COVID-19

Competitive
binder of
androgens

-
Time to worsening of
disease

[9]

Toremifene
Interaction with
coronavirus
proteins

Inhibition of viral
membranes fusion
with Host cell
endosomes

Melatonin Clinical improvement [10]

Tamoxifen
Decreased the
PGE2 production

Compete with
17β-estradiol (E2)
at the receptor site

- Lung injury score [9]
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Table 5. Anticancer drugs in clinical trials for COVID-19: The inhibitor of elongation factor 1A and the eukaryotic initiation

factor 4A.

Anticancer
Drug

Viral—Host
Targets

Mechanism of
Action

Combination Primary End-Point
Source (20
May 2021)

Plitidepsin Blockade of eEF1A
Interference with
the viral cycle

-
Frequency of occurrence of
Grade 3 or higher AEs

[10]

Zotatifin Blockade of eIF4A
Inhibition of
protein biogenesis

- – [10]

Table 6. Anticancer drugs in clinical trials for COVID-19: Blockade of kinase cascades.

Anticancer
Drug

Viral—Host
Targets

Mechanism of
Action

Combination Primary End-Point
Source (20
May 2021)

Duvelisib PI3K inhibition

Immune homeostasis
restoration and viral
replication inhibition

- Overall survival

[10]
-

Reduce overall necessity
of ventilation

Zanubrutinib
Inhibition of the
Bruton tyrosine
kinase

Protection against
immune, lethal and
sepsis-induced
pulmonary injuries

-
The respiratory failure-free
survival rate

[10]

Carrimycin

Inhibit the
replication of
SARS-CoV-2 in
the cells

Inhibits mTOR
pathway

- Fever to normal time

[11]
-

Percentage of patients alive
without the need for
supplemental oxygen and
ongoing in
patient-medical care

Ibrutinib
Inhibition of the
Bruton tyrosine
kinase

Protection against
immune-induced
lung injury

-
The respiratory failure-free
survival rate,
overall survival

[10]

-
Patients with diminished
respiratory failure
and death

5.1. Interferon-Based Therapies

The homeostasis maintained by the vascular endothelium in health is affected by
COVID-19 infection. In clinical studies, patients with COVID-19 have higher levels of
fibrinogen, fibrin degradation products, and D-dimer, which appear to be related to disease
severity and thrombotic risk [19].

SARS-CoV-2 compromises the type 1 interferon antiviral response; therefore, IFN
administration seemed a promising approach to stimulate macrophages, which engulf
antigens and natural killer cells (NK cells). IFN might be able to strengthen the immune
system by activating dormant components [20]. Clinical trials are running to test its
effectiveness either alone or in combination with other drugs.

Ribavirin, lopinavir/ritonavir, remdesivir or hydroxychloroquine are some of the
drugs tested in combination with IFNs in clinical trials (see Table 1). The study by Hung
IF-N et al. demonstrated that early treatment with interferon beta-1b, lopinavir–ritonavir,
and ribavirin is safe and highly effective in shortening the duration of the virus shedding,
decreasing cytokine responses and allowing patients with mild to moderate disease to be
discharged COVID-19 [21].

The problem is that when interferons boost the immune system, COVID-19 are likely
to worsen before they improve. Giving anyone an interferon-based drug if they are still on
a ventilator and their symptoms are about to overtake them may be fatal. This is why, in
the case of viral infections, interferon therapies are usually only used as a last resort [22].
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Nonetheless, interferon has already shown success against the antiviral activity, due to
their ability to modulate the immune response, which is considered a “standard of care” in
suppressing Hepatitis C and B infections [20].

5.2. Anticytokine Agents

The current COVID-19 infection is linked to elevated cytokine levels or hypercytokine-
mia. Patients who develop cytokine storms quickly experience cardiovascular collapse,
multiple organ dysfunction and death [23]. The marked elevation of serum cytokines,
especially tumor necrosis factor-alpha, interleukin 17 (IL-17), interleukin 8 (IL-8) and in-
terleukin 6 (IL-6), is seen in patients with COVID-19 who go through pneumonia and
hypoxia [24] (Table 2).

The administration of IL-6 blocking agents, such as tocilizumab and siltuximab, has
been shown to be effective [25]. Repurposing tocilizumab would be interesting for the
prevention or treatment of lung injury caused by COVID-19 since there is currently no
effective antiviral therapy. In prospective studies, tocilizumab was linked to a lower relative
risk of mortality, but the effects on other outcomes were inconclusive.

The drug siltuximab is a chimeric monoclonal antibody that binds to interleukin-6
(IL-6), preventing binding to soluble and membrane-bound interleukin-6 receptors. Current
evidence showed that siltuximab led to a reduced mortality rate from COVID-19 promising
to be a possible therapy; however, more studies are necessary [25].

5.3. Immune-Checkpoint Inhibitors

Immune checkpoints are regulatory molecules that are found on the surface of immune
cells. When proteins on the surface of immune cells called T cells recognize and bind to
partner proteins on other cells, such as tumor cells, immune checkpoints are activated.
The T cells receive an “off” signal which may prevent cancer from being destroyed by the
immune system. Therefore, immune checkpoint inhibitors are immunotherapy drugs that
work by preventing checkpoint proteins from binding to their partner proteins. As a result,
the “off” signal is not sent, allowing T cells to kill cancer cells [26,27].

The same principle can be applied for COVID-19 as a potential therapeutic approach
(see Table 3). Evidence from preclinical models suggests that blocking programmed death
receptor 1 (PD1) protects against RNA virus infections. Among the ICIs, antibodies capable
of blocking the pathway of programmed death 1 (PD 1)/PD ligand-1 (PD L1) are promising.
PD-1 expression levels on NK cells and T-cells were found to be highly upregulated in
COVID-19 patients. When treated with anti-PD 1 and anti-PD L1 antibodies, they regain
their T cell competence and effectively counteract viral infection [26,28]. Nivolumab and
Pembrolizumab are ICIs that were successfully introduced into the management of various
solid cancers, particularly for melanoma [24]. Currently, there is a phase II to trial to access
efficacy for COVID-19. Pembrolizumab was tested in combination with tocilizumab [26].

5.4. Hormone Therapy

Androgen deprivation therapy (ADT), also known as androgen suppression therapy,
is an antihormone therapy used to treat prostate cancer. Increasing evidence suggests that
androgen has the potential to regulate the cellular TMPRSS2 expression and ACE2 [29].

TMPRSS2 is a membrane protease necessary for COVID pathogenesis, which is reg-
ulated by androgens. Blocking TMPRSS2 with bicalutamide can reduce viral replication
and improve clinical outcomes. These agents may down-regulate TMPRSS2 mRNA and
expression resulting in less entry of SARS-CoV-2 entry into cells and thus could arise
as promising therapeutic tools in early SARS-CoV-2 infection and COVID-19 [30], see
Table 4. A combination of bicalutamide in combination with camostat has the potential to
reduce hospitalizations.

Toremifene used in the treatment of advanced breast cancer in postmenopausal women
is a first-generation nonsteroidal-selective estrogen receptor modulator. It displays po-
tential effects in blocking various viral infections, including MERS-CoV, SARS-CoV and

583



Pharmaceutics 2021, 13, 815

Ebola virus. Prevents fusion between the viral and endosomal membrane by interacting
with and destabilizing the virus membrane glycoprotein and eventually inhibiting viral
replication [31]. Moreover, a preliminary study reveals a high potential for the synergistic
effects of melatonin and toremifene to reduce viral infection and replication [32].

5.5. Inhibitor of Elongation Factor 1A and the Eukaryotic Initiation Factor 4A

Other molecules revealed potent pre-clinical efficacy against SARS-CoV-2 by inhibiting
replication. In the life cycle of SARS-CoV-2, many host proteins play a role, and some
are required for viral replication and translation. Drugs that target viral proteins are
usually the focus of research, but a complementary approach is to target the required host
proteins (Table 5).

Plitidepsin is an inhibitor of elongation factor 1A (eEF1A) and is an authorized drug in
Australia for the treatment of multiple myeloma. Antiviral activity of plitidepsin has been
analyzed in a human hepatoma cell line infected with the HCoV-229E-GFP virus, a virus
similar to the SARS-CoV-2 virus [33]. Clinical studies using this drug are already taking
place to assess safety and toxicity profile in patients with COVID-19 who require hospital
admission, being the main goal is to select the recommended dose levels of plitidepsin for
future phase 2/3 efficacy studies.

Another promising drug being tested in clinical trials is Zotatifin to assess its safety
and tolerability. Zotatifin is a selective small-molecule inhibiting the eukaryotic initiation
factor 4A (eIF4A), a powerful anti-proliferative target found at the intersection of the RAS
and PI3K signaling pathways [34].

5.6. Blockade of Kinase Cascades

To test the hypothesis that PI3K blockade could hamper immune system hyperacti-
vation and thus reduce lung inflammation and interfere with the viral cycle, researchers
used one of the most successful targeted strategies in cancer treatment: kinase cascade
blockade [35]. In a randomized placebo-controlled phase 2 study, Duvelisib, an orally
bioavailable phosphatidylinositol 3-kinase (PI3K) selective inhibitor, is being evaluated
for its ability to reduce inflammation in the lungs of patients with severe acute respiratory
syndrome coronavirus 2 infections. As has been demonstrated repeatedly for multiple
compounds in this pharmacological class, PI3K inhibitors, including the drug duvelisib,
can cause lung inflammation and increase the risk of infections, and special caution is
required during clinical trials using this class of molecules (Table 6).

On the other hand, Zanubrutinib is an irreversible Bruton tyrosine kinase inhibitor.
The aberrant activation of the Bruton tyrosine kinase has a key role in the tumorigenesis
of B-cell lymphoma. For COVID-19 evidence suggesting protective effects, a phase II
trial is ongoing, aiming to reduce the disease-related immune dysregulation and hyper-
inflammation [35].

5.7. Radiation and Prophylactic Vitamin D

Low-dose thoracic irradiation strategies with anti-inflammatory or prophylactic vita-
min D have shown antiviral potential. However, there is a lack of direct pre-clinical and
clinical evidence for COVID-19 and other therapeutics that may be more accessible, less
risky, and less complicated for treatment [36].

Recently, we have acquired an unparalleled knowledge of the molecular processes
and immune tolerance mechanisms regulating the occurrence and severity of human
neoplasms, contributing to a wide variety of targeted anticancer and immunotherapy
treatments [37]. Despite their specificity, however, small-molecule inhibitors and antibody-
based therapies cause both on-and off-target effects, including immune-related pneumonia
and diabetes, among other conditions, which need to be addressed when translating
COVID-19 anticancer therapy. Now it is necessary to continue with clinical trials to
overcome the uncertainties about the risks of certain therapeutics and understand which
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could be more beneficial in a time where vaccines are already available. Therapeutics along
with immunization are the key to getting rid of the pandemic.

6. Conclusions

The COVID-19 pandemic has swiftly swept through the world, resulting in huge
morbidity and significant mortality. While the news of vaccination brings the promise
to the end of the pandemic, the importance of medicines must not be forgotten since it
helps to limit the spread of disease and allows both prevention and treatment. Either using
repurposed drugs, alone or in combination or even new molecules, the pandemic provides
an opportunity to create new models for evaluating novel therapeutic approaches quickly.
Due to similarities between cancer and COVID-19, anticancer drugs are repurposed in
clinical trials to test their efficacy in targeting inflammation, immune dysfunction, and
coagulopathy. Figure 1 illustrates the principal targets of anticancer drugs repurposed in
clinical trials for COVID-19.

 

Figure 1. Principal targets of the anticancer drugs or drugs used for breast cancer supportive care, repurposed in clinical

trials for COVID-19, adapted from BioRender templates [38].

Finally, the management of the SARS-CoV-2 pandemic includes multidisciplinary
collaboration to identify suitable treatment options for everyone, including and especially
countries with limited access to vaccines and people already hospitalized. From the
evidence reviewed here, several anticancer drugs seem to retain a promising activity to
treat patients with COVID-19.
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Abstract: The first-choice drug for acute promyelocytic leukemia (APL), all-trans retinoic acid

(ATRA), frequently causes drug-resistance and some adverse effects. Thus, an effective and safe agent

for ATRA-resistant APL is needed. Menaquinone-4 (MK-4, vitamin K2(20)), used for osteoporosis

treatment, does not have serious adverse effects. It has been reported that MK-4 has growth-

inhibitory effects on HL60 cells by inducing apoptosis via the activation of Bcl-2 antagonist killer

1 (BAK). However, the effect of MK-4 on ATRA-resistant APL has not been reported. Here, we

show that ester derivatives of menahydroquinone-4 (MKH; a reduced form of MK-4), MKH 1,4-bis-

N,N-dimethylglycinate (MKH-DMG) and MKH 1,4-bis-hemi-succinate (MKH-SUC), exerted strong

growth-inhibitory effects even on ATRA-resistant HL60 (HL-60R) cells compared with ATRA and

MK-4. MKH delivery after MKH-SUC treatment was higher than that after MK-4 treatment, and the

results indicated apoptosis induced by BAK activation. In contrast, for MKH-DMG, reconversion

to MKH was slow and apoptosis was not observed. We suggest that the ester forms, including

monoesters of MKH-DMG, exhibit another mechanism independent of apoptosis. In conclusion, the

MKH derivatives (MKH-SUC and MKH-DMG) inhibited not only HL60 cells but also HL-60R cells,

indicating a potential to overcome ATRA resistance.

Keywords: drug delivery; HL60; leukemia; prodrug; resistance; retinoic acid; vitamin K

1. Introduction

Acute promyelocytic leukemia (APL) is a unique subtype of acute myeloid leukemia
(AML). All-trans retinoic acid (ATRA), also known as tretinoin, a molecularly targeted
drug, has been used for the initial (induction) treatment of APL in combination with
anthracyclines. The cure rate associated with this general treatment approach is 80–90%.
However, it has been reported that approximately 15–20% of patients relapse and most of
them acquire ATRA resistance [1–5]. Thus, there is a demand for effective and safe agents
for ATRA-resistant APL. HL60 was initially classified as an APL cell line, and ATRA was
found to induce its differentiation; this discovery led to numerous studies [6,7]. HL60 was
later reclassified as a non-APL cell line [8]. As mentioned below, because the aim of this
study was to discover drug candidates that potentially overcome ATRA resistance, we
used HL60 and HL-60R (ATRA-resistant HL60) as ATRA-responsive cell lines.

It has been reported that menaquinone-4 (MK-4, vitamin K2(20)) induces apoptosis in
leukemia cell lines and primary cultured leukemia cells. MK-4 shows greater inhibitory
effects on myeloid cells such as myeloblasts, which are abnormal promyelocytes, than on
lymphoid cells. Therefore, MK-4 may exert selective effects against APL cells without any
adverse effects on normal bone marrow cells in patients with APL [9–16]. MK-4 has been
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used to treat osteoporosis, especially in postmenopausal women, and its long-term safety
has been established. Thus, MK-4 has the potential to be an alternative chemotherapeutic
agent for ATRA. However, the effect of MK-4 against ATRA-resistant APL has not been
reported.

MK-4 is reduced to menahydroquinone-4 (MKH) via the vitamin K cycle in cells. MKH
is a cofactor of γ-glutamyl carboxylase (GGCX), which converts glutamic acid residues
into γ-carboxyglutamic acid residues of vitamin K-dependent proteins. In other words, the
post-translational modification of vitamin K-dependent proteins depends on the supplied
MKH. When MKH acts as a cofactor, it is stoichiometrically converted to MK-4 epoxide
(MKO), which is further reduced to MK-4 for reuse (Figure 1B).

–

MKH is a cofactor of γ
dues into γ

 

dependent proteins; GGCX, γ

Figure 1. Chemical structure of MKH derivatives (A). The activation step for MKH derivatives, and
the vitamin K cycle in HL60 cells (B). MKH, menahydroquinone-4; MK-4, menaquinone-4; MKO,
menaquinone-4 epoxide; VKR, vitamin K reductase; VKOR, vitamin K epoxide reductase; VKDP,
vitamin K-dependent proteins; GGCX, γ-glutamyl carboxylase.
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It has been reported that MK-4 induces apoptosis via the activation of BAK, a member
of the Bcl-2 family of apoptosis-promoting proteins, indicating an interaction between
MKO and BAK [12]. Previously, we reported that the MKH ester derivatives 1,4-bis-
N,N-dimethylglycinate (MKH-DMG) and 1,4-bis-hemi-succinate (MKH-SUC) (Figure 1A)
act as prodrugs for hepatocellular carcinoma (HCC) cells, and exhibit strong antitumor
effects compared with MK-4 [17,18]. As MKH is the active form of MK-4, in terms of the
physiological effects, such as blood coagulation and bone formation, MKH may contribute
to the inhibitory effect of MK-4. In this study, we investigated the efficacy of MKH ester
derivatives against ATRA-responsive HL60 and ATRA-resistant HL60 (HL-60R) cells, the
delivery of MKH by these derivatives, and the underlying mechanisms.

2. Materials and Methods

2.1. Chemicals

MK-4 and MKO were kindly provided by Eisai (Tokyo, Japan). MKH-DMG and MKH-
SUC were synthesized in our laboratory, and the nuclear magnetic resonance (NMR) spectra
and mass spectra for MKH-DMG and MKH-SUC have been reported previously [18–20].
ATRA and other chemicals were purchased from FUJIFILM Wako Pure Chemical (Osaka,
Japan) unless otherwise specified.

2.2. Cell Lines

Human promyelocytic cell lines HL60 (RCB0041) and ATRA-resistant HL-60R (RCB1550,
derived from RCB0041) were provided by RIKEN BRC (Ibaraki, Japan) [21]. The cell lines
were maintained in RPMI 1640 (FUJIFILM Wako Pure Chemical) supplemented with 10%
fetal bovine serum (Nichirei Biosciences, Tokyo, Japan) and 1% penicillin/streptomycin
(Life Technologies, Carlsbad, CA, USA) at 37 ◦C under an atmosphere of 5% CO2.

2.3. Cell Viability Assay

HL60 and HL-60R cells were seeded at 3.0 × 103 cells/well in 96-well plates and
incubated for 24 h. ATRA, MK-4, MKH-DMG, and MKH-SUC were initially dissolved
in ethanol. Stock solutions (15 mM) of each drug were diluted to the intended final
concentrations with medium. Cells were exposed to a medium containing ATRA, MK-4,
MKH-DMG, or MKH-SUC for 72 h, and cell viability was measured using the CellTiter-Glo
2.0 Luminescent Cell Viability Assay kit (Promega, Madison, WI, USA), according to the
manufacturer’s instructions. The CellTiter-Glo assay detects intracellular ATP, thereby
enabling identification of living cells. The doubling times of the HL60 and HL-60R cells
using CellTiter-Glo were 24.9 ± 3.68 and 26.2 ± 2.69 h, respectively. These values were
almost consistent with the number of cells counted by staining them with trypan blue after
each subculturing. The IC50 values were determined using a log (drug) vs. normalized
response-variable slope analysis with GraphPad Prism, version 6.0 (GraphPad Software,
San Diego, CA, USA). Resistance index was calculated using the following equation:

Resistance index = IC50 to HL-60R/IC50 to HL60 (1)

2.4. Determination of Intracellular MK-4 and MKO Levels after Drug Treatment

HL60 and HL-60R cells were seeded at 3.0 × 105 cells/well in six-well plates and
incubated for 24 h. The cells were cultured in a medium containing MK-4, MKH-DMG, or
MKH-SUC for the indicated time. After drug exposure, the medium was removed, and the
cells were washed twice with PBS. Intracellular drug extraction was performed as previ-
ously described [22], and cell protein concentration was determined using a BCA protein
assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Curve fitting was performed
using a Michaelis–Menten slope analysis with GraphPad Prism, version 6.0 (GraphPad
Software).
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2.5. LC-MS/MS

The LC-MS/MS system and conditions were set as previously described [22]. Briefly,
LC-MS/MS was performed using an LCMS-8050 and Shimadzu UFLC System (Shimadzu,
Kyoto, Japan) with a CAPCELL PAK C18 UG120 column (3 µm, 2.0 mm × 100 mm; Shiseido
Co., Ltd., Tokyo, Japan) and mobile phase of 10 mM ammonium acetate and 0.1% acetic acid
in methanol and water (97:3) at a flow rate of 0.4 mL/min. Identification and quantitation
were performed in the MS/MS-multiple reaction monitoring (MRM) mode with positive
electrospray ionization. During MRM, m/z was 445→187 for the [M + H]+ MK-4 adduct
and 461→81 for the [M + H]+ MKO adduct. The retention times were 3.3 min for MK-4
and 2.5 min for MKO.

2.6. Cell Cycle Analysis

HL60 and HL-60R cells were seeded at 3.0 × 105 cells/dish in 100 mm dishes and
incubated for 24 h. The cells were then exposed to medium containing ATRA, MK-4,
MKH-DMG, or MKH-SUC for 72 h. The medium was removed, and the cells were washed
with PBS and fixed in 70% ethanol at −20 ◦C overnight. The supernatant was removed
after centrifugation, and the cell pellet was resuspended in 500 µL of RNase (0.25 mg/mL;
Sigma Aldrich, St. Louis, MO, USA) and incubated for 30 min at 37 ◦C. The suspension was
treated with 10 µL of propidium iodide (PI, 1 mg/mL) on ice for 20 min. Cell populations
and cell cycle phases were analyzed using a JSAN flow cytometer (Bay Bioscience, Kobe,
Japan) and FlowJo software (Becton Dickinson, Franklin Lakes, NJ, USA).

2.7. Apoptosis Detection

HL60 and HL-60R cells were seeded at 3.0 × 105 cells/dish in 100 mm dishes and
incubated for 24 h. The cells were exposed to a medium containing MK-4, MKH-DMG, or
MKH-SUC for 72 h. Apoptotic cells were detected using an Annexin V-FITC Apoptosis
Detection kit (Medical & Biological Laboratories, Aichi, Japan) according to the manu-
facturer’s instructions. The percentage of apoptotic cells to total cell population in each
sample was determined using a JSAN flow cytometer (Bay Bioscience). Cells simultane-
ously stained negative for Annexin V-FITC and PI were considered live cells. Cells stained
positive for Annexin V-FITC were considered apoptotic cells, and PI-negative and -positive
cells were considered to be early- and late-stage apoptotic, respectively.

2.8. Mitochondrial Membrane Potential

HL60 and HL-60R cells were seeded at 1.0 × 105 cells/well in 12-well plates and
incubated for 24 h. The cells were exposed to a medium containing MK-4, MKH-DMG, or
MKH-SUC for 48 h. Mitochondrial membrane potential was detected using the lipophilic
cationic probe JC-1 (DOJINDO, Tokyo, Japan). The cells were washed with culture medium,
and then incubated in culture medium containing 2 µM JC-1 for 30 min at room temperature
in the dark. Next, the cells were washed twice with the imaging buffer provided in the JC-1
package, and the mitochondrial membrane potential was determined using a JSAN flow
cytometer (Bay Bioscience).

2.9. Determination of Cytochrome C in Mitochondrial and Cytosolic Fractions

HL60 and HL-60R cells were seeded at 1.0 × 105 cells/well in six-well plates and
incubated for 24 h. Next, the cells were treated with or without 10 µM MK-4, MKH-DMG,
or MKH-SUC for 48 h. The cells were washed three times with ice-cold PBS, resuspended
in isotonic buffer A (10 mM HEPES, 0.3 M mannitol, and 0.1% BSA) with 0.1 mM digitonin,
left on ice for 5 min, and centrifuged at 8500× g for 5 min at 4 ◦C. The supernatant was
used as the cytosolic fraction. The pellet was resuspended in sonication buffer (50 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1 mM PMSF, and 0.5% Tween 20), sonicated
twice on ice, and centrifuged at 10,000× g for 30 min at 4 ◦C. The supernatant was used as
the mitochondrial fraction. The amount of cytochrome c in the mitochondrial and cytosolic
fractions was measured using the cytochrome c ELISA kit (R&D Systems, Minneapolis,
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MN, USA) according to the manufacturer’s instructions. The cell protein concentration
was determined using a BCA protein assay kit.

2.10. Western Blotting

HL60 and HL-60R cells were seeded at a density of 1.5 × 105 cells/well in six-well
plates for 36 h. Next, the cells were treated with or without 10 µM MK-4, MKH-DMG, or
MKH-SUC for 24, 48, or 72 h. The cells were washed with PBS after removing the drug-
containing medium and lysed with RIPA buffer (0.5% NP-40, 0.25% sodium deoxycholate,
0.05% SDS, 150 mM NaCl, and 50 mM HEPES, pH 7.4) containing a protease inhibitor
cocktail (Nacalai Tesque, Kyoto, Japan). Each cell lysate was combined with sample loading
buffer (Nacalai Tesque), separated on 15% SDS-PAGE gels (SuperSep Ace, FUJIFILM Wako),
and transferred onto PVDF membranes (BIO-RAD, Hercules, CA, USA). After blocking, the
membranes were incubated with the following primary antibodies: anti-pro/p17-caspase-3,
anti-cleaved PARP1 (1:2000) (ab136812; Abcam, Cambridge, UK), rabbit anti-Bak (1:2000)
(#12105; Cell Signaling Technology, Danvers, MA, USA), and mouse anti-GAPDH antibody
(1:2000) (G8795; Sigma-Aldrich, St. Louis, MO, USA). After washing, the membranes were
treated with appropriate secondary antibodies and visualized using Immunostar LD or
Immunostar Zeta (FUJIFILM Wako).

2.11. Statistical Analysis

The statistical significance of the results in Section 3.1 was determined using the extra
sum-of-squares F test, and that of the results in the other sections was determined using
Dunnett’s test. All analyses were carried out using GraphPad Prism 6 (GraphPad Software,
San Diego, CA, USA); results with p < 0.05 were considered significant.

3. Results

3.1. Growth-Inhibitory Effects of MKH Derivatives on HL60 and HL-60R Cells

To assess the growth inhibitory effects of MKH derivatives (MKH-DMG and MKH-
SUC) on HL60 and HL-60R cell lines, a dose–cell viability plot at 72 h after treatment
with the test drugs was generated (Figure 2). The curves of viable HL60 and HL60R cells
after drug treatment were compared using the extra sum-of-squares F test. All test drugs
reduced the viability of both cell lines in a dose-dependent manner. The IC50 values and
resistance indexes are summarized in Table 1. As the integrities of the curves from the
MK-4 treatments are insufficient to determine IC50 values, the obtained p values and IC50
values for MK-4 were only used for reference. For ATRA treatment, the viability curve
of the HL-60R cells shifted towards the higher doses represented on the HL60 cell curve
(Figure 2A). Similarly, for the MK-4 treatment, the curve of the HL-60R cells shifted towards
the higher doses for HL60 cells (Figure 2B). In contrast, the MKH-DMG and MKH-SUC
treatments strongly inhibited the growth of both cell lines in a dose-dependent manner
compared with MK-4 (Figure 2C,D). The resistance index values of MKH-DMG and MKH-
SUC were considerably lower than those of ATRA and MK-4 and were close to 1 (Table 1).
Similarly, to assess the growth-inhibitory effect of MKH-DMG and MKH-SUC on the APL
cell line NB-4, a dose–cell viability plot at 72 h after treatment with the test drugs was
generated (Supplementary Figure S1). MKH-DMG and MKH-SUC decreased the viability
of cells in a dose-dependent manner. The IC50 value for MKH-DMG was 16.9 µM (95% CI:
14.4–20.0) and that for MKH-SUC was 10.2 µM (95% CI: 9.50–10.9).
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Figure 2. Inhibitory effects of ATRA, MK-4, and MKH derivatives on the viability of HL60 and HL-60R cells. Cells were
treated with 1–30 µM ATRA (A), MK-4 (B), MKH-DMG (C), or MKH-SUC (D) for 72 h. Plotted values are mean ± SD
(n = 3). p values were analyzed using the extra sum-of-squares F test.

Table 1. IC50 values of ATRA, MK-4, and MKH-ester derivatives in HL60 or HL-60R cells after 72 h.

Compound
IC50 (µM) (95% CI a)

Resistance Index b

HL60 Cells HL-60R Cells

ATRA 1.15 (0.416–2.52) 7.83 (4.72–13.0) 6.79
MK-4 8.33 c (5.25–13.2) 32.5 c (20.2–52.3) 3.94

MKH-DMG 4.30 (2.89–6.40) 5.97 (3.74–9.53) 1.39
MKH-SUC 3.58 (2.66–4.83) 5.14 (2.81–9.40) 1.44

a 95% Confidence interval. b Resistance index = IC50 for HL-60R/IC50 for HL60. c IC50 values for MK-4 were considered just for reference.

3.2. Intracellular Drug Levels in HL60 and HL-60R Cells Treated with MK-4 and
MKH Derivatives

To determine the intracellular drug levels corresponding to the growth inhibitory
effects, cells treated with the test drugs were evaluated by LC-MS/MS (Figure 3). The
intracellular levels of MK-4 and MKO in HL60 and HL-60R cells after 24 h of treatment with
2.5–10 µM MK-4, MKH-DMG, or MKH-SUC are shown in Figure 3. Each dose–intracellular
drug concentration plot is presented with curve fitting using the Michaelis–Menten model.
When quantifying intracellular MKH levels, intracellular MKH was detected as MK-4, the
oxidized reactant of MKH (reduced form), and intracellular MKO reflected the amount
of MKH delivered, as MKH is stoichiometrically converted to MKO when it functions
as a cofactor for GGCX (Figure 1B). Thus, both intracellular MK-4 and MKO levels after
treatment with MK-4 or MKH derivatives were regarded as indicators of MKH delivery. All
test drugs increased the intracellular MK-4 and MKO levels in a dose-dependent manner
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in both HL60 and HL-60R cell lines (Figure 3A–D). The intracellular MK-4 (Figure 3A,B)
and MKO (Figure 3C,D) levels in cells treated with MK-4 reached a plateau at 5 µM in
both cell lines. In contrast, the saturation of the intracellular MK-4 (Figure 3A,B) and MKO
(Figure 3C,D) levels in cells treated with MKH-DMG or MKH-SUC was not observed, and
these levels increased in a dose-dependent manner in this dose range (2.5–10 µM). The
intracellular MK-4 and MKO levels after MKH-SUC treatment were higher than those after
MK-4 treatment. In contrast, the intracellular MK-4 and MKO levels after MKH-DMG
treatment were lower than those after MK-4 treatment.

–

at 5 μM in both cell lines. In contrast, 

–
10 μM). 

 

–10 μM
–10 μM MK

5 μM of each drug is shown in 

–

–

Figure 3. Intracellular level of MK-4 and MKO in HL60 and HL-60R cells treated with MK-4 or MKH derivatives.
Intracellular MK-4 in HL60 (A) and HL-60R (B) cells treated with 2.5–10 µM MK-4, MKH-DMG, or MKH-SUC for 24 h, and
intracellular MKO in HL60 (C) and HL-60R (D) cells treated with 2.5–10 µM MK-4, MKH-DMG, or MKH-SUC for 24 h.
Plotted values are mean ± SD (n = 3).

The time course of intracellular MK-4 and MKO levels up to 72 h of treatment with
5 µM of each drug is shown in Figure 4. The drug concentration was set at 5 µM, which
is an approximation of the IC50 values of the MKH derivatives given in Table 1. The
intracellular MK-4 (Figure 4A,B) and MKO (Figure 4C,D) levels after MK-4 or MKH-SUC
treatment rapidly increased and reached a plateau at 24 h. The intracellular MK-4 and
MKO levels after MKH-SUC treatment were higher than those after MK-4 treatment at
earlier time points, and the AUC0–72h for MK-4 or MKO after MKH-SUC treatment was
approximately 1.5-fold higher than that for MK-4 in both cell lines (Table 2). In contrast,
the intracellular MK-4 and MKO levels after MKH-DMG treatment steadily increased in
a time-dependent manner and surpassed those of MK-4 at 72 h. The AUC0–72h for MK-4
or MKO after MKH-DMG treatment was approximately half that after MK-4 treatment
in both cell lines (Table 2). However, the intracellular MKH-DMG level after MKH-DMG
treatment increased rapidly in both cell lines, reaching a peak at 24 h. Furthermore, the
sequential hydrolysis reaction of MKH-DMG was observed, indicating the elimination of
bis-ester and the generation of the corresponding monoesters in a time-dependent manner
(Supplementary Figure S2).
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Figure 4. Intracellular concentration of MK-4 and MKO in HL60 and HL-60R cells treated with MK-4 or MKH derivatives.
Intracellular MK-4 levels in HL60 (A) and HL-60R (B) cells treated with 5 µM MK-4, MKH-DMG, or MKH-SUC up to 72 h,
and intracellular MKO levels in HL60 (C) and HL-60R (D) cells treated with 5 µM MK-4, MKH-DMG, or MKH-SUC up to
72 h. Plotted values are mean ± SD (n = 3).

Table 2. Area under the curve over 72 h (AUC0–72h) of intracellular concentrations of MK-4 and MKO in HL60 and HL-60R
cells treated with 5 µM MK-4, MKH-DMG, or MKH-SUC.

Compound
AUC0–72h

a (nmol·h·mg Protein−1) in HL60 Cells AUC0–72h
a (nmol·h·mg Protein−1) in HL-60R Cells

MK-4 MKO MK-4 MKO

MK-4 26.4 ± 0.80 6.33 ± 0.32 19.9 ± 0.40 5.52 ± 0.03
MKH-DMG 12.3 ± 1.29 3.11 ± 0.36 7.90 ± 0.66 2.29 ± 0.15
MKH-SUC 38.6 ± 0.50 9.10 ± 0.22 30.6 ± 1.24 8.70 ± 0.46

a Values are shown as mean ± SD (n = 3).

3.3. Effects of MKH Derivatives on the Cell Cycle of HL60 and HL-60R Cells

To determine the effects of the test drugs on the cell cycle, we performed flow cytom-
etry with PI staining (Figure 5). The distributions at each cell cycle phase in HL60 and
HL-60R cells treated with 1 µM ATRA, the pharmacological dose, for 72 h areis shown in
Figure 5A,B, respectively. The percentage of ATRA-treated HL60 cells in the G0/G1 phase
significantly increased, whereas that in the S phase decreased, indicating G1 arrest. In
contrast, G1 arrest was not observed in HL-60R cells treated with ATRA (Figure 5B). The
distributions at each cell cycle phase in HL60 and HL-60R cells treated with 5 and 10 µM
MK-4 or MKH derivatives for 72 h are shown in Figure 5C–H. In the MK-4 treatment, G1
arrest was not observed in either cell line. The percentage of HL60 cells in the sub-G1 phase,
which indicates DNA fragmentation by apoptosis, significantly increased (Figure 5C). On
the other hand, the percentage of HL-60R cells in the sub-G1 phase slightly increased
compared with that of the HL60 cells (Figure 5D). In the MKH-DMG treatment, there
was no change in cell distribution at either the G0/G1–S or the sub-G1 phase in either cell
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line (Figure 5E,F). Under the MKH-SUC treatment, G1 arrest was not observed, but the
sub-G1 cell distribution in both cell lines significantly increased (Figure 5G,H), similarly to
that under the MK-4 treatment. The percentage of HL-60R cells in the sub-G1 phase was
considerably higher under the 10 µM MKH-SUC treatment than under the 10 µM MK-4
treatment (Figure 5D,H).

–

10 μM MKH 10 μM 

 

1 μM 10 μM 10 μM 
10 μM 

< 0.01 by Dunnett’s test.

Figure 5. Effects of ATRA, MK-4, and MKH derivatives on the cell cycle distribution of HL60 and HL-60R cells. HL60
(A,C,E,G) and HL-60R (B,D,F,H) cells were treated with 1 µM ATRA (A,B), 5 or 10 µM MK-4 (C,D), 5 or 10 µM MKH-DMG
(E,F), or 5 or 10 µM MKH-SUC (G,H) for 72 h. Cell cycle distribution was analyzed by flow cytometry after PI staining.
Data are shown as mean ± SD from triplicate experiments. ** p < 0.01 by Dunnett’s test.

3.4. Effects of MKH Derivatives on the Cell Apoptosis of HL60 and HL-60R Cells

To assess the cell apoptosis involved in the growth inhibitory effect of MKH derivatives
on HL60 and HL-60R cells, apoptotic cells were detected using flow cytometry with
Annexin V/PI staining (Figure 6). The typical flow cytograms for HL60 and HL-60R cells
are shown in Figure 6A,B, respectively. Following treatment with MK-4 or MKH-SUC,
the number of apoptotic HL60 (Figure 6C) and HL-60R (Figure 6D) cells increased in
a dose-dependent manner. Under the MKH-DMG treatment, apoptotic cells tended to
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increase at 10 µM, but not at 5 µM (Figure 6C,D). Ten micromolar of MKH-SUC induced
strong apoptosis in both cell lines (Figure 6C,D).

at 10 μM, but not at 5 μM (

 

10 μM 

vehicle by Dunnett’s test.

The mitochondrial membrane potential of both cell lines treated with 10 μM MK

with 10 μM MKH

with 10 μM MK

Figure 6. Effects of MK-4 and MKH derivatives on the apoptosis in HL60 and HL-60R cells. Typical flow cytograms of HL60
(A) and HL-60R (B) cells treated with the test drugs at 5 µM for 72 h are shown, with percentages of apoptotic HL60 (C)
and HL-60R (D) cells treated with 5 or 10 µM MK-4, MKH-DMG, or MKH-SUC for 72 h. Apoptotic cells were determined
using flow cytometry after Annexin V/PI staining. Data are shown as mean ± SD from triplicate experiments. ** p < 0.01 vs.
vehicle by Dunnett’s test.

3.5. Effect of MKH Derivatives on Mitochondrial Apoptotic Pathway

To confirm whether the apoptosis of cells induced by the MKH derivatives involves
the mitochondrial pathway, mitochondrial membrane potential, cytochrome c release, and
expression of apoptosis-related proteins (pro-/cleaved caspase-3, cleaved PARP, and BAK)
were analyzed using flow cytometry with JC-1 staining, ELISA, and Western blotting,
respectively.

The mitochondrial membrane potential of both cell lines treated with 10 µM MK-4 and
5 µM MKH-SUC for 48 h tended to decrease slightly compared with that under treatment
with the vehicle, and that of cells treated with 10 µM MKH-SUC strongly decreased
(Figure 7C,D). In contrast, the MKH-DMG treatment did not affect the potentials in either
cell line (Figure 7C,D). The level of mitochondrial cytochrome c in both cell lines treated
with 10 µM MK-4 decreased at 48 h and those in cells treated with MKH-SUC decreased
at both 48 and 72 h (Figure 8). In the cytosolic fraction, the cytochrome c level after MK-4
treatment did not increase, whereas that in HL-60R cells significantly increased after MKH-
SUC treatment for 72 h (Figure 8). In contrast, MKH-DMG did not promote the release of
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cytochrome c from the mitochondria to the cytosol (Figure 8). The Western blotting analysis
showed that the bands of modified BAK protein in both cell lines treated with 10 µM MK-4
and MKH-SUC for 48 h migrated at a slightly higher molecular weight than the bands of
free BAK. Moreover, this doublet was clearly observed following MK-4 and MKH-SUC
treatments for 72 h (Figure 9). The MK-4 and MKH-SUC treatments also induced cleaved
caspase-3 and PARP at 48 h, and pro-caspase 3 decreased at 72 h (Figure 9). The expression
of cleaved PARP was lower in HL-60R cells than in HL60 cells (Figure 9). The MKH-DMG
treatment did not affect the levels of these proteins (Figure 9).

with 10 μM

ΔΨm 10 μM 

vehicle by Dunnett’s test.

Figure 7. Effects of MK-4 and MKH derivatives on the mitochondrial membrane potentials of HL60 and HL-60R cells.
Typical flow cytograms of HL60 (A) and HL-60R (B) cells treated with the test drugs at 10 µM for 48 h. Percentages of
∆Ψm-high cells among HL60 (C) and HL-60R (D) cells treated with 5 or 10 µM MK-4, MKH-DMG, or MKH-SUC for 48
h. The mitochondrial membrane potentials were determined using flow cytometry after JC-1 staining. Data are shown as
mean ± SD from triplicate experiments. ** p < 0.01 vs. vehicle by Dunnett’s test.
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vehicle by Dunnett’s test.

Figure 8. Release of cytochrome c in HL60 and HL-60R cells treated with MK-4 and MKH derivatives. HL60 and HL-60R
cells treated with the test drugs at 10 µM for 48 h (A) or 72 h (B). The cytochrome c level in the mitochondrial or cytosolic
fractions was determined using ELISA. Data are shown as mean ± SD from at least 3 replicates. * p < 0.05, ** p < 0.01 vs.
vehicle by Dunnett’s test.
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–

Figure 9. Effects of MK-4 and MKH derivatives on the expression of apoptosis-related proteins in HL60 and HL-60R cells.
HL60 and HL-60R cells were treated with 10 µM MK-4, MKH-DMG, or MKH-SUC for 48 and 72 h. Th expression of BAK,
cleaved PARP, and pro/cleaved caspase-3 was analyzed by Western blotting.

4. Discussion

MK-4 is used to treat osteoporosis at a dose of 45 mg/day in Japan, and in this
dosage regimen, the maximum blood level of MK-4 is 1 µM [23]. In distribution studies
using rats and dogs, the levels of MK-4 in the bone marrow were approximately 20 and
2–3 times greater than in plasma, respectively [24,25]. The level of MK-4 in the bone
marrow was comparable with the IC50 values of MKH-DMG and MHK-SUC in HL60
or HL-60R cells (Table 1). In addition, treatment with MKH derivatives would be safer
because they are eliminated through a metabolic pathway, the vitamin K cycle, similar
to MK-4 administration following MKH delivery. Thus, it is strongly suggested that
MKH-DMG and MKH-SUC could act as chemotherapeutic agents with a long-term safety
profile. Furthermore, MK-4 is practically insoluble, or insoluble in water, according to the
monograph of Japanese Pharmacopoeia 17th edition, whereas MKH derivatives are highly
water-soluble. Thus, MKH derivatives are injectable intravascularly and intrathecally
without surfactants.

First, we examined the growth-inhibitory effects of the MKH derivatives MKH-DMG
and MKH-SUC on HL60 and HL-60R cells (Figure 2B,D and Table 1) and determined
intracellular MKO and MK-4 levels. Both MKH-DMG and MKH-SUC were effective on not
only HL60 but also HL-60R cells, and their effects were more potent than those of MK-4.
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Although the curves between cells treated with each drug were significantly different at a
significance level of 0.05, the resistance index values of the MKH derivatives were close to
1 and considerably lower than those of ATRA and MK-4 (Table 1), indicating the potential
to overcome ATRA resistance. In addition, MKH-DMG and MKH-SUC exhibited similar
effects on the APL cell line NB-4 (Supplementary Figure S1). Therefore, MKH-DMG and
MKH-SUC are potentially effective against ATRA-resistant APL, and it is necessary to
evaluate their efficacy against ATRA-resistant APL cell lines. Moreover, it is important to
clarify the non-specificity to HL60 by observing the effect of MKH derivatives on multiple
hematological cancer cells. Under the MK-4 treatment, the saturation of intracellular MKO
and MK-4 levels was observed in both cell lines (Figure 3A–D). Thus, the phenomenon
may limit its inhibitory effects (Figure 2B). In contrast, because MKH-SUC efficiently deliv-
ered MKH to both cell lines without any saturation (Figures 3A–D and 4A–D), MKH-SUC
may exert strong growth- inhibitory effects against both cell lines (Figure 2D) compared
with the MK-4 treatment (Figure 2B). Interestingly, although MKH delivery (intracellu-
lar MKO and MK-4 levels) after MKH-DMG treatment was lower than that after MK-4
treatment (Figure 4A–D and Table 2), MKH-DMG showed a strong growth inhibitory ef-
fect against both cell lines (Figure 2C). Intracellular ester forms containing monoesters
(1-mono and 4-mono) and 1,4-bis-ester (Supplementary Figure S2) probably affect MKH-
DMG-mediated inhibition because the rate of intracellular hydrolysis of MKH-DMG must
be lower than that of MKH-SUC, similar to the findings of our previous studies using
different cell types [18,22]. For intracellular drug extraction, the cells were centrifuged in
PBS and washed twice. Consequently, well-fragmented cells may be removed; however,
damaged/dying cells may remain in the cell sample used for drug extraction. As the
inhibitory effects of MKH derivatives were not observed until after 48 h, the irregular
behavior of intracellular MK-4 and MKO from 48 h to 72 h after treatment with MKH-SUC
and MKH-DMG may have been affected by cell toxicity (Figure 4A–D).

It has been demonstrated that ATRA induces apoptosis and cell cycle arrest along
with cell differentiation [7,21,26,27]. In the present study, G1 arrest was observed in HL60
cells treated with ATRA (Figure 5A); however, this arrest may have been masked by ATRA
resistance in the HL-60R cells (Figure 5B). It has also been reported that MK-4 induces
apoptosis, cell cycle arrest with differentiation, and autophagic cell death against APL-
derived cell lines [9,11–16]. Nevertheless, in this study, both MK-4 and MKH derivatives
did not affect cell cycle arrest (Figure 5C–H). Miyazawa et al. demonstrated, in HL60 cells
overexpressing Bcl-2, an apoptosis-inhibitory protein, that the primary growth-inhibitory
effect of MK-4 is the induction of apoptosis rather than differentiation [13]. Similar to
previous reports, the MK-4 and MKH-SUC treatments led to an increase in the number
of cells in the sub-G1 phase (Figure 5C,D,G,H), along with increasing annexin V-positive
cells (Figure 6C,D). Based on these results, we conclude that MK-4 and MKH-SUC exert a
growth-inhibitory effect by inducing apoptosis and masking these effects on the cell cycle.
Furthermore, Karasawa et al. demonstrated that MK-4-induced apoptosis is dependent
on covalently bound MKO and BAK [12]. In the present study, the MK-4 and MKH-SUC
treatments induced BAK protein modification and activated caspase-3 (Figure 9). These
results indicate that apoptosis induced by MK-4 and MKH-SUC is mitochondrially medi-
ated through BAK modification. As we did not isolate MKO from the shifted BAK protein
band, it is unclear whether MKO is covalently bound to BAK. Further studies are therefore
needed to clarify this issue. Moreover, a decrease in mitochondrial membrane potential
caused by MK-4 and MKH-SUC was observed (Figure 7). Mitochondrial cytochrome c was
released from the mitochondria to the cytosol by MKH-SUC treatment (Figure 8). However,
the cytosolic cytochrome c level was not increased by MK-4 (Figure 8). It is speculated
that cytosolic cytochrome c may have been consumed because it was bound to apoptosis
protease-activating factor 1 (APAF-1) to promote apoptotic signaling [28,29]. Although
MKH-DMG showed a strong growth inhibitory effect similar to MKH-SUC, it induced a
small percentage of sub-G1 stage cells (Figure 5E,F), few apoptotic cells (Figure 6C,D), and
no mitochondria-mediated apoptosis through BAK activation (Figures 7–9), suggesting
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the involvement of another mechanism independent of apoptosis. As mentioned earlier,
because MK-4 induces autophagic cell death [15], the inhibitory effect of MKH-DMG may
involve autophagy. Further clarification of the mechanisms underlying the inhibitory
effects of MKH derivatives, including the mechanism of how MKH derivatives avoid
ATRA resistance, is needed.

5. Conclusions

The MKH derivatives (MKH-SUC and MKH-DMG) showed potential to be developed
as APL therapeutic drugs that overcome ATRA resistance. Although MKH-SUC enhanced
MKH delivery to cells compared with MK-4, MKH-DMG exerted an inhibitory effect
owing to the intracellular delivery of ester forms (bis-ester and/or monoesters) rather than
efficient MKH delivery, suggesting another unique mechanism independent of apoptosis.
To develop a novel and safe chemotherapeutic agent effective against ATRA-resistant
cell lines using MKH derivatives, further assessment of the mechanisms underlying the
growth-inhibitory effect of MKH derivatives involved in ATRA resistance and in vivo
pharmacological studies are required.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics13050758/s1, Figure S1: Inhibitory effects of MKH derivatives on the viability
of NB-4 cells; Figure S2: Intracellular concentration of MKH-esters in HL60 and HL-60R treated with
MKH-DMG; Table S1: Area under the curve over 72 h (AUC0–72h) of intracellular concentrations of
MKH-esters in HL60 and HL-60R cells treated with 5 µM MKH-DMG.
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Abstract: Designing optimal (neo)adjuvant therapy is a crucial aspect of the treatment of non-small-
cell lung carcinoma (NSCLC). Standard methods of chemotherapy, radiotherapy, and immunotherapy
represent effective strategies for treatment. However, in some cases with high metastatic activity
and high levels of circulating tumour cells (CTCs), the efficacy of standard treatment methods is
insufficient and results in treatment failure and reduced patient survival. CTCs are seen not only
as an isolated phenomenon but also a key inherent part of the formation of metastasis and a key
factor in cancer death. This review discusses the impact of NSCLC therapy strategies based on a
meta-analysis of clinical studies. In addition, possible therapeutic strategies for repression when
standard methods fail, such as the administration of low-toxicity natural anticancer agents targeting
these phenomena (curcumin and flavonoids), are also discussed. These strategies are presented in the
context of key mechanisms of tumour biology with a strong influence on CTC spread and metastasis
(mechanisms related to tumour-associated and -infiltrating cells, epithelial–mesenchymal transition,
and migration of cancer cells).

Keywords: CTCs; NSCLCs; metastasis suppression; curcumin; flavonoids

1. Introduction

Lung cancer is a harmful and dangerous oncological disease responsible for frequent
cancer-related deaths [1,2]. Non-small-cell lung cancer (NSCLC) is the most common type
of lung cancer, accounting for 85% of those deaths. A significant proportion of NSCLC
patients (~40%) have metastatic disease (stage IV) with a poor prognosis (low overall
survival (OS) and progression-free survival (PFS)) [3–5]. It is well known that the majority
of deaths of oncology patients, including those with NSCLC, are not caused by the primary
tumour but by metastasis [5]. One of the most potent metastatic factors is circulating
tumour cells (CTCs) [6].

The role of CTCs in NSCLC metastasis is briefly described below. Section 2 discusses
the influence of CTC count on chemotherapeutic efficiency. Section 3 describes the potential
of CTC analysis to improve therapeutic prognosis mainly in terms of programmed cell
death protein ligand 1 (PD-L1) expression and epidermal growth factor receptor (EGFR)
genotyping. Section 4 is focused on the mechanisms supporting the spread of CTCs, such
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as tumour-associated and -infiltrating cells, epithelial–mesenchymal transition (EMT), and
cellular migration, and discusses the ability of natural agents to suppress them.

CTCs were first observed by Asworth in 1869 [7]. They are released by primary
tumours into the bloodstream or lymphatic system and have the potential to form mi-
crometastatic deposits in distant sites [8]. Over time, many patients develop local recurrence
or distant metastases. Therefore, the importance of CTCs in NSCLC pathology appears
to be very significant. For example, Sienel et al. found that disseminated cancer cells
are detectable in approximately 20% of patients with operable NSCLC who have poor
clinical outcomes [9]. This finding implies that determining CTC levels can provide use-
ful information about the efficacy of surgery and predict the need for adjuvant therapy.
Yoon et al. showed that determining post-surgery CTC levels can help predict the risk of
disease progression. CTCs expressing thyroid transcription factor-1 and/or cytokeratin
19 (CK19) were found to be strongly associated with disease progression and PFS [10].
It was shown that 40% of patients (10/25) developed disease progression after surgery
when CTCs expressed these markers, and only 4.5% (1/22) had disease progression when
these markers were not expressed. Numerous studies have demonstrated that surgical
manipulation can promote the dissemination of tumour cells into circulation [11–13]. The
risk of tumour cell dissemination can also be reduced by suitable operation techniques.
Substituting an artery-first group with a vein-first group led to a reduction in incremental
CTC change by half [14]. Five-year OS (disease-free survival) was significantly higher
for patients who underwent a vein-first operation than for patients who underwent an
artery-first operation. In agreement with the strong implications of numerous high-impact
clinical studies, a higher CTC level correlated with a higher risk of metastasis and shorter
OS [15–17]. However, clear cut-offs for such parameters are not yet known.

Due to the different techniques used for CTC isolation and enumeration and the
heterogeneous and often small cohorts of patients, guidelines and standards are difficult
to establish [18,19]. Examples of published thresholds are shown in Table 1. However,
changes in CTC counts during therapy also represent an important marker for modulating
cancer treatment.

The CTC count was approximately twice as high for NSCLC patients as for patients
with benign lung diseases (pneumonia, pulmonary tuberculosis, bronchiectasis, or pneu-
mothorax) or healthy subjects [20]. The counts for all controls (healthy subjects and patients
with other lung diseases) were under the designated limit. In such cases, detection of CTCs
is most likely a false positive result due to the extremely large numbers of blood cells
in the samples [21,22]. On the other hand, Illie et al. found that CTC-positive patients
with tobacco-induced chronic obstructive pulmonary disease may have developed lung
cancer [23]. This suggests that cancer patients in the early stages of lung cancer could
display high metastatic activity, such as higher CTC counts and formation of CTC clusters
(a highly metastatic and aggressive form of CTC) [24–26].

Nevertheless, some trials imply that significant CTC levels should be seen only at a late
stage of the late/metastatic stages. Chen et al. did not find a significant difference between
subjects with benign diseases and healthy subjects [20]. The obtained values were not
dependent on age (≤60 years versus >60 years), sex (male versus female), smoking status
(former versus current smoker), or pathology type (adenocarcinoma versus squamous cell
carcinoma and others). However, the observed CTC counts were significantly lower for
patients with stage I or II disease than for those with stage III or IV disease. The difference
between patients with stage III and patients with stage IV disease was not significant. In
addition, Krebs et al. found that disease progression (from stage IIIa to IV) significantly
increased the CTC count associated with metastatic activity [17]. Numerous clinical trials
have shown that higher CTC counts correlate with poor therapeutic prognosis (shorter
OS and PFS) [16,17,27,28]. Similarly, Wendel et al. observed a correlation between NSCLC
development and CTC count [29]. On the other hand, NSCLC patients (early stage) with
higher CTC count (≥5/mL) display significantly higher radiotherapy failure and cancer
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recurrence. [26] However, our knowledge is still limited, and other clinical trials are much
needed for better understanding of this phenomenon.

Due to the importance of CTCs in tumour pathology, assessing CTC count can signifi-
cantly improve cancer prognosis. For example, assessment of CTC count in combination
with a panel of plasma tumour markers (carcinoembryonic antigen, neuron-specific eno-
lase, and Cyfra21–1) led to a significant increase in the diagnostic efficacy of the panel [20].
Clinically valuable information can be obtained by CTC-based genotyping. This robust
approach can analyse numerous cancer biomarkers. This strategy effectively enables the
determination of tumour properties, mainly metastatic activity and drug resistance, and
significantly increases the clinical potential of CTC count.

In short, we can say that CTC count and analysis represent revolutionary approaches
in diagnostic methods. Whereas the utility of solid biopsy is strongly limited because of
tumour heterogeneity, repeated tissue sampling is associated with a significant burden
on patients. Liquid biopsies can dynamically and noninvasively interrogate the whole
molecular landscape of tumours.

2. Influence of CTC Count on Chemotherapeutic Efficacy

Numerous studies have shown a strong association between CTC count and the
clinical efficacy of chemotherapy. The CTC count data discussed in this chapter were
determined with CellSearch and with 7.5 mL of blood, unless otherwise stated. Zhang
et al. found an inverse correlation between the effects of cisplatin doublet therapy and
CTC count for NSCLC patients (stage IIIB or IV) [28]. A CTC count of 8 (in 3.2 mL of
peripheral blood) or more (15.2% patients) was clinically manifested by decreased PFS
(7.4 vs. 5.3 months) and OS (23.1 vs. 9.0 months).

Similarly, Krebs et al. observed that patients (stage IIIA to IV) with CTC counts
lower than 5 had more than double the PFS and OS of patients with higher counts [17].
Nevertheless, a change in the number during chemotherapy can have significantly higher
prognostic importance than a single count. Patients with decreased CTC counts sometimes
had higher OS and PFS than patients with unchanged CTC counts.

In summary, the CTC level is a strong biomarker for the prediction of NSCLC
chemotherapy response. However, some works question its clinical application. For
example, Zhang et al. did not find any correlation between CTC count and tumour size [28].
Similarly, Hirose did not observe any correlation between the presence of CTCs (one or
more) and the number of metastatic sites, tumour burden, or serum levels of lactate de-
hydrogenase or albumin in NSCLC patients (metastatic stage IV) [30]. The correlation
between response to chemotherapy (gemcitabine and carboplatin) and CTC count was
found to be statistically insignificant. On the other hand, disease progression was signifi-
cantly higher in CTC-positive patients (66.7%) than in CTC-negative patients (23.8%). The
proportion of patients with stable disease and partial response was significantly higher in
the CTC-negative group.

Juan et al. reported that 24% of patients with advanced NSCLC (stage IIIB with pleural
effusion or stage IV) before the third cycle of chemotherapy displayed higher CTC counts
(two or more) [31]. However, this pattern was not associated with significantly lower OS
but with an insignificant improvement in OS. Nevertheless, a reduction in CTCs during
chemotherapy led to a better prognosis. Findings regarding the influence of CTCs on
chemotherapy are shown in Table 1.

The above implies that baseline CTCs can be used as markers for chemotherapy
response; however, determination of CTC count during and after chemotherapy can lead
to a better prognosis. Nevertheless, two points limit the utility of CTC count. CTCs,
even obtained from a single patient at the same time, may show strong heterogeneity (see
Section 3) and thereby varied metastatic potential. In addition, CTCs can exist in clusters
(very strong metastatic factors) that can significantly influence cancer development [24].
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Table 1. Influence of circulating tumour cell (CTC) count on non-small-cell lung cancer (NSCLC) chemotherapy.

Patient Characteristics Clinical Finding Ref.

101 patients with stage IIIA, IIIB, or IV disease;
platinum doublet chemotherapy (United Kingdom)

CTC count 1 for prediction 2 (baseline): ≥5; PFS (6.8 vs. 2.4) and
OS (8.1 vs. 4.3)

[17]
CTC count for prediction (after therapy): ≥5; PFS (7.6 vs. 2.4)

and OS (8.8 vs. 4.3)

21 patients with stage IV disease; previous
chemotherapy with belagenpumatucel-L,
16 months (USA)

CTC count for prediction: ≥2; OS (20 vs. 5) [27]

37 patients with stage IIIB disease with pleural
effusion or stage IV disease with bidimensionally
measurable lesions in a previously irradiated field;
docetaxel plus gemcitabine, 28 days 4 (Spain)

CTC distribution: ≥1 (58%) 3, ≥2 (32%), and ≥5 (8%)

[31]
CTC count for prediction (baseline): ≥2 (nonsignificant); OS (8.1

vs. 12.2) and PFS (9.4 vs. 4.3)

CTC count for prediction (after therapy): ≤ 1; OS (10.1 vs. X 5)

46 patients with stage IIIB or IV disesease; platinum
doublet therapy (China)

CTC distribution: ≥1 (87), ≥3 (63), ≥5 (37) and ≥8 (15)
[28]CTC count for prediction (baseline): ≥8; (OS (21.3 vs. 9.0) and

PFS (7.4 vs. 5.3))
1 The CTC counts discussed in this table were determined with CellSearch and with 7.5 mL of blood. 2 Overall survival (OS) and
progression-free survival (PFS) shown in months. 3 Proportion of patients with a given number of CTCs. 4 Length of chemotherapy. 5

Study time too short for determination.

Nevertheless, observing the CTC level during and after therapy can provide valuable
information about the patient’s response to therapy. As CTCs are an inherent marker of
metastatic activity, their increase during therapy strongly indicates a high risk of metas-
tases [32]. In the case of an increasing number of CTCs, alternative chemotherapy may be
used; nevertheless, the efficiency of this strategy is limited [33].

It is well known that chemotherapy or radiotherapy failure is associated with not only
drug efficiency but also the induction of new aggressive and metastatic forms of oncological
diseases [34–36]. For example, Shah et al. found that cisplatin application induced EMT
(one of the key steps in the mechanism of CTC spreading) via induction of endoplasmic
reticulum (ER) stress [34]. The authors observed that following removal of stress, some
characteristics of EMT, such as increased vimentin expression, persisted, indicating that
the ER stress that induced these phenomena is a long-term effect. Wang et al. found
that celecoxib (a selective inhibitor of cyclooxygenase 2 (COX-2)) induces EMT of NSCLC
cells via upregulation of MEK-ERK signalling. [37] This fact could explain the failure of
celecoxib in clinical trials [38–40]. The RAS–Raf–MEK (mitogen-activated protein kinase
(MAPK))–extracellular signal-regulated kinase (ERK) pathway is a key signalling pathway
that regulates a wide variety of cellular processes, including proliferation, differentiation,
apoptosis, and stress responses. MAPKs and ERKs play a crucial role in the survival and
development of tumour cells [41,42]. For example, resistance to third-generation EGFR
tyrosine kinase inhibitors can be caused by activation of MEK/ERK signalling [43].

Dea et al. reported that doxorubicin treatment can support lung metastasis via sup-
pression of MSDS exosomes in a mouse model [44]. Bhattacharya et al. found that
paclitaxel-treated macrophages support angiogenesis and display a higher proportion
of M2 macrophages [45].

The abovementioned studies strongly imply that mechanisms responsible for chemore-
sistance are at least partially responsible for CTC spreading. For example, Atjanasuppat
et al. reported that nonadherent H460 cells (an NSCLC cell line) have significantly higher
paclitaxel sensitivity than the original line. Both of these phenomena were caused by
upregulation of ERK signalling [46]. Lee et al. reported that the hypoxia-related phenotype
of A549 cells (an NSCLC cell line) and the hypoxic microenvironment in cancer tissue from
NSCLC patients were associated with cisplatin resistance [47]. Similarly, in a breast cancer
model, intratumour hypoxia led to the formation of CTC clusters with high metastatic
ability [48].
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As such, a new therapeutic strategy based on the application of antimetastatic com-
pounds such as migrastatics has been considered [49,50]. These agents are not designed to
kill cancer cells, as cytostatics are, but to block cell migration and thus metastatic spread.
However, many developed and studied anticancer agents display antimetastatic effects. For
example, the Food and Drug Administration (FDA) approved some compounds designed
to delay metastatic prostate cancer [51]. In NSCLC, tyrosine kinase inhibitor, immune
checkpoint inhibitors, and antibodies against interleukin 6 receptor (IL-6R) have shown
antimetastatic effects [52–54]. Nevertheless, NSCLC is associated with high heterogeneity;
therefore, we recommend the application of multifunctional agents. A higher CTC count
or its increase during therapy may be a suitable predictive biomarker for the incorporation
of such agents into therapy. Curcuminoids and flavonoids are agents with low toxicity that
can target CTCs by various independent mechanisms (see Section 4), and they are potent
antimetastatic adjuvant agents [55]. In the future, strategies employing such compounds
could lead to earlier adjustment of therapy and increase treatment efficacy.

3. CTC Analysis in the Determination of Therapy Prognosis

CTC analysis has potential for the determination and dynamic observation of changes
in tumour properties in oncology patients from various perspectives (genomic, transcrip-
tomic, proteomic, and metabolomic) [56]. Such analysis seems to provide critical infor-
mation for predicting therapeutic response and designing/redesigning optimal therapies
for patients.

CTC detection can be based on physical CTC properties (e.g., size, density, and
electromechanical characteristics) or tumour-specific epitopes, or CTCs can be detected
by high-throughput imaging of unpurified blood cell preparations [57]. CTC analyses are
mostly conducted using the FDA-approved EpCAM kit (positive and negative sorting
based on epithelial cell adhesion molecule (EpCAM) and the protein tyrosine phosphatase
(CD45) receptor, respectively) [32]. However, some obstacles (extremely low CTC numbers
and CTC heterogeneity) can limit the promising potential of this approach. CTCs are
strongly outnumbered by normal blood cells by a billion-fold, and in obtained clinical
samples, there are only a few CTCs.

In addition, CTCs are heterogeneous, and their analysis can provide valuable informa-
tion for diagnosis [58]. Brung et al. reported that CTC lines (UWG01CTC and UWG02CTC)
from patients with gastroesophageal cancer demonstrated rapid tumourigenic growth in
immunodeficient mice, and their genotypic and phenotypic profiles were consistent with
those of the original tumours [59]. Nevertheless, UWG02CTC cells (EpCAM+, cytokeratin+,
CD44+) were much more sensitive to carboplatin, paclitaxel, 5-fluorouracil, doxorubicin,
and epoxide than were UWG01CTC cells (EpCAM-, low cytokeratin). CTCs are unlikely to
be representative of all cancer cells; rather, they correspond to cells with more aggressive
metastatic phenotypes [60,61]. On the other hand, CTCs can display high heterogeneity,
and their potential for metastasis formation may be very different [62]. Analysis of other
CTC phenotypes or the expression and DNA mutation profiles of CTCs may lead to more
robust therapeutic prognosis prediction and determination of appropriate therapy.

For example, CTCs expressing programmed death-ligand 1 (PD-L1) constitute a
promising biomarker for the design and management of immune checkpoint inhibitor
(ICI) therapy. High PD-L1 expression is usually related to a higher histological grade,
metastatic activity, and poor prognosis [63]. Satelli et al. reported that PD-L1 expression
in the nucleus of CTCs but not the CTC count itself was associated with shorter OS in
colorectal and prostate cancer patients [64]. Moreover, the number of CTCs was positively
correlated with PD-L1 and cell surface vimentin expression in gastric cancer patients, and
higher values were significantly associated with a shorter survival duration and poorer
therapeutic response [65]. NSCLC CTCs can display higher levels of PD-L1 than original
tumour tissue. For example, He et al. reported that 27% of biopsy samples obtained
from lung cancer patients (stage I or II) displayed high expression of PD-L1, while this
expression profile was found in the 40% of CTC samples [66]. Dong et al. reported a

619



Pharmaceutics 2021, 13, 1879

positive correlation between PD-L1 expression in pulmonary venous CTCs and that in
biopsy samples obtained from NSCLC patients (stages I−IV) [67]. However, Janing et al.
found strong differences between results from biopsies and CTCs [68]. This finding was
most likely caused by tumour heterogeneity and sampling of multiple tumour sites. Most
patients in the study had metastatic disease (96%, n = 122). Nevertheless, a correlation
between higher CTC counts and poor prognosis was confirmed.

Another strategy is to analyse EGFR gene mutations. Hanssen et al. found that NSCLC
patients with an altered EGFR genotype displayed higher CTC counts and metastatic
activity than patients with EGFR wild-type tumours [69]. Lindsay et al. also observed that
NSCLC patients with NG_007726.3 EGFR mutation had higher CTC counts, including a
vimentin+ CTC (a marker of EMT) phenotype [70]. For example, the proportion of samples
with a low CTC count (> 2) with EGFR mutation was only 15%, but 34% of patients with a
high CTC count (2 or more) had EGFR mutation. However, this finding is not consistent
with studies of tumour samples obtained by biopsy. Nevertheless, the correlations between
the mutation and expression profiles in tumours and those in CTCs may increase as the
CTC count increases [32].

Importantly, Jiang et al. found high agreement (approximately 90%) between whole-
genome sequencing data from DNA samples from primary biopsies and CTCs for oncology
patients with pancreatic cancer [71]. Similarly, Heitzer et al. found that patients with
stage IV colorectal carcinoma displayed good agreement in the mutation profile (e.g., APC,
KRAS, or PIK3CA mutation) [61]. Mutations found in the primary tumour and metastatic
tumour were also detected in the corresponding CTCs. However, some mutations were
observed only in the DNA obtained from CTCs (hereinafter referred to as CTC DNA). More
detailed analysis revealed that these mutations were mostly present at the subclonal level in
primary tumours and metastases from the same patients. Similarly, the multiple myeloma
frequency of TP53 R273C, BRAF G469A, and NRAS G13D mutations was higher in CTCs
than in single cells isolated from tumours with the same aberrant malignant phenotype
(CD138+ and CD45−) with the same procedure [72].

Yanagita et al. published that higher CTC counts were observed in NSCLC patients
with detectable oncogenic mutations in either EGFR (p = 0.062) or KRAS (p = 0.065) than in
patients without mutations in these genes in either archival tissue or cell-free DNA [73].
Similarly, oncology patients with a higher number of CTCs were found to have marked
changes in ESR1 (p < 0.005) and GATA3 (p < 0.05) [74].

Relevant clinical information can also be obtained by analysis of the methylation of
tumour suppressor genes in CTC DNA or CTC cluster formation. Chimonidou et al. pub-
lished that the BRMS1 promoter was methylated in CTC samples obtained from oncology
patients [75]. This phenomenon was associated with shortened OS and PFS. Yang et al.
found that NSCLC patients with a smoking history were more likely to have methylation of
BRMS1 [76]. In contrast, patients with high levels of BRMS1 RNA (with a nonmethylated
gene promoter) displayed significantly better therapeutic prognoses. Similarly, Schneck
et al. observed heterogeneity in the mutation of phosphoinositide-3-kinase (PI3K; e.g., exon
9/E545K or exon 20/H1047R) in CTC DNA obtained from patients with metastatic breast
cancer [77]. Because these mutations can significantly decrease the effectiveness of therapy
targeting HER2 (EGFR), their analysis provides important insights for the improvement of
anticancer therapy.

An important marker strongly associated with the metastatic activity of CTC clusters
is plakoglobin (a component of cell junctions). Aceto et al. reported that CTC clusters ob-
tained from oncology patients displayed plakoglobin overexpression (more than 200-fold)
compared to single CTCs [78]. CTC clusters are derived from multicellular groupings of pri-
mary tumour cells held together through plakoglobin-dependent intracellular adhesion, and
although rare compared to CTCs, these clusters greatly contribute to the metastatic spread
of CTCs. Patients with at least one and at least three detected CTC clusters were found to
have shorter OS and PFS, respectively. Similarly, knockdown of plakoglobin expression in a
mouse model suppressed CTC cluster formation and reduced metastatic spread.
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Some studies imply that analysing only one factor may not be relevant for determining
therapeutic prognosis. One possible solution could be to identify more biomarkers. For
example, Sher et al. designed and tested a gene panel (KRT19, ubiquitin thiolesterase,
highly similar to HSFIB1 for the assessment of human fibronectin and TRIM28 mRNA)
in Taiwanese NSCLC patients (stage IIIB or IV with operable cancer) [79]. The detection
rate of this panel was higher (72%) than that of individual genes (41%, 11%, 39%, and 11%,
respectively). The detection rate for the CK19 marker was 41%. Patients with higher scores
had poor therapeutic responses and worse prognosis (e.g., shorter OS). Other suitable
gene panels can be designed based on clinical data obtained from patients bearing other
oncological diseases. In patients with breast cancer, co-expression of EpCAM, CD44,
CD47, and MET was strongly associated with short OS and a higher number of metastatic
sites [80].

The two most frequently studied approaches in NSCLC diagnosis are analysis of
PD-L1 expression and EGFR genotyping in CTCs. Dong et al. found that 40.4% and 48.4%
of tissue samples from NSCLC patients (stages I-III, after surgery) had EGFR mutations
and PD-L1 expression in CTC, respectively [67]. Both of these characteristics are associated
with immune checkpoint inhibitor (ICI) and tyrosine kinase inhibitor (TKI) resistance and
higher metastatic activity. As such, analysis of CTC PD-L1 and EGFR expression could be
used as a predictive strategy for the incorporation of curcuminoids and flavonoids into
therapeutic regimens, as these agents target EGFR-related factors, including the T790M
mutation and EGFR signalling, via various mechanisms and lower PD-L1 expression and
signalling (see Section 4.3).

Both approaches are described and discussed in detail in the next subsections.

3.1. PD-L1 in CTCs

Numerous clinical trials have confirmed a strong correlation between PD-L1 expres-
sion and the OS and PFS of NSCLC patients [63,68,81–85], which is deeply associated with
tumour immunoresistance [86].

For example, the transmembrane protein PD-1 is expressed on immune cells (e.g., B
cells, T cells, natural killer (NK) cells, dendritic cells, and regulatory T (Treg) cells) [87].
Interferon gamma (IFN-γ; produced during the immune response) induces overexpression
of PD-L1 to protect expressing cells. PD-L1 inhibits inflammatory signalling pathways,
suppresses T cells, and prevents autoimmune attack. Nevertheless, tumour tissue pro-
tects cancer cells and tumour-associated cells from the immune system. In addition, the
expression of these markers in CTCs and CTC clusters is expected to protect them from the
immune system and thereby support metastatic spread [88].

On the other hand, anti-PD-1 and -PD-L1 antibodies reactivate the immune system of
patients to subsequently eradicate tumours [86].

Tamminga et al. observed a strong influence of CTC level on the efficacy of therapies
(mostly nivolumab therapy, 85% of patients) for patients with advanced NSCLC (stage
IIIb or IV) [89]. For example, patients with at least one CTC displayed half the durable
response rate of patients without CTCs at baseline. In addition, the durable response rate
of patients with increased CTC counts was one-sixth that of patients with decreased counts.
Similarly, higher CTC levels led to significantly shorter PFS and OS.

In addition, CTC genotyping can increase the utility of PD-L1 expression in NSCLC
diagnosis, especially in advanced metastatic tumours. Ilie et al. reported that PD-L1
expression in tumour cells and infiltrating immune cells displayed high agreement with
CTC (93%) and white blood cell (73%) counts [90]. Higher PD-L1 expression in strongly
correlated with worse OS and PFS. Boffa et al. found that NSCLC patients with higher
PD-L1-expressing CTC counts had worse OS (2 years, 31.2% vs. 78.8%, p = 0.00159) [91].
According to Dhar et al., the presence of CTCs and the presence of PD-L1-expressing CTCs
was negatively correlated with NSCLC patient survival (after treatment with anti-PD-L1
therapy) [92].
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Similarly, Janning et al. found that responding NSCLC patients (mostly those with
metastatic disease) exhibited either a decrease or no change in their total CTC counts after
three or five cycles of therapy (anti-PD-L1 antibody), and primarily resistant patients had
an increase in their CTC counts. [68] In contrast, all patients showed an increase in PD-L1-
expressing CTCs at progression. A relationship between a higher PD-L1-expressing CTC
count (at baseline) and nivolumab resistance for NSCLC patients (mostly after previous
chemotherapy) was also reported by Guibert et al. [93].

Nevertheless, a high-impact clinical study published by Nicolazzo et al. revealed a
more complicated relationship between PD-L1-expressing CTC count and the prediction
of therapy response. PD-L1-expressing CTC counts were determined at baseline and at
3 and 6 months after starting therapy and correlated with outcome [84]. At baseline, 83%
of patients (those with metastatic NSCLC previously treated with therapy, most of whom
were smokers) displayed PD-L1-expressing CTCs. Overall, 70% of patients with PD-L1-
expressing CTCs experienced disease progression or death, while 25% had stable disease
or a partial response at the second follow-up time (6 months after starting nivolumab
treatment). After three months of treatment, every CTC-positive patient had PD-L1-
expressing CTCs. However, no significant difference in therapy prognosis between patients
with low and high frequencies of PD-L1-expressing CTCs was found. Conversely, although
CTCs were found in all patients after 6 months of treatment, patients could be dichotomised
into two groups based on PD-L1 expression in CTCs. Only half of the patients had CTCs
that expressed PD-L1, and these patients experienced disease progression, while patients
with PD-L1-negative CTCs displayed stable disease or a partial response. This finding
implies that 3 months of treatment may not be enough for the activation of the immune
system to eliminate PD-L1-expressing CTCs; as such, assessment of PD-L1-expressing
CTCs at this time point might not be able to provide relevant therapeutic predictions.

Patients with nonmetastatic NSCLC treated with radiotherapy and chemoradiother-
apy showed a small influence of baseline CTC count on therapy prognosis indicators, such
as PFS [94]. No significant difference in PFS was found between patients with a high
number of CTCs (≥14 CTCs/mL; median PFS 7.4 months) and those with a low number of
CTCs (median PFS 9.6 months). In the case of PD-L1-expressing CTCs, a stronger correla-
tion between therapeutic prognosis and CTC count was observed. In chemo-naïve stage IV
NSCLC patients, a higher CTC count (>5) at baseline predicted shortened PFS [82].

However, Kulasinghe et al. did not find any correlation between PD-L1-expressing
CTC count and disease development in NSCLC patients [95]. This finding implies that PD-
L1 expression may not always be a decisive factor in tumour development and metastatic
activity. Manjuth et al. found that assessing other factors, such as the expression of
mesenchymal markers (e.g., vimentin and N-cadherin), in PD-L1-expressing CTCs can
lead to significantly better predictions [96]. Similarly, Schehr et al. found that neutrophils
(insignificantly expressing CD45 and expressing PD-L1) can interfere with the assessment
of PD-L1-expressing CTCs. The number of CD11b+ cells (CD11b is a neutrophil marker)
misidentified as CTCs varied among patients, accounting for 33–100% of traditionally
identified CTCs [97]. Another limitation of classical determination of PD-L1-expressing
CTC count was shown by Zhang et al. [98]. The authors observed that detection of
PD-L1-expressing CTC was not associated with significantly worse prognosis (e.g., PFS).
Nevertheless, during nivolumab treatment, the PD-L1 levels sometimes decreased in
patients with advanced NSCLC. On the other hand, an increase in the number of therapeutic
cycles (four or more) could lead to the detection of aneuploid endothelial CTCs with PD-L1
expression. These cells were associated with disease progression and shorter FPS (5 versus
8 months).

3.2. EGFR Genotyping

EGFR (part of the ErbB family) has tyrosine kinase activity [99]. After ligand binding
via autophosphorylation, it actively stimulates cellular growth and proliferation. Mutations
in its gene can lead to ligand-independent activation, a common occurrence in NSCLC that
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correlates with poor prognosis. In addition, mutations in lung tumour tissues have also
been identified in the CTCs. Marchetti et al. used ultradeep next-generation sequencing to
find that 84% of NSCLC patients (stage IIIB or IV) harbouring EGFR mutations in primary
tumour tissue also displayed these mutations in CTCs [100], and 13% of patients displayed
multiple EGFR mutations (a possible indicator of CTC heterogeneity). No EGFR mutations
were observed in the control group.

These mutations can be targeted by TKIs. At present, TKIs represent a promising
tool for NSCLC treatment. However, their clinical efficiency can be limited by some EGFR
chemoresistance mutations, such as T790M [101,102], whose identification in CTCs repre-
sents another strategy that can aid therapeutic design and management. Sundaresan et al.
reported that the T790M mutation of EGFR in CTCs correlated with TKI resistance [103].
The agreement between CTCs and tumour biopsies was 74%.

For the treatment of patients with TKI resistance, third-generation TKIs (e.g., AZD9291)
have been developed [101]; their efficacy inversely correlates with the CTC level. Yang
et al. reported that higher CTC counts predicted poor therapeutic response for NSCLC
patients (stage IIIB or IV with the EGFR T790M mutation and TKI treatment failure) [104].
Similarly, the combined effect of erlotinib and pertuzumab was inversely correlated with
CTC count, and a decreased CTC count was associated with an approximately two-fold
longer PFS [105]. The fact that gene mutations in either EGFR or KRAS have been found to
be associated with a higher CTC count could confirm the hypothesis that CTCs represent a
more dangerous (aggressive or metastatic) subpopulation of cancer cells.

KRAS (a small GTPase and member of the RAS protein family) transmits signals
from transmembrane receptors such as EGFR into cells [106]. It participates in many criti-
cal cellular processes, such as proliferation, differentiation and survival. Approximately
one-third of patients with NSCLC have a mutation in KRAS. Some studies have found
an association between KRAS mutations and higher metastatic activity [107,108]. Onco-
genic KRAS mutations constitutively activate downstream signalling pathways (e.g., the
MAPK/ERK and PI3K pathways) [109,110].

On the other hand, patients with EGFR DelEx19 mutation showed a good response to
therapy (strong decreases in CTC counts associated with increased PFS and stable disease).
These findings were provided by a study by Breitenbuecher et al., who reported that 40%
of patients lost the EGFR DelEx19 mutation in CTCs during therapy [111]. This loss was
associated with better therapy prognosis, as it prolonged the median time to therapy failure
from 116 to 355 days.

High level of circulating tumour DNA (ctDNA) is a strong marker of bad progno-
sis [112]. Unlike CTC, very low concentrations of free DNA (5–10 ng/mL) can observed
in the plasma of healthy subjects [113]. Nevertheless, during tumour development (from
beginning to advanced), its amount is significantly increased, and it is called ctDNA [114].
ctDNA display higher similarity with DNA obtained from the tissue biopsy sample than
CTC DNA [73]. CT contains specific mutations identical to those found in the primary
tumour and its metastases [115]. Yanagita et al. reported that CTCs displayed no T790M
EGFR mutation despite the mutation being present in tissue biopsy and circulating tumour
DNA samples from erlotinib-treated patients (with advanced NSCLC) [73]. A correlation
between CTC count and PFS was not observed. However, Sundaresan et al. reported that
a combination of CTC genotyping and circulating tumour DNA assessment displayed a
higher sensitivity than tissue biopsy assessment [103]; 35% of patients with negative or
indeterminate biopsy results had positive results with the combination.

These findings suggest that analysing the EGFR gene in CTCs represents a promis-
ing method for the design and management of NSCLC therapy, especially in the case
of TKI therapy (Table 2). Nevertheless, resistance to TKIs can also be caused by factors
other than mutations in the EGFR gene (e.g., mutations in KRAS and lymphoma-like
11 (BIM)) [104,116]. BIM deletion polymorphisms, such as those producing BIM-γ, are asso-
ciated with TKI resistance in NSCLC patients harbouring EGFR-activating mutations [117].
Isobe et al. reported that the expression of BIM-γ in CTCs (after therapy) was negatively
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correlated with both the response of NSCLC patients with EGFR mutations (exon 19 dele-
tion or the L858R mutation) to osimertinib therapy and their PFS [116]. A clinical response
was achieved in 27% and 73% of patients with high and low BIM-γ expression, respectively,
while 60% and 40% of patients with high and low EGFR expression showed a clinical
response. Therefore, more clinical trials are needed for better validation and understanding
of this phenomenon and optimization of therapeutic regimens.

Table 2. Analysis of CTC count in patients treated with agents targeting programmed cell death protein ligand 1 (PD-L1)
and epidermal growth factor receptor (EGFR). TKI, tyrosine kinase inhibitor.

Patient Characteristics Clinical Finding Ref.

104 patients with stage IIIB or IV disease; agents targeting
PD-L1 or PD-1, 6 weeks (The Netherlands)

≥1 (32%) 1

[89]CTC count for prediction 2 (baseline): ≥1;
OS (12.1 vs. 4.5) and PFS (4.8 vs. 1.4)

7.5 mL, CellSearch (Veridex LLC, Raritan, NJ, USA)

68 patients with stage IIIB or IV disease; first-line TKI
treatment failure, EGFR-T790M (China)

CTC distribution: ≥5 (75%)
[104]CTC count for prediction (baseline): ≥5;

PFS (9.3 vs. 6.5)

7.5 mL, CellSearch (Veridex LLC, Raritan, NJ, USA)

107 patients with stage IIIB (ineligible for sequential
radiotherapy or concurrent chemo/radiotherapy) or stage
IV disease; erlotinib/gefitinib therapy, 28 days 3 (China)

CTC distribution: ≥2 (44%) and ≥5 (15%)

[118]CTC count for prediction (baseline): ≥5;
PFS (11.1 vs. 6.8)

7.5 mL, CellSearch (Veridex LLC, Raritan, NJ, USA)

41 relapsed or refractory NSCLC patients;
erlotinib/pertuzumab, 3 weeks (USA)

CTC distribution: ≥1 (78%) and ≥5 (42%)

[105]

Agreement (cDNA, tumour biopsy) of EGFR and
KRAS mutations was not observed between CTCs

and tumour tissues

CellSearch; EGFR status was determined by immunofluorescence; mutations in EGFR, KRAS, PIK3CA, BRAF,
NRAS, and AKT1 were assessed by DxS kits and TaqMan genotyping assays (Qiagen, Venlo, Netherlands)

37 patients with stage IIIB or IV disease; no previous
chemotherapy, EGFR mutations (Italy)

CTC distribution: ≥1 (13%)

[100]

84% 4 had EGFR mutations, 81% had in-frame
deletions (exon 19), 19% had point mutations

(exon 21), 13% had multiple mutations, 94% had
mutations in tumour tissue

7.5 mL of peripheral blood was used for CellSearch analysis, PCR amplification (MIDs), and next-generation
sequencing (massively parallel pyrosequencing)

40 patients with stage III recurrent disease following
locoregional treatment who developed resistance to a

primary EGFR TKI, 30 days (USA)

76% were suitable for genotyping, 57% of CTC
samples had T790M mutation, 74% had biopsy

agreement (CTC and tumour biopsy agreement) [103]

10 mL of blood was used for HbCTC-Chip (EpCAM) assessment of specific T790M amplification

10 patients with the EGFR DelEx19 mutation (Germany)
Low mutation burden (40% of patients) delayed

treatment failure (116 vs. 355 days)
[111]

20 mL of peripheral blood was used for assessment with anti-EpCAM (CD326, positive) and anti-CD45 (negative)
microbeads (Miltenyi Biotech, Bergisch Gladbach, Germany), real time-PCR, and melting curve analysis

1 Proportion of patients with a given number of CTCs. 2 OS and PFS shown in months. 3 Length of the therapy. 4 Proportion of CTC
samples/patients.

4. Flavonoids and Curcuminoids for Suppressing the Spread of CTCs

For most cancer patients, metastases are the leading cause of death. Therefore, mi-
grastatics have been developed, and their administration does not lead to shrinkage of
tumours but to suppression of CTC spreading and thus metastatic activity [49]. Some
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high-impact studies have shown the low toxicity of polyphenols such as curcumin and
flavonoids (Figure 1), suggesting that they are very promising agents for this purpose.

 

Figure 1. Structure of curcuminoids and flavonoids tested for suppression of NSCLC metastasis.

Curcumin and other curcuminoids are derived from turmeric (Curcumin longa) and
have various anticancer effects. Their incorporation in the treatment of lung cancer
(chemotherapy and radiotherapy) has led to significant improvement of patient qual-
ity of life [119]. Curcumin is one of the most studied agents used for the treatment of
various cancers, and antimetastatic effects have also been observed for other natural and
synthetic derivatives [120–128], implying high potential for incorporation into therapeutic
regimens for NSCLC treatment.

Flavonoids are low-toxicity polyphenols that are usually obtained from fruits and veg-
etables and have great prospects for the treatment of lung cancer. For example, the results
published by Sun et al. indicated that daily flavonoid intake could decrease metastatic activ-
ity and increase survival in NSCLC patients (stage IIIB or IV) [129]. The use of agents such
as epigallocatechin-3-gallate (EGCG) is feasible and safe even at high concentrations, [130]
and they have potential for incorporation into radiotherapy regimens. Zhao et al. reported
that EGCG can effectively alleviate acute radiation oesophagitis in patients with advanced
lung cancer without obvious side effects [131].

In addition, curcuminoids, flavonoids and other agents have the potential to be
radiosensitisers, thus increasing the therapeutic efficacy of radiotherapy [132–134]. Further-
more, chemotherapy may improve the effectiveness of cytostatics by affecting mechanisms
of resistance, tumour cell migration and the stem cell phenotype [123,133,135–137].

These results imply, in accordance with many high-impact studies, that curcuminoids
and flavonoids have a strong ability to suppress metastasis. Based on their effects on cancer
cells and tumour tissues, possible therapeutic strategies implementing curcuminoids and
flavonoids can be developed for the repression of NSCLC metastasis, normalization of
the tumour microenvironment, repression of EMT, and targeting of migrating cancer cells.
The effects of curcumin and flavonoids on these phenomena are described in detail in the
following subsections.
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4.1. Effects of Curcumin and Flavonoids on Tumour-Associated and -Infiltrating Cells:
Suppression of CTC Support

The tumour microenvironment contains tumour support/tumour-associated cells,
such as macrophages, lymphocytes, fibroblasts, and endothelial cells, and an extracellu-
lar matrix with signalling molecules [138,139]. While “healthy” stromal cells can repress
carcinogenesis, interactions of cancer cells with the tumour stroma have a strong effect on tu-
mour development, progression, and resistance. In addition, it was observed that CTCs can-
not migrate on their own and rather migrate in clusters with tumour-supporting/tumour-
associated cells, the metastatic activity of which is an order of magnitude higher than that
of CTCs alone [8,24,140]. Therefore, targeting this circulating microenvironment [60] is an
intensively studied method of cancer treatment.

The fact that curcumin administration in patients with cancer, including lung cancer,
is strongly associated with a decreased level of inflammatory factors (interleukin 6 (IL-6),
interleukin 8 (IL-8), and tumour necrosis factor alpha (TNF-α)) implies its strong potential
for metastasis suppression [119]. High IL-6 activity is correlated with poor prognosis
and lung-cancer-related symptoms such as fatigue, thromboembolism, cachexia, and
anaemia [141]. In lung cancer, high IL-6 activity is associated with overactivated signal
transducer and activator of transcription 3 (STAT3) signalling (one mechanism of TKI
resistance) [142,143], which can lead to IL-6 overproduction and inflammation associated
with tumour resistance and development [144]. Tumour inflammation is induced by
reciprocal interactions of tumour cells and tumour-associated macrophages (TAMs, the
most abundant immune cells in NSCLC), followed by stimulation of TAM polarization
to the M2 phenotype and repression of the M1 phenotype [145]. The M1 (antitumour)
TAM phenotype is associated with good prognosis, and the M2 phenotype (stimulated by
IL-6, IL-8, and other inflammatory factors) is associated with shorter OS [146]. According
to a study by Almatroodi et al., the expression of M2 markers (CD68 and CD163) was
increased in NSCLC tumour tissue compared to a control (non-tumour tissue from the
same patient) [147]. However, expression of M1 markers was decreased in patients with
adenocarcinoma and squamous carcinoma; serum levels of interleukin 1 beta (IL-1β),
interleukin 4 (IL-4), IL-6, and IL-8 were higher in patients with large-cell carcinoma than in
healthy controls.

Some studies imply that the anticancer effect of curcumin may be associated with
repression of the M2 TAM phenotype [148–150]. For example, a sublethal dose of nanofor-
mulated curcumin (cmax 0.61 µmol/l in mouse plasma) or curcumin combined with epicate-
chin gallate and resveratrol can revert the M2 TAM phenotype to a tumouricidal phenotype
with a potent immune antitumour response, leading to tumour eradication [148]. The
decreased levels of inflammatory factors (IL-6, IL-8, and TNF-α) strongly associated with
curcumin administration (180 mg/day; ~cmax 0.5 µmol/l in human plasma [151]) in pa-
tients with cancer, including those with lung cancer [119], imply a possible reduction of
the M2 TAM phenotype. Higher levels inflammatory factors can increase the M2 TAM
phenotype [152,153]. Reduction of their levels in a mouse model of lung cancer led to
upregulation of the M1 TAM phenotype [152]. Zou et al. reported that curcumin ap-
plication to patients with lung cancer leads to a transformation of Treg cells into Th1
cells and an increase in IFN-γ [154]. It is known that the secretion of IFN-γ by Th1 cells
leads to macrophage polarization into the M1 phenotype [155]. Nevertheless, the effect of
curcumin on the macrophage phenotype in NSCLC patients must be evaluated in other
clinical studies.

Myeloid-derived suppressor cells (MDSCs) are cells of the immune system that can
play important roles in metastatic spread [156]. Activated MDSCs (e.g., activated by
vascular endothelial growth factor (VEGF) or IL-6) induce suppression of innate and
adaptive immune systems and thereby the host antitumour response. The blood level
of MDSCs is a predictive marker. For example, Augustyn et al. reported that serum
levels of cancer-associated macrophage-like cells (CAMLs; multinuclear myeloid cells) can
significantly influence the treatment outcome of NSCLC patients (those with advanced
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cancer treated with chemoradiotherapy and atezolizumab) [157]. The authors found that
the levels after the chemoradiotherapy cycle correlated with the metastatic disease status
and survival.

Interestingly, curcumin administration in a mouse model of carcinoma led to the mat-
uration of MDSCs (loss of immunosuppressive effects) in spleen and tumour tissues [158].
Additionally, the levels of CD4+ and CD8+ T cells were restored. In MDSCs, this effect
was associated with suppression of reactive oxygen species (ROS), arginase (Arg-1), and in-
ducible nitric oxide synthase (iNOS). Lio reported that curcumin could support anticancer
immunity by repressing the expression of PD-L1 in cancer cells [159].

An important immunosuppressive effect of MDSCs is the induction of CD4+ T cell
differentiation to Treg cells. Via cytokines (e.g., transforming growth factor beta 1 (TGF-β1)),
Treg cells suppress cancer-specific effector immune cells (CD8+ T cells) and decrease the
antitumour capacity of the host [160]. According to a study by Zou et al., patients with lung
cancer have significantly higher Treg cell levels [154]. Curcumin administration at 1.5 g per
day significantly decreased Treg cells and increased Th1 cells in the peripheral system. An
in vitro study showed that curcumin converted Treg cells obtained from patients into Th1
cells (which induce cancer cell apoptosis) [161] via repression of FOXP3. Experiments in a
mouse model with lung metastasis suggested that this strategy could prolong the survival
of patients with metastatic disease [162].

Cancer-associated fibroblasts (CAFs) constitute a major portion of the reactive tumour
stroma and play a crucial role in tumour progression [163]. They initiate angiogenesis (via
overproduction of VEGF), promote tumour progression, and support invasiveness [164]. In
addition, some studies suggest that there is an association between CAFs and characteristics
of the stem-cell-like phenotypes of NSCLC cells, such as chemoresistance and overpro-
duction of inflammatory factors [165–167]. Sung et al. reported that netrin-1 secretion by
CAFs leads to overexpression of IL-6 and IL-8 by cancer cells [168]. In a mouse model, ad-
ministration of the netrin-1 antibody significantly repressed tumour growth. On the other
hand, solid tumours after radiotherapy can display increased CAFs [169]. Cho et al. found
that the survival of quiescent cancer cells induced via oncogenic signalling factors (e.g.,
IL-1β, IL-8, TGF-β1, and epidermal growth factor (EGF)) stimulated fibroblast migration
to cancer cells and their transformation into CAFs [170]. Some studies imply that CAF
metastatic effects could also be associated with CTC migration and survival [135,171,172].
Otero et al. observed CAF−CTC clusters in blood samples from patients with metastatic
cancers such as NSCLC [171]. The interaction of such clusters with cancer cells via direct
contact or signalling factors can induce drug resistance and cell proliferation and thereby
enhance their metastatic potential [135].

Ba et al. reported that the administration of 10 µM curcumin modulated the phenotype
of CAFs into one of peritumour fibroblast-like cells via downregulation of the expression
of alpha smooth muscle actin (α-SMA), a marker of the CAF phenotype [173]. This
transformation led to inhibition of the secretion of procarcinogenic cytokines, including
TGF-β1, matrix metalloproteinase 2 (MMP-2), and stromal-cell-derived factor-1 (SDF-1).
In accordance with the above findings, Wang et al. showed that curcumin-treated CAFs
lost the ability to induce the metastatic potential of cancer cells (a primary cell line derived
from patients with oral squamous cell carcinoma) compared to nontreated CAFs [174].
Their ability to interact with cancer cells via gap junctions was also reduced. Another
study indicating that curcumin suppresses CAF communication with cancer cells was
published by Kreutz et al. [175]. They found that administration of curcumin (30 µM) in
coculture with CAFs and cancer cells suppressed TNF-α signalling and survival pathways.
However, in single-cell-type cultures, these effects were not observed. Luo et al. reported
that CAFs obtained from NSCLC patients (stages I–III) induced EMT of NSCLC cells
(A549 and H1299) [176]. This pattern was associated with a metabolic transition of NSCLC
cells to aerobic glycolysis in association with the connexin 43 gap junction. Subsequently,
overactivation of PI3K/protein kinase B (Akt) and MAPK/ERK signalling and increased
mobility and invasiveness of cancer cells were observed. The expression of CAF markers

627



Pharmaceutics 2021, 13, 1879

in tumour tissue (α-SMA, lactate dehydrogenase isoform B, and connexin 43) was also
strongly correlated (p < 0.0001) with poor prognosis, and sometimes shorter OS and PFS.

Tumour endothelial cells (TECs) support nutritional transport to tumour tissue by
inducing angiogenesis (via VEGF) and assist in leukocyte infiltration [177]. Higher levels
of TECs can lead to chemoresistance and higher metastatic activity. In a mouse NSCLC
model, targeting the vascular endothelial growth factor receptor (VEGFR) and EGFR
pathways overcame TKI resistance and suppressed angiogenesis [178,179]. Similarly, Lee
et al. showed that targeting TECs could repress the paclitaxel resistance of NSCLC brain
metastases [180]. Unlike normal cells, TECs display wide and leaky junctions, multiple
transendothelial channels, and abnormal shunts, which contribute to the high permeability
of the tumour vasculature. This phenotype transition is stimulated by VEGF [181,182].

High levels of B cell lymphoma 2 (Bcl-2), a key antiapoptotic protein, were shown to
promote [181,182] tumour cell proliferation and invasion [181,183]. A study in a mouse
model indicated that this ability is not dependent on the tumour mass. Another important
metastatic TEC function was reported by Yadav et al. [184]. They found that endothe-
lial cells overexpressing Bcl-2 (EC-Bcl-2) can display a higher affinity for cancer cells via
overexpressed E-selectin and can decrease the apoptosis of CTCs. In the mouse model,
coadministration of cancer cells with EC-Bcl-2 led to significantly higher metastatic ac-
tivity. This implies that tumour-associated endothelial cells can enhance the survival of
tumour cells in the blood and chaperone them to distant sites. However, their function
can be significantly repressed by curcumin, and more effectively repressed by curcumin in
combination with flavonoids, such as EGCG [185]. Such applications can lead to repression
of angiogenesis via decreased VEGF production [186–188], blocking monocyte binding via
downregulation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-KB)
signalling [189]. A model of the therapeutic effects of curcumin and flavonoids on the
tumour microenvironment and tumour development is shown in Figure 2.
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Figure 2. Simplified model of curcumin and flavonoids effects on the NSCLC microenviron-
ment [83,119,148,158,159,162,168,170,174,175,186–196]. A necessary part of igenesis and CTC spreading
is the interaction of NSCLC cells with tumour-associated cells. NSCLC cells recruit monocytes via IL-17
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into tumour tissue. Signalling factors (e.g., IL-6, IL-8, TNF-α, and PGE2) produced in the tumour
microenvironment stimulate monocyte differentiation into TAM2 (which support NSCLC cell pro-
liferation, EMT, chemoresistance and immune resistance, and EM disruption). MDSCs recruited
via IL-8 and TGF-β1 repress the cytotoxic effects of T cells against NSCLC cells and induce their
differentiation into Treg cells that are responsible for the suppression of the host immune response.
VEGF-recruited TECs affect EMT, chemoresistance, and the proliferation of NSCLC cells, recruit
MDSCs and induce angiogenesis. IL-8-activated CAFs decrease the anticancer immune response
(with the support of TAM2 and MDSCs) and repress T cells. CAFs stimulate EMT and induce NSCLC
cell proliferation, migration, and drug resistance. Tumour-associated cells help sustain the tumour
microenvironment and aggressive metastatic phenotype. TAM2, CAFs, and TECs are co-inducers of
EMT and thereby CTC spreading, chemoresistance, and immune resistance. MDSCs and Treg cells
repress the host immune response and thereby support CTC survival in the blood. Nevertheless,
the anticancer effect of curcuminoids and flavonoids is not dependent on targeting of NSCLC cells,
as they repress other important parts of the complex tumour ecosystem. The application of such
agents is associated with stimulation of the immune system (higher levels of TAM1 and T cells;
lower levels of Th1 cells, TAM2, and Treg cells; and lower recruitment of monocytes and MDSCs).
Curcuminoids and flavonoids also decrease the levels of CAFs and TECs and repress their interaction
with NSCLC cells. In addition, the application of curcuminoids and flavonoids leads to a decrease
in the proliferation, survival, chemoresistance, immunoresistance, and migration ability of NSCLC
cells. CAF, cancer-associated fibroblast; EM, extracellular matrix; EMT, epithelial–mesenchymal
transition; EGF, endothelial growth factor; FasL, Fas ligand; IL-1β, interleukin 1β; IL-6, interleukin
6; IL-8, interleukin 8; PGE2, prostaglandin E2; NOS, nitric oxide species; ROS, reactive oxygen
species; TAM1, tumour-associated macrophage M1; TAM2, tumour-associated macrophage M2;
TEC, tumour endothelial cell; TGF-β1, transforming growth factor beta 1; Th1, T helper 1; Treg,
regulatory T; TNF-α, tumour necrosis factor alpha; VEGF, vascular endothelial growth factor. Green
arrow = induction/activation of factor/phenomenon/cell; red arrow = repression/inhibition of
factor/phenomenon/cell; blue arrow = differentiation of immune cells; ↑ = curcumin/flavonoids
activation/induction; ↓ = curcumin/flavonoids repression/inhibition.

CTC spreading from tumours is not an isolated phenomenon but a central part of the
complex process underlying the development of metastases. Tumour-associated cells can
support CTC metastatic activity in several ways. As part of the tumour microenvironment,
they can induce an aggressive metastatic phenotype with high production of CTCs (e.g.,
an EMT phenotype), protect CTCs in the bloodstream, and assist in metastasis formation
(see the next subchapter). These phenomena suggest that repressing tumour-associated
cells could be an important part of CTC targeting. For example, higher lymphocyte
infiltration in breast cancer patients was associated with higher CTC counts and metastatic
relapse [197]. Additionally, higher Treg cell levels and neutrophil-to-lymphocyte ratios
can induce CTC spreading [198,199]. CTCs in clusters with CAFs display higher survival
in the bloodstream [135]. Osmundski et al. found that TAM-associated macrophages
can stimulate an aggressive phenotype of prostrate CTCs, including high adherence and
plasticity [200]. In breast cancer, a decrease in CD8+ T cells and IFN-γ can lead to an increase
in the CTC count [201]. On the other hand, activated NK cells can repress metastasis via
CTC killing [202].

In addition, the application of curcuminoids and flavonoids can significantly lower
CTC counts [203,204]. Because these agents are multifunctional, their effects on tumour-
associated cells should also be considered; these are shown in Table 3.
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Table 3. Effects of curcuminoids and flavonoids on tumour-associated cells.

Agents Model Effects Lit.

Phytosomal curcumin
Immune-competent syngeneic C57BL6

mice with orthotopically implanted mouse
GL261 (GBM) cells

TAM phenotype (↓STAT3 ↓IL10, ↑IL12,
↑STAT1, ↓ARG1 and ↑MCP-1), ↑NK

recruitment and ↑TAM repolarization from
M2 to M1

[149]

TriCurin
Mice implanted with UMSCC47

(HNSCC) cells

TAM phenotype (↓ARG1, ↓IL10, ↑iNOS,
↑IL12, ↓STAT3, ↑STAT1 and ↑NF-KB), ↑NK
recruitment and ↑TAM repolarization from

M2 to M1

[150]

Curcumin Mice implanted with GL261 (GBM) cells
Microglia phenotype (↑iNOS, ↓ARG2 and

↑NF-kB)
[205]

Pro-EGCG
Mice implanted with AN3CA and RL95-2

(EC) cells
↓VEGFA ↓HIF1α, ↓SDF1 and ↓TAM

infiltration
[206]

EGCG exosomes Mice implanted with 4T1 (BC) cells

TAM phenotype (↓IL-6, ↓TGF-β, and
↑TNF-α), ↓CSF-1, ↓CCL-2, ↓tumour

growth and ↑TAM repolarization from
M2 to M1

[207]

Curcumin Mice implanted with HepG2 (HC) cells

(MDSC inducers (↓GM-CSF and ↓G-CSF),
↓MSDC phenotype (↓TLR4/NF-κB), ↓IL-6,
↓IL-1β, ↓PGE2, ↓COX-2, ↓VEGF and CAF

marker (↓CD31 and ↓αSMC)

[208]

Curcumin
Mice implanted with Lewis lung

carcinoma cells
↓IL-6 and ↓MDSCs [158]

Curcumin Mice implanted with 4T1 (BC) cells
↓G-MDSC and ↑M-MDSC polarization to

M1 TAMs, ↑CD4+ T cells and ↑CD8+
T cells

[209]

Curcumin−PEG conjugate
Mice implanted with B16F10

(melanoma) cells

↓Treg cells ↓MDSC and CAF markers
(↓α-SMA and ↓CD31)

[210]
Lipid-based Trp2 peptide

combination vaccine
↑CD4+ T cells and ↑CD8+ T cells

Curcumin
Mice implanted with OSCC (induced by

4NQO) cells
↑CD8+ T cells, ↓Treg cells and ↓MDSCs [159]

Bisdemethoxycurcumin Immunocompetent mice implanted with
subcutaneous or lung metastasised MB79

(bladder cancer) cells

↑CD8+ T cells, ↓Treg cells and ↑IFN-γ

[162]α-PD-L1 antibody
combination

↓MDSCs and CD8+ T cells (↑IFN-γ,
↑granzyme B, ↑perforin and ↓exhaustion)

Quercetin Human and mouse G-MDSCs
↑ESR/STAT3, ↑NOS2 and prolonged

MDSC survival in mice
[211]

EGCG
M-MDSCs

↓Arg-1/iNOS/Nox2/NF-κB/STAT3, ↓IL-6,
↓IL-10, ↓TGF-β, ↓GM-CSF, and ↑apoptosis [212]

Mice implanted with 4T1 (BC) cells ↓MDSCs ↑CD4+ T cells ↑CD8+ T cells

Polyphenon E

Transgenic TH-MYCN mice ↓MDDCs [213]

NOD/SCID mice implanted with SHSY5Y
(neuroblastoma) cells

0MDSCs

A/J mice implanted with syngeneic Neuro
2A (neuroblastoma) cells

↓MDSCs

MDSCs ↑G-CSF, ↑IL-6, ↓Treg cell induction

Curcumin

Coculture of a primary BC line + T cells
↓TGF-β, ↓Treg cell phenotype induction

(IL-2Rα, IL-6, and FoxP3) in CD4+ T cells
[214]

Mice implanted with 4T1 cells
↓Treg cell phenotype (CD4+, CD25+,

and FoxP3+)
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Table 3. Cont.

Agents Model Effects Lit.

Curcumin HNSCC tissue ↓CCL22 (Treg cell mobility) [215]

Curcumin Patients with colon cancer
↑Conversion of Treg cells into Th1 cells and
↑induction of a Th1 cell phenotype (↓FoxP3

and ↑IFN-γ)
[216]

Curcumin Patients with lung cancer
↑Conversion of Treg cell into Th1 cells and
↑induction of a Th1 cell phenotype (↓FoxP3

and ↑IFN-γ)
[154]

Curcumin Primary TSCC CAFs
↓α-SMA, ↓TGF-β1, ↓SDF-1, ↓MMP-2,
↓SMAD2/3, ↓Cal27, and ↓proliferation [173]

Curcumin Mice implanted with Cal 27 (TSCC) cells ↓α-SMA and ↓Ki67

Curcumin

CAFs cocultured with Capan-1 and Panc-1
(pancreatic carcinoma) cells

↓CAF phenotype (↓α-SMA and ↓vimentin),
↑E-cadherin, ↓EMT and ↓cancer

cell migration [174]

nu/nu nude mice implanted with Panc-1
tumour cells

↓Lung metastasis

Curcumin
CAFs cultured with prostate cancer

pC-3 cells
↓ROS, ↓IL-6, ↓CXCR4 and
↓MAOA/mTOR/HIF-1α

[217]

Curcumin Primary breast CAFs
↓α-SMA, ↓JAK2/STAT3, ↓SDF-1, ↓IL-6,
↓MMP-2 and ↓MMP-9, ↓TGF-β and

↓migration ability
[218]

Curcumin TNF-α-activated ECs
↓NF-κB, ↓adhesion molecules (↓ICAM-1
and ↓VCAM-1) and ↓monocyte adhesion

[189]

Curcumin and EGCG or
both agents combined

Coculture of ECs with SW620, HCT116,
and HT-29 (CC) cells

↓TEC transition, ↓TEC phenotype (↓JAK,
↓STAT3, ↓IL-8, ↓TEM1, ↓TEM8 and
↓VEGFR2) and ↓TEC migration [185]

Mice implanted with patient-derived CCs ↓JAK, ↓STAT3 and ↓IL-8

α-SMA, alpha-smooth muscle actin; ARG1, arginase 1; ARG2, arginase 2; CD31, a platelet endothelial cell adhesion molecule; COX-2,
cyclooxygenase-2; G-CSF, granulocyte colony-stimulating factor; ESR, oestrogen signalling receptor; GM-CSF, granulocyte−macrophage
colony-stimulating factor; iNOS, inducible nitric oxide synthase; IL-1β, interleukin 1β; IL-2Ra, interleukin 2 receptor alpha; IL-6, interleukin
6; IL-8, interleukin 8; Il-L-10, interleukin 10; IL-12, interleukin 12; ICAM-1, intercellular adhesion molecule 1; JAK, Janus tyrosine kinase; HIF-
1α, hypoxia-inducible factor 1α; NOS2, NADPH oxidase 2; nitric oxide synthase 2; PGE2, prostaglandin E2; ROS, reactive oxygen species;
TGF-β, transforming growth factor beta; TEM1, tumour endothelial marker 1; TEM8, tumour endothelial marker 1; TLR4, Toll-like receptor
4; STAT3, signal transducer and activator of transcription 3; SDF-1, stromal-cell-derived factor 1; VCAM-1, vascular cell adhesion molecule
1; VEGF, vascular endothelial growth factor; VEGFR2, vascular endothelial growth factor receptor 2; 4NQO 4-nitroquinoline-1-oxide; G-
MDSCs, granulocytic MDSCs; M-MDSCs, monocytic MDSCs; BC, breast carcinoma; CC, colorectal carcinoma; EC, endometrial carcinoma;
GBM, glioblastoma; HC, hepatocellular carcinoma; HNSCC, head and neck squamous cell carcinoma; OSCC, oral cavity squamous
cell carcinoma; TSCC, the squamous cell carcinoma. ↑ curcuminoids/flavonoids activation/induction; ↓ = curcuminoids/flavonoid
repression/inhibition; 0 = without change.

The above results show that curcuminoids and flavonoids repress CTC spreading
induced by the tumour microenvironment and metastatic activity by targeting tumour-
associated cells, including circulating cells. Relevant in vivo clinical trials show that
the application of curcuminoids and flavonoids could greatly enhance NSCLC treat-
ment [119,131,219]. However, the above data were mostly obtained from animal mod-
els of various oncological diseases. Therefore, more clinical trials are required to design
therapeutic applications.

4.2. Effect of Curcumin and Flavonoid Applications on EMT and Metastasis Formation

Two important phenomena that are strongly associated with CTC spreading in lung
cancer are EMT and mesenchymal–epithelial transition. First, EMT (induction of the TAM
M2 phenotype, CAFs, and TECs) causes polarity loss and cell/matrix adhesion of cancer
cells, aids digestion of the extracellular matrix, and supports migratory properties (e.g.,
actin polymerization) [220]. In the next step, cancer cells are taken up in the bloodstream
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and become CTCs. CTCs are expected to undergo transitions. In the metastatic site or
in the bloodstream, CTCs undergo mesenchymal−epithelial reverting transition (MErT)
and obtain increased cell adhesion, and the most aggressive of them can form metastatic
tumours [221]. CTC spreading can also be stimulated by macrophages, which provide
immunoprotection and growth promotion for the formation of metastases [144]. Manjunath
et al. found that a higher number of CTCs with expression of PD-L1 and mesenchymal
markers (vimentin and N-cadherin) was significantly associated with reduction of PFS [96].
Another important role of EMT in metastatic spread could be stimulation of resistance of
CTCs to treatment. For example, PD-L1-expressing CTCs obtained from NSCLC patients
displayed spindle-like elongated morphology, which corresponded to EMT-associated
nivolumab resistance [84,222]. PD-L1-negative CTCs were mostly small and regularly
shaped (round). Raimondi et al. reported the coexpression of vimentin with PD-L1 in these
cells [222].

Relevant studies imply that curcumin and flavonoids can repress the mesenchymal
phenotype. Liang et al. reported that curcumin administration (100 mg/kg) reversed
tobacco-smoke-induced EMT alterations in a mouse model [223]. This process was associ-
ated with increased expression of epithelial markers (E-cadherin) and decreased expression
of mesenchymal markers (vimentin and N-cadherin). Similarly, Chang et al. found that
quercetin repression of EMT via Akt downregulation was strongly associated with a reduc-
tion in bone metastasis in an NSCLC mouse model [224].

Knowledge about MErT is still limited. Several studies suggest that E-cadherin
overexpression, which enables CTCs to adhere to target tissue and survive within ectopic
metastatic microenvironments, is key in the MErT process [221,225–227]. MErT can also be
significantly influenced by the presence of TAMs. Yang et al. reported that the M1 TAM
phenotype can support MErT by stimulating E-cadherin expression and thereby enhance
cancer cell colonization [228]. Infiltrating cancer cells that penetrate healthy tissues can
likely survive in the dormant state even with a lower metabolic load. Their eradication
is complicated.

Survival of dormant cancer cells can occur through induction of the hypoxia phe-
notype and NRF2 and their activation by Wnt/β-catenin signalling [229,230]. In the
case of micrometastasis, cancer cell development and survival are strongly dependent
on higher ROS levels [231]. Curcuminoids and flavonoids can repress oxidative stress
and inflammatory factors in healthy tissues and cells [232–235] and are potent inhibitors
of Wnt/β-catenin signalling [236,237]. For example, Tabasum et al. reported that fisetin
(10 µmol/L) inhibited the expression of β-catenin, NF-κB, EGFR, and STAT3 and decreased
stem cell phenotype markers (CD44 and CD133) and TKI resistance in NSCLC cell lines
(A549 and H1299) [236]. Targeting STAT3 was found to block TEC activation by cancer
cells in metastatic brain sites and thereby suppress metastasis formation [238]. In addition,
curcumin and flavonoid administration (apigenin, flavone, and 4′,7-dihydroxyflavone) can
modulate the hypoxic phenotype of NSCLC cells [239,240].

Importantly, the iron chelation ability of flavonoids may play a significant role in
repressing micrometastasis. Fryknäs et al. reported that iron chelators are potent agents for
targeting quiescent cancer cells [241]. The suppressive effects of curcumin and flavonoids
on metastatic spread and development are shown in Figure 3.
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Figure 3. Simplified model of curcumin and flavonoids action on NSCLC metastasis [83,190,223,224,229–231,236–240,242–249].
1. NSCLC cells with a mesenchymal phenotype partially induced by TAM2, TECs, and CAFs migrate from tissue into
blood vessels. 2. CTCs are transported (via passive transport) to distant metastatic site(s), and TECs can serve as guardians
against anoikis apoptosis. 3. Infiltrating NSCLC cells revert to an epithelial phenotype via MErT (which possibly occurs in
blood). 4. Dormant cancer cells activated by Wnt signalling start recruiting CAFs and TECs and form micrometastases.
5 Micrometastases stabilised by oxidative stress recruit tumour-associated cells to form macrometastases, at which point
metastatic NSCLC can be diagnosed in patients. TECs and CAFs can support the formation of highly aggressive and
metastatic CTC clusters. CAF, cancer-associated fibroblast; EMT, epithelial–mesenchymal transition; EGF, endothelial
growth factor; IL-1β, interleukin 1β; IL-6, interleukin 6; IL-8, interleukin 8; PGE2, prostaglandin E2; ROS, reactive oxygen
species; TAM2, tumour-associated macrophage M2 phenotype; TEC, tumour endothelial cell; TGF-β1, transforming growth
factor beta 1; VEGF, vascular endothelial growth factor. Green arrow = induction/activation of factor/phenomenon; red
arrow = repression/inhibition of factor/phenomenon; blue arrow = transition between individual steps of metastatic spread;
↓ = curcumin/flavonoids repression/inhibition.

In this process, in addition to targeting signalling pathways of NSCLC cells, cur-
cumin can modulate processes in tumour-associated cells. The presence of TAM2 in the
tumour microenvironment of lung adenocarcinoma contributes to an invasive phenotype
and induces the expression of EMT-related markers [250]. Zhang et al. reported that
curcuminoids are able to reverse the macrophage phenotype from TAM2 to TAM1 by
inhibiting STAT3 signalling [251]. In glioblastoma, curcumin treatment elicited activation
of antitumour STAT1 signalling and the expression of iNOS in TAMs [149]. Mukherjee
et al. found that a sublethal dose of TriCurin (curcumin in combination with resveratrol
and epicatechin gallate; ~ nM concentration in plasma) in a mouse model changed TAMs
to the M1 phenotype and was associated with strong repression of tumour growth [150].
Nevertheless, Murakami et al. found that curcumin inhibited lipopolysaccharide-induced
expression of inducible forms of both nitric oxide synthase and cyclooxygenase in RAW
264.7 cells (murine macrophages) [252]. This finding could mean that curcumin could also
target micrometastases by lowering inflammatory processes and oxidative stress.

Zeng et al. found that curcumin induces endoplasmic reticulum stress, loss of mi-
tochondrial potential, cell cycle arrest at the G2−M transition, and apoptosis in prostate
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CAFs. The sensitivity of natural fibroblasts was approximately three times lower than
that in treated CAFs [253]. Ba et al. reported that a sublethal curcumin dose (10 µM)
decreased the expression of α-SMA, MMP-2, SDF-1, and TGF-β1, and Smad2/3 phospho-
rylation/activation by approximately half [173]. Curcumin can also suppress CAF-induced
EMT of cancer cells. Du et al. found that in CAFs, monoamine oxidase A (a mitochondrial
enzyme) induces mammalian target of rapamycin (mTOR)/hypoxia-inducible factor 1
alpha (HIF-1α) signalling [217]. In prostate cancer cells, this CAF phenotype can induce
ROS production and C-X-C motif chemokine receptor 4 (CXCR4) and IL-6 receptor ex-
pression and thereby cell migration and invasion. Nevertheless, curcumin application
suppresses the activation of HIF-1α signalling and subsequently suppresses EMT in cancer
cells. In a mouse model of pancreatic cancer, it was observed that curcumin-induced EMT
suppression via CAF targeting could repress cancer metastasis [174].

Recruitment of TECs by cancer cells is associated with activation of JAK/STAT3
signalling via IL-8. Nevertheless, application of curcumin in combination with EGCG
(50 mg/kg per day) in a mouse model of colorectal carcinoma led to suppression of
JAK/STAT3 signalling in endothelial cells and thereby their recruitment by cancer cells [185].
Similarly, the therapeutic effect of curcumin in glioblastoma also causes a reduction in
TEC recruitment [254]. TEC presence was found to correlate with EMT and metastasis
in various cancer models [255–257]. These effects, however, may be due to recruitment
of leukocytes by TECs. NSCLC patients can have significantly increased blood levels of
TNF-α [258]. Kumar et al. reported that endothelial cells induced TNF-α expression via
activation of products of NF-KB signalling (adhesion factors; e.g., intracellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule-1, and endothelial leukocyte adhe-
sion molecule-1) [189]. Nevertheless, curcumin can effectively revert this phenotype of
endothelial cells and subsequently monocyte adhesion.

In addition, some studies suggest that curcumin also repressed cluster formation.
Taftaf et al. reported that depletion of ICAM-1 in a mouse patient-derived xenograft (PDX)
model of triple-negative breast cancer significantly inhibited cluster formation, tumour
cell transendothelial migration, and lung metastasis [259]. Yang et al. found that cur-
cumin inhibited the IL-6/STAT3 pathway in NCI-H446 and NCI-1688 small carcinoma
cells, leading to suppression of VEGF, MMP-2, MMP-7, and ICAM-1 [260]. Nevertheless, in
A549 cells, IL-1β can induce ICAM-1 expression via the NF-kB and Src/PDGFR/PI3K/Akt
pathways [261,262]. However, in the presence of curcumin, ICAM-1 expression is re-
pressed [262].

One of the key factors that control CTC acceptance and possible micrometastasis
formation is induction and stimulation of the supportive microenvironment (called pre-
metastatic niche [263]) in distance organs by primary tumour [264]. Tumour cells display
an ability to selectively modify the microenvironment of distant organs via extracellular
vehicles (e.g., exomes). They are nano-sized membranous structures liberated from cells
into extracellular space [265]. Exosomes transport proteins, RNA, DNA, miRNA, and
lipids. Exosomes can mediate communication between different cell types from various
tissue and organs.

Numerous high-impact studies imply that tumour exosomes strongly support tumour-
genesis and metastatic formation [264]. Ma et al. reported that exosomes isolated from
NSCLC patients displayed significantly higher levels of some miRNAs (e.g., miR-3157-3p,
miR-3613-5p, and miR-3921) against healthy controls [266]. In addition, metastatic patients
have higher expression of miR-3157-3p (exosomes and tumour tissues) than comparative
nonmetastatic ones. A549 cells with transferred miR-3157-3p display an increase in protein
levels of VEGF, MMP2, and MMP9, and their exosomes can induce vascular permeability
of endothelial cells and angiogenesis. In the mice model, exosomes with miR-3157-3p
stimulate higher microvessel density and larger tumour tissue.

It was proven that curcuminoids and flavonoids are potent suppressor of MMPs
actives and VEGF signalling [267,268]. This suggests that they could suppress the role of
exosomes in the formation of the metastases. Kaplan et al. found that bone-marrow-derived
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haematopoietic progenitor cells (BMDCs) with expression of vascular endothelial growth
factor receptor 1 (VEGFR1) significantly participate in the formation of pre-metastatic
sites in mice with Lewis lung carcinoma [263]. VEGFR1 repression by specific antibody
suppresses BMDCs clusterisation and prevents tumour metastasis. Their cluster formation
in the pre-metastatic site was associated with MMP9 induction. Nevertheless, their effect
on tumour-derived exosomes was much more complicated. It was observed that curcumin-
exposed cancer cells liberated exosomes. It has been shown that treatment of cancer cells
with different doses of curcumin leads to the release of exosomes containing curcumin [269].

Unlike classical tumour exomes, curcumin-induced exosomes display anticancer ef-
fects in recipient cells and reduce tumour growth. For example, exosomes produced
by H1299 cells (10 µM curcumin for 48 h) display upregulation of the transcription fac-
tor 21 (TCF21) via downregulation of DNA Methyltransferase 1 [270]. The level of the
TCF21 mRNA is inversely correlated with poor prognosis in patients with lung adenocar-
cinoma [271] and the aggressivity of NSCLC cell lines [270]. In the presence of exosomes
derived from curcumin-pre-treated H1299 cells, BEAS-2B cells displayed a significant
decrease in proliferation, colony formation, and migration.

Exosomes derived from K562 leukemic cells increase production of IL8 and VCAM1 in
endothelial cells; nevertheless, after curcumin treatment (20 µM for 24 h), the obtained exo-
somes displayed opposite effects and inhibited tube formation and vascular permeability
in the endothelial cells [272]. In K562 cells, curcumin caused a decrease of cellular miR-21,
while it increased miR-21 selective packaging in exosomes. Its decrease can induce PTEN
expression (target of miRNA-21) [273]. In the endothelial cells, higher levels of miR-21
can supress their angiogenic capacity, directly targeting RhoB, a critical regulator of actin
dynamics [274].

Exosomes derived from the TS/A cell line (murine mammary adenocarcinoma) dis-
played a strong inhibition effect on cytotoxicity of the IL-2 activated NK cells [275]. Never-
theless, exosomes isolated from the cells pre-treated with polyphenols (curcumin, baicalin,
or genistein, 1 µM for 36 h) cause a significant reduction of immunosuppression of NK cells
and increase their cytotoxicity against cancer cells. Other polyphenols, including biochanin
A and quercetin, had no significant effects.

The cited studies prove that curcuminoids and flavonoids are effective agents for the
repression of CTC spreading because they target EMT in primary tumours. We can assume
that they also suppress macrometastasis formation by targeting the activation and survival
of dormant cancer cells. In addition, the formation of macroscopic metastasis is accom-
panied by a second EMT event [229,247], which is a possible target for curcuminoids and
flavonoids. However, knowledge of this phenomenon is very limited, and the presented
model of metastasis formation needs to be validated in NSCLC.

4.3. Effect of Curcumin and Flavonoids on the Migration of Cancer Cells

Another discussed strategy for metastasis suppression is targeting the mobility of can-
cer cells. At present, some high-impact studies strongly recommend targeting cytoskeletal
dynamics as an optimal method to suppress metastatic activity [49].

Chen et al. reported that curcumin administration to the 801D (human large-cell lung
carcinoma) cell line led to significant inhibition of EGF- or TGF-β1-induced lung cancer
cell migration and invasion [276]. These inhibitory effects of curcumin were related to the
inhibition of Rac1/PAK1 signalling pathways, MMP-2/9 expression, and actin cytoskeleton
rearrangement. In a mouse model, curcumin (60 mg/kg) displayed a comparable effect on
tumour volume and metastatic potential to cisplatin (8 mg/kg).

Flavonoid administration could lead to repression of cancer cell mobility. Incuba-
tion of A549 cells with quercetin resulted in dose-dependent disorganization of the actin
cytoskeleton [277].

The incorporation of curcumin in cancer treatment regimens aimed at erasing primary
tumours may aid targeting and suppress metastases. High-impact studies of animal models
strongly imply a high potential of this approach. For example, the combination of cisplatin
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and curcumin led to a significant reduction in lymph node metastasis and primary tumour
size [248]. Application of isorhamnetin in combination with cisplatin and carboplatin led
to inhibition of cancer cell migration [278]. This effect was associated with the induction of
microtubule depolymerization by isorhamnetin.

In addition to suppressing cancer metastasis, curcumin also has a cytostatic effect. For
example, Mirza et al. reported that curcumin administration could lead to specific killing
of circulating metastatic cells [249]. The authors reported that cancer cells obtained from
peripheral blood of patients with lung adenocarcinoma displayed a cancer-stem-cell-related
phenotype (expression of P-glycoprotein 1 (CD44), prominin-1 (CD133), and aldehyde
dehydrogenase). These cells also had strong chemoresistance; for example, gemcitabine,
even at concentrations higher than 100 µM, did not cause any significant cytotoxicity.
Treated cells showed a high response to a low concentration of nanoformulated curcumin
(IC50 = 10 µM). This effect was coupled with inhibition of the DNA repair mechanism
and DNA damage. In contrast, the cytotoxic effect against healthy cells (peripheral blood
mononuclear cells) was lower. Possible effects of curcumin on NSCLC cells are shown in
Figure 4.

 

β

β

Figure 4. Simplified model of the effects of curcumin on NSCLC cells [128,196,242–245,248,249,276,279–284]. NSCLC is
associated with dysregulation of numerous signalling and regulatory pathways. Some signalling factors (e.g., IL-6, IL-8,
EGF, TGF-β1, and Wnt) produced by cancer or tumour-associated cells can induce migration and invasion phenotypes
of NSCLC cells and thereby support CTC spreading. These pathways are interconnected, and dysregulation of one can
induce dysregulation of another and modulate therapeutic targeting. Nevertheless, curcumin targets multiple signalling
pathways to repress this phenomenon. Its effect is associated with repression of ERK2, JAK, STAT3, EGFR, PI3K, Akt,
SMAD 2/3, and β-catenin. In addition, curcumin induces oxidative stress in the endoplasmic reticulum by inhibiting
TrxR1 and mitochondrial-dependent and mitochondrial-independent apoptotic pathways and repressing drug resistance.
Reduced levels of signalling factors produced by NSCLC cells, such as IL-6, 8, VEGF, and PGE2, lead to decreased activity
of tumour-associated/tumour-infiltrating cells and thereby decreased support of NSCLC cell metastasis, proliferation, and
survival in the tumour microenvironment. Curcumin’s effects on the tumour microenvironment also include activation of
the immune system and suppression of angiogenesis and chemoresistance and immune resistance. Akt, protein kinase B;
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Bcl-2, B cell lymphoma 2; CAF, cancer-associated fibroblast; COX-2, cyclooxygenase-2; EGF, endothelial growth factor; EGFR,
endothelial growth factor receptor; ERK2, extracellular signal-regulated kinase 2; GEF, guanine nucleotide exchange factor;
HIF-1α, hypoxia-inducible factor 1α; JAK, Janus tyrosine kinase; JNK, c-Jun N-terminal kinase; IL-1β, interleukin 1β; IL-6,
interleukin 6; IL-6R, interleukin 6 receptor; IL-8, interleukin 8; IL-8R, interleukin 8 receptor; KATP, ATP-sensitive potassium
channel; LRP-6, low-density lipoprotein receptor-related protein 6; MAPK, mitogen-activated protein kinase; MDSC,
myeloid-derived suppressor cell; mTOR, mammalian target of rapamycin; NF-κB, nuclear factor kappa-light-chain-enhancer
of activated B cells; P70S6K, ribosomal protein S6 kinase beta-1; p-eIF2α, phosphorylated eukaryotic translation initiation
factor 2 subunit 1; PGE2, prostaglandin E2; PI3K, phosphoinositide 3-kinase; ROS, reactive oxygen species; STAT3, signal
transducer and activator of transcription 3; SRC, intracytoplasmic tyrosine kinase; TAM2, tumour-associated macrophage
M2 phenotype; TEC, tumour endothelial cell; TGF-β, transforming growth factor beta; TGF-β1R, transforming growth factor
beta 1 receptor; TNF-α, tumour necrosis factor alpha; Trx1, thioredoxin reductase 1; VEGF, vascular endothelial growth
factor; ∆Ψm, mitochondrial membrane potential. Green arrow = induction/activation of factor/phenomenon/cell, dotted
(indirect); red arrow = repression/inhibition of factor/phenomenon/tumour-supporting cell; green factor = anticarcinogenic
factor; red factor = carcinogenic factor; ↑ = curcumin activation/induction; ↓ = curcumin repression/inhibition.

In NSCLC, curcumin represses some important signalling pathways. It inhibits the
activation/phosphorylation of JAK and STAT3 (part of the EGF and IL-6 signalling path-
ways) [285]. STAT3 is constitutively activated in approximately 50% of NSCLC primary
tumours and NSCLC cell lines and is associated with poor prognosis [286–288]. Jiang
et al. reported that in A549 cells, curcumin application led to not only decreased EGFR
expression but also reduced EGFR activity via induction of ubiquitin-activating enzyme
E1-like [289]. In human samples (NSCLC tumour tissues and adjacent tissues from NSCLC
patients (stages I-IIIa)), there was an inverse correlation between curcumin administration
and the activity of the EGFR/AKT/NF-κB pathway.

In athymic nude mice bearing NCI-H460 tumours, curcumin-induced inhibition of
JAK and STAT3 phosphorylation led to reduced tumour weight and improved the survival
rate of mice. In addition, STAT3-regulated promoter activation of VEGF, Bcl-xL, and cyclin
D1 was also repressed after treatment [285]. Targeting STAT3 thus represents another
promising approach for reducing CTC counts. Zhang et al. reported that suppression of
the JAK/STAT3 pathway reduced CTC seeding in primary tumours (with a nude mouse
model of human osteosarcoma) [290]. Mautsaka et al. found that the CTC EGFR expression
relative to baseline was strongly associated with regorafenib resistance in patients with
refractory metastatic colorectal cancer [291].

One of key factors of NSCLC pathogenesis is NF-κB. Details on its role were de-
scribed by Dimitrakopoulos et al. [292]. NF-κB has been found to control inflammation,
proliferation, survival, apoptosis, angiogenesis, EMT, metastasis, stemness, metabolism,
and therapy resistance [293,294]. For example, Sun et al. reported that activation of the
PI3K/Akt/NF-κB/tyrosine kinase B (TrkB) pathway led to resistance of cancer cells to
anoikis and thereby higher metastatic activity in a mouse model of hepatocellular carci-
noma [295].

An interesting approach is using microRNAs (miRNAs) as therapeutics. The striking
advantage of miRNAs is that a single miRNA has the potential to simultaneously suppress
several oncogenic pathways because it can target multiple genes. Naidu et al. reported tar-
geting of the miR-23b cluster, or miR-125a-5p, which silenced KRAS and NF-κB signalling
and resulted in significant repression of the tumourigenicity of CTCs from NSCLC patients
in a mouse model [296]. Similarly, Lin et al. showed that TNF-α-stimulated degradation of
IkappaB-alpha and translocation of NF-κB into the nucleus subsequently induce MMP-9
expression in A549 cells [297]. Nevertheless, curcumin application led to the suppression
of IκB-α phosphorylation and thereby NF-κB activation [298]. Lee et al. reported that inter-
feron alpha (IFN-α)-induced activation of NF-κB and COX-2 was inhibited by curcumin in
A549 cells [299]. Accordingly, curcumin inhibition of the migratory and invasive abilities of
NSCLC cells seems to be mediated through the NF-kB/MPP pathway according to studies
in a mouse model [300,301].
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On the other hand, CTC survival can be associated with deacetylase sirtuin 1 (SIRT1)
expression, which leads to suppression of NF-κB and ROS activity in some oncological
diseases, such as breast cancer [85]. However, the role of SIRT1 expression is not clear, as it
can have oncogenic and antitumour effects. For example, repression of cancer cell migration
and angiogenesis via activation of both intrinsic (caspase-9) and extrinsic (caspase-8)
apoptotic pathways was found to be associated with SIRT1 activation by curcumin in
squamous cell carcinoma of the head and neck [302]. Nevertheless, in human colon cancer
cells, the repressive effect of curcumin on cell viability and migration caused inactivation
of SIRT1 via covalent modification of the cysteine 67 residue [303].

A great benefit of curcumin application is its targeting of hypoxia-related metabolism
in NSCLC. Cancer cells, which are located further from blood vessels due to their faster
metabolism, have lower oxygen levels. Therefore, hypoxic tumours display significantly
lower oxygen pressure (10 mmHg or less) [304]. Hypoxia-activated HIF-1α can stimulate
carcinogenesis via induction of numerous signalling pathways (TGF-β1, EGF, Wnt, and
Notch), transcription factors (Snail, Slug, Twist, and Zeb1/2) and other factors [305,306].
These effects lead to the induction of a cancer stem cell phenotype with features such
as immune and drug resistance, a mesenchymal phenotype, and metastatic activity. In
metastases, HIF-1α levels have been found to be significantly increased compared with
those in primary breast tumours [307]. This finding suggests the importance of HIF-1α
levels in CTC spreading.

Hypoxic CTCs have a greater chance of survival in the bloodstream because of their
PD-L1 expression [308]. Nevertheless, the influence of hypoxia on CTC metastatic activity is
complicated. Donato et al. reported that in a breast cancer model under hypoxic conditions,
liberated CTC clusters contained cells with a hypoxic phenotype [48]. In contrast, in
normoxia, liberated tumour cells have a normoxic phenotype. However, knockout of
HIF-1α did not repress cluster formation. Moreover, knockout of VEGF (an angiogenic
factor induced by HIF-1α) led to tumour shrinkage but also supported cluster formation.

It has been proven that curcuminoids could represent suitable structural motifs for
targeting HIF-1α hypoxia-related signalling. For example, Li et al. reported that curcumin
significantly decreased the expression of HIF-1α and VEGF in a mouse model of lung
cancer (A549 cells) [301]. Ye et al. reported curcumin-induced repression of HIF-1α, which
led to downregulation of P-glycoprotein expression and increased chemosensitivity of
A549 cells [309]. Similarly, Fan et al. observed decreased levels of HIF1α, p-mTOR/mTOR,
VEGF, and VEGFR in a mouse model of Lewis lung carcinoma [310].

An important anticancer effect of curcumin could be its repression of Smad 2/3
phosphorylation. Datta et al. reported that curcumin represses Smad 2/3 phosphorylation
in TGF-β1-dependent H358 and A549 (NSCLC) cell lines [311]. However, no difference
in curcumin-induced toxicity or changes in tumourigenicity were reported between the
TGF-β1-dependent cells and ACC-LC-176 cells (an NSCLC line independent of TGF-
β1). Nevertheless, some results obtained from studies of other cancer types imply that
curcumin can inhibit TGF-β1-induced EMT, invasion, and IL-6 expression, and thereby
cancer metastasis [242,312–316].

Targeting the Wnt/β-catenin pathway is an intensively studied method in cancer
treatment. Wang found that the suppressive effect of curcumin on β-catenin expression
was mostly caused by the induction of oxidative stress in NSCLC cells (A549) [237]. Lu
et al. reported that administration of curcumin to NSCLC cells (95D and A549) reduced
the overexpression of metastasis-associated protein 1, which caused a decrease in Wnt/β-
catenin signalling (downregulation of β-catenin, cyclin D1, and MMP-7) [317]. Wen et al.
reported that targeting Wnt/β-catenin signalling could lead to a reduction in CTC counts
in oncology patients [318].

Flavonoids represent potent agents for the suppression of cancer spreading. They
can decrease the activity and expression of numerous factors associated with NSCLC
metastatic activity, such as NF-κB, STAT3, Akt, β-catenin, VEGF, HIF-1α, EGFR, and mTOR.
For example, QSAR modelling strongly implies that EGCG is a potent EGFR binder [319].
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Minnelli et al. reported that the interaction energies were 98, 54, and 75 kcal/mol for wild-
type EGFR, T790M/L858R-mutated EGFR, and ELREA (EGFR with deletion of five amino
acids in exon 19), respectively [320]. For comparison, the obtained values for erlotinib
were 71 (wild-type EGFR), 39 (T790M/L858R-mutated EGFR), and 97 kcal/mol (ELREA).
Liu et al. found that EGCG is a dual inhibitor of PI3Kα (IC50 = 0.69 µM) and mTOR
(IC50 = 0.12 µM), an inhibitor of EMT, and can overcome gefitinib resistance [321]. Zhang
et al. found that EGCG not only reduces the active form of NF-κB but also directly impacts
this factor (KD = 4.8 × 10−5 M) [322]. Rawangkan et al. reported that EGCG pretreatment
of Lu99 cells (an NSCLC cell line) strongly decreased PD-L1 expression and induction by
EGF and IFN-γ [323].

Both EGFR mutations and PD-L1 overexpression enhance CTC and metastatic cell
spreading in NSCLC. CTCs with EGFR mutations and PD-L1-expressing CTCs have
been shown to correlate with shortened OS, disease progression, formation of metastases,
and therapeutic failure (Sections 3.1 and 3.2). As such, agents with low toxicity, such
as flavonoids, could represent promising tools for decreasing CTC counts and thereby
suppress metastasis.

The application of flavonoids can, via various independent mechanisms, repress
NSCLC cell survival, proliferation (e.g., modulation of cyclin-dependent kinases, caspase
induction, activation of apoptotic factors, and repression of survival) and migration; for
example, flavonoids can inhibit MMPs. Suzuki et al. described EGCG binding with the
β- and γ-chains of fibrinogen, which represses fibrinogen interaction with NSCLC cancer
cells (e.g., LL2-Lu3 cells) and thereby impairs their metastatic spread [324]. More details
regarding the effects of flavonoids on NSCLC and lung cancer models are described in
Table 4.

Table 4. Examples of flavonoid effects on NSCLC models.

Flavonoid Model Effects Ref.

Atalantraflavone A549 and 95D cells
↓Vimentin, ↓N-cadherin ↑E-cadherin, ↓Twist1, ↓cell

migration, ↓colony formation and
↑cisplatin sensitivity

[325]

Quercetin A549 cells ↓Vimentin, ↓N-cadherin and ↓microtubular network [277]

Quercetin-3 orutinoside
BALB/c nude mic -bearing

A549 tumours
↓Akt, ↓mTOR and ↓VEGF [326]

Hyperoside A549 cells
↑ERK/1/2, ↓LC3-I and ↑LC3-II ↓Akt, ↓mTOR,

↓p70S6K and ↓4E-BP1
[327]

Hyperoside A549 cells
↑AMPK, ↑HO-1, ↓survival and ↓proliferation of cells

with a hypoxia phenotype
[328]

Quercetin A549 and H460 cells ↓Akt, ↑DR 5, ↓survivin and ↑TRAIL sensitization [329]

Quercetin A549 cells ↓NF-κB and ↓STAT3
[330]

Quercetin HCC827 cells
↓IL-6-induced activation of NF-kB and STAT3,↓colony

formation, ↓migration and ↓invasion

Quercetin
Mice implanted with

HCC827 cells
↑E-cadherin, ↓N-cadherin and ↓tumour growth [331]

Quercetin 1299 and H460 cells
↓NF-κB, IKKα, ↑IκBα, ↑FAS, ↑TRAILR, ↑MEKK1,

↑MEK4, ↑JNK, ↑GAD45 and ↑p21cyp [332]

Quercetin A549 and HCC827 cells
↑E-cadherin, ↓N-cadherin, ↓vimentin (↓Snail, ↓Slug,
and ↓Twist), ↓MMP-1, ↓MMP-2, ↓MMP-7, ↓MMP-9

and ↓MMP-12
[224]

Rhamnetin
NCI-H1299 and
NCI-H460 cells

↑miR-34a ↓Notch1, ↓NF-κB, ↓vimentin, ↓N-cadherin,
↓survivin, ↓cIAP1, ↓cellular migration

and ↑radiosensitivity
[333]
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Table 4. Cont.

Flavonoid Model Effects Ref.

Isorhamnetin A549 cells ↓LC3-I and ↑LC3-II protein [334]

Fisetin A549 cells
↓COX-2, ↓MMP-2/9, ↑CDKN1A/B, ↑CDKN2D,
↑E-cadherin, ↓c-myc, ↓cyclin-D1 and ↓CXCR-4

[335]

Fisetin A549 and H1299 cells

↑E-cadherin, ↓vimentin, ↓N-cadherin, (H1299), ↓ZO-1
(H1299) ↓MMP-2, stemness markers (↓CD44 and
↓CD133), ↓β-catenin, ↓NF-κB, ↓EGFR, ↓STAT3 and

↑erlotinib (a TKI) sensitivity

[236]

Fisetin A549 cells
↓Akt, ↓mTOR, ↓p70S6K1, eIF-4E, 4E-BP1, ↓mTOR
signalling molecules (↓Rictor, ↓Raptor, ↓GβL and
↓PRAS40), ↑AMPKα, ↑pTSC2, ↓p85 and ↓p110

[336]

Fisetin HCC827 and HCC827-ER cells
↓Akt, ↓pMAPK, ↑caspase 3/8, ↑cytochrome C, ↓AXL,

↓Snail, ↑E-cadherin and ↑erlotinib sensitivity
[337]

Fisetin A549 cells
↓NF-κB, ↓c-Fos, ↓c-Jun, ↓ERK1/2, ↓MMP-2/9, ↓u-PA,

↓adhesion,↓invasion and ↓migration,
[338]

EGCG

A549 and H1299 sphere cells
↓β-catenin, ↓CLOCK (↓CD133, ↓CD44, Sox2, ↓Nanog,

and ↓Oct4 protein) and ↓sphere formation
[81]

Mice implanted with A549
sphere cells

↓CLOCK (↓CD133, ↓CD44, Sox2, ↓Nanog, and ↓Oct4
protein) and ↓Ki-67

EGCG

A549 and H1299 cells
↓NF-κB (↓BCL2, ↓BCL-XL, ↓COX-2, ↓TNF-α,
↓cyclinD1, ↓C-↓MYC, ↓TWIST1, and ↓MMP-2)

[322]Balb/c athymic nude mice
implanted with resected

patient tumour cells
↓NF-κB, ↓tumour volume, ↓Ki-67, ↓EMT

EGCG HCC827-Gef cells
↓PI3Kα and ↓mTOR, ↓EMT, ↓colony formation and

↑gefitinib sensitivity
[321]

EGCG H1299 and A549 cells
↑LKB-1, ↑AMPK (↓mTOR, ↓P70, and ↓4EBP1) and

↓cell migration
[339]

EGCG

AXL-high population of
H1299 spheres

↓AXL receptor tyrosine kinase, ↓ALDH1A1 and ↓Slug
[340]

Mice implanted with an
AXL-high clone of spheres

↓p-AXL, ↓ALDH1A1, ↓Slug, and ↓tumour volume

EGCG A549 and NCI-H460 cells ↑ROS, ↓ERK1/2, ↑CTR1 and ↑NEAT1 [341]

EGCG A549 xenografts ↓CD31, ↓αSMA, ↓collagen IV, ↓tumour hypoxia [342]

EGCG

Lu99 cells
↓EGF and IFN-γ-induced PD-L1 expression, ↓JAK,

↓STAT1 and ↓Akt
[323]

A/J mice implanted with
NNK-induced tumour cells

↓PD-L1, ↑IL-2 expression by tumour-specific CD3+ T
lymphocytes and ↓tumour volume

EGCG A549 cells
↑Nrf2, ↓Keap1, ↑HO-1, ↑ROS, ↑RNS, ↓Bcl-2, ↑Bax,

↑Bak, ↑Bim ↑Puma, ↓∆Ψm, and ↓EMT
[343]

EGCG
Tumour spheres (from A549,

460, and 1299 cells)
↓NEAT1, ↑CTR1 ↓CD44+ Sox2, ↓Nanog, and

↓Oct4 protein
[344]

EGCG A549 cells
↓Nicotine-induced effects (↓HIF-1α, ↓VEGF, ↓COX-2,

↓Akt, ↓ERK1/2, ↓vimentin, and ↑E-cadherin)
[345]

EGCG
Mice implanted with

A549 cells
↓HIF-1α and ↓VEGF,

[346]

EGCG A549 cells
↓TGF-β1 induced activation of Smad2 and Smad3,
↑E-cadherin, ↓N-cadherin, ↓vimentin, ↓HAT, ↓EMT

and ↓cell migration
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Table 4. Cont.

Flavonoid Model Effects Ref.

EGCG A549 and NCI-H460 cells
↓HIF-1α, ↓HPV-16 E6 and E7 oncoproteins, ↓VEGF,

↓IL-8, ↓Akt and ↓CD31
[347]

EGCG
Mice implanted with

A549 cells
↓HIF-1α, ↓VEGF, ↓HPV-16 E6 and ↓E7 oncoproteins

and ↓CD31

EGCG A549 cells ↓IGF-1 induced expression of HIF-1α and VEGF [348]

4E-BP1, translation repressor protein; ALDH1A1, aldehyde dehydrogenase 1; AMPK, AMP-activated protein kinase; Akt, protein kinase
B; Bcl-2, B cell lymphoma 2; Bcl-xL, B cell lymphoma-extra large; CTR1, copper transporter 1; Bim, Bcl-2-interacting mediator of cell
death; COX-2, cyclooxygenase-2; DR5, death receptor 5; FAS, fatty acid synthase; GADD45, cell cycle inhibition growth arrest and
DNA-damage-inducible 45; cIAP1, cellular inhibitor of apoptosis protein-1; CDK1/AB, cyclin-dependent kinase inhibitor 1 A/B; CDK2D,
cyclin-dependent kinase inhibitor; CLOCK, clock circadian regulator; eIF2α, eukaryotic translation initiation factor 2 subunit 1; CXCR-4,
C-X-C chemokine receptor type 4; EGFR, endothelial growth factor receptor; ERK1/2, extracellular signal-regulated kinase 1/2; HIF-1α,
hypoxia-inducible factor 1α; HAT, histone acetyl transferase; HO-1, haeme oxygenase 1; IκBα, inhibitor of kappa B alpha; IKKα, IκB
kinase α; IFN-γ, interferon gamma; IGF-1, insulin-like growth factor-1; JAK, Janus tyrosine kinase; JNK, c-Jun NH2-terminal kinase;
LC3-I/II, microtubule-associated protein 1A/1B-light chain 3 I/II; Keap1, Kelch-like ECH-associated protein 1; mTOR, mammalian target
of rapamycin; MEKK1, mitogen-activated protein kinase kinase kinase 1; MMP, matrix metalloprotease; NEAT1, nuclear paraspeckle
assembly transcript; 1 NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; Notch 1, Notch homologue 1; Nrf2, nuclear
factor erythroid 2-related factor 2; P70S6K, ribosomal protein S6 kinase beta-1; PRAS40, proline-rich Akt substrate of 40 kDa; Puma, p53
upregulated modulator of apoptosis; RNS, reactive nitrogen species; ROS, reactive oxygen species; STAT3, signal transducer and activator
of transcription 3; TNF-α, tumour necrosis factor alpha; TRAILR, tumour-necrosis-factor-related apoptosis-inducing ligand receptor;
TWIST1, Twist-related protein 1; uPA, urokinase plasminogen activator; VEGF, vascular endothelial growth factor; αSMA, α-smooth
muscle actin; ∆Ψm, mitochondrial membrane potential; ↑ = flavonoids activation/induction; ↓ = flavonoids repression/inhibition.

Although curcumin and flavonoids display various toxic effects on cancer cells, they
are surprisingly less toxic to normal cells. A possible explanation could be their effect on
the redox homeostasis of cells [349]. Higher ROS levels are strongly associated with char-
acteristics of carcinogenesis, such as increased mutations and dysregulation of signalling
cascades (MAPK, PI3K/Akt, Nrf2, AP-1, NF-κB, STAT3, and p53) [350,351]. Curcumin
and flavonoids are potent antioxidants and can protect normal cells against the carcino-
genesis and apoptosis induced by ROS. On the other hand, ROS generation is part of
numerous therapeutic strategies [351,352], and the application of antioxidants can be coun-
terproductive. Some clinical trials have found that β-carotene and retinol can promote
tumour growth and metastasis in cancer patients [353,354]. Godman et al. found that their
application is associated with a higher risk of NSCLC in female patients [354].

However, hypermetabolism of cancer cells results in higher production of ROS and
antioxidant capacity. Curcumin dysregulates redox balance by disrupting mitochondrial
homeostasis via oxidative stress. It causes opening of the mitochondrial permeability
transition pore, mitochondrial swelling, loss of mitochondrial membrane potential, and
inhibition of ATP synthesis [355,356]. Curcumin can also supports the mitochondrial
apoptotic pathway by inducing overexpression of pro-apoptotic Bax protein and reduced
expression of Bcl-2 in NSCLC cells [357]. Moreover, the cytotoxic effect of curcumin or
its analogues can be detected via the accumulation of curcuminoids in the ER and the
upregulation of the ER stress-related unfolded protein response, which leads to inhibition
of protein synthesis and cell cycle arrest [357,358]. In addition, curcuminoid application
leads to increased intracellular ROS levels and increased SOD and γ-GCS activity [237].
Additionally, flavonoids such as fisetin can induce oxidative stress in cancer cells [336].

Another possible explanation for the high cell selectivity of curcuminoids and flavonoids
is their effects on cellular hypoxia. These agents can significantly induce higher toxicity in
hypoxic cancer cells [359,360]. However, in the case of normal cells, their application has
protective effects and leads to restoration of normal metabolism [360,361]. For example,
in ischaemic muscles (which have a decrease in oxygen level due loss of blood flow),
curcumin helps tissue restoration [310].

Cancer cells have higher concentrations of and need iron ions [362]. Targeting iron
homeostasis with flavonoid chelators such as quercetin has been intensively studied in
anticancer treatment and is usually highly specific for cancer cells [363]. The anticancer
effects of curcuminoids are also associated with iron chelation [364,365]. Nevertheless,
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higher levels of transition metal ions can lead to higher levels of flavonoids and curcumin
metal complexes. These complexes also likely have their own biological/anticancer ac-
tivities [366]. For example, Tan et al. found that the anticancer effect of iron−flavonoid
complexes is associated with DNA targeting [367]. Chen et al. reported that hyperoside ac-
tivity against hypoxic A549 cells was significantly higher in the presence of iron ions [328].
Similarly, iron−curcumin complexes (IC50 = 8 µM) displayed higher cytotoxicity against
MDA-MB-231 breast cancer cells than curcumin (IC50 = 24 µM) [368].

In addition, antimetastatic effects can be achieved by using a noncytotoxic dose [236,369].
Tabasum et al. observed that fisetin (10 µM) decreased the expression of NF-κB, STAT3,
and β-catenin, and repressed EMT in A549 and H1299 cells [236].

The above findings imply that curcumin and flavonoids are prospective agents for
incorporation in NSCLC therapy with effective targeting against cancer cell migration.
However, oncogenic signalling pathways display strong redundancy; therefore, inhibiting
one signalling pathway may not be enough. Incorporating multiple targeted agents, such
as curcuminoids, flavonoids, or their combination, in therapeutic regimens could effectively
avoid this phenomenon. This strategy could control the growth of tumours or shrink their
volume with a reduced risk of metastasis. Many high-impact studies have shown that
these compounds are potential agents for combination therapy [370–374]. Their application
can significantly increase the efficiency of classically used therapies (e.g., chemotherapy,
TKIs, immunotherapy, and radiotherapy) and repress tumour resistance. However, the
anticancer effects of curcuminoids and flavonoids discussed above were mostly seen in
in vivo and in vitro studies. A meaningful assessment of their potential therapeutic effects
is not possible without other clinical trials.

5. Future Directions

CTCs are strong markers for disease development and prognosis and can be used in the
design of anticancer regimens, especially in combination with proteomic, transcriptomic,
and genomic profiling of metastatic CTCs [32,60]. However, the spread of CTCs is not an
isolated phenomenon and is influenced by numerous factors, such as tumour-associated
cells (e.g., M2 TAMs, MDSCs, Treg cells, CAFs, and TECs) [138,139]. Therefore, determining
the CTC level or better analysing circulating tumour-associated cells that can strongly
boost CTC metastatic ability or drug resistance could provide more precise information for
future therapeutic development and design. Some clinical studies have shown that higher
levels of tumour-associated cells are associated with worse therapy prognoses [146,153,
157,176,200]. Clusters of CTCs in combination with tumour-associated cells, and not single
CTCs, are likely associated with increased risk [8,140]. In accordance with this hypothesis,
CTC clusters have been observed in NSCLC patients [95,375]. However, new analytical
methods that are significantly easier and cheaper and have higher sensitivity are needed.
For example, Watanabe developed the On-chip Sort method (22/30; median 5; range
0–18 cells/5 mL blood), which demonstrated significantly higher CTC-capturing ability for
patients with metastatic NSCLC than CellSearch (9/30; median 0; range 0–12 cells/7.5 mL)
(p < 0.01) [376]. Hosokawa et al. also developed a microcavity assay (MCA) system that
could isolate more CTCs and CTC clusters from NSCLC patients than the CellSearch system
(Veridex LLC, Raritan, NJ, USA) [375].

CTC clusters are very strong metastatic forms of CTCs, implying their importance
for clinical diagnosis [8,24,140]. Nevertheless, and despite unquestionable progress in this
field, their identification and analysis remain a great challenge. Hasan et al. reported
that CTC clusters from a mouse model of prostate cancer have cells with an epithelial
surface phenotype and mesenchymal core phenotype [377]. In addition, CTCs can also
form heterotopic clusters with tumour-associated cells, such as CAFs, which induce higher
survival in the bloodstream [135]. On the other hand, although the determination of CTC
count or CTC phenotype is complicated, an FDA-approved system for the determination
of CTC count is already being used. Therefore, at present, determination of CTC count and
CTC analysis have high utility in clinical diagnosis.
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EpCAM is robust, reliable, reproducible standardised kit, which enables semiauto-
mated processing and stain with one further antibody [378,379]. At present, it is FDA-
approved for diagnostics in breast, prostate, and colorectal cancer. On the other hand, some
limitation regarding its application in routine diagnostics can be noted. EPCAM is very
expensive, has a low capture of CTC without epithelial markers (e.g., undergone EMT),
and numbers of CTCs detected in the blood sample of NSCLC patients are sometimes
lower than other kits (e.g., ISET) and cannot be used for the detection of CTC clusters [379].
ISET is less expensive and enables determination of CTC clusters; however, it captures
small CTC (under 8 µM) poorly, and manual processing limits its robustness, although it
has potential for automatization.

Due to their importance in tumour metastasis, CTCs are valuable targets in anticancer
therapy. Curcuminoids and flavonoids are promising agents for decreasing CTCs, as well as
CTC clusters and support cells, in NSCLC therapy. In addition to their own highly selective
cytostatic effects, these agents display strong potential for the repression of metastatic
spread by various independent mechanisms [139]. However, their efficacy, especially
curcumin, can be strongly limited by low solubility and biostability [380]. Nevertheless,
this type of problem can be effectively solved by drug delivery systems [381–383]. In the
case of curcuminoids and flavonoids, various nanoparticles or curcumin nanofibres have
showed high efficacy in tumour targeting and metastatic suppression [370,384,385]. For
example, Su et al., using a mouse model of lung cancer, designed and tested curcumin-
modified silica nanoparticles for inhalation therapy [386]. The anticancer efficacy of a
strategy inducing IL-6 and metastatic suppression was significantly higher than that of
curcumin alone.

Incorporating these novel agents in therapy could lead to new neoadjuvant and
adjuvant strategies. Classical neoadjuvant therapeutic regimens aim to shrink tumours
using drugs that target cancer cells (mainly cytostatic drugs) and only indirectly affect
metastasis-initiating cells [6]. However, the in vitro-determined drug sensitivity of CTCs
suggests that agents related to CTCs have potential to optimise therapy [387]. Most deaths
from cancer, including NSCLC, are not caused by primary tumours but by metastasis. [5]
Therefore, a new therapeutic method that focuses on inhibiting metastasis formation
via the use of migrastatic drugs (inhibitors of cell migration) instead of reducing the
tumour mass has been proposed [49,50]. For example, some androgen receptor inhibitors
(e.g., apalutamide, enzalutamide, and darolutamide) can delay metastases in high-risk
nonmetastatic castration-resistant prostate cancer [51]. In NSCLC, the application of TKIs or
ICIs and antibodies against IL-6R can suppress metastasis formation [52–54]. Nevertheless,
NSCLC displays high heterogeneity, and multifunctional agents have a better chance of
avoiding the development of resistance. In addition, potential therapeutic strategies and
agents are still lacking.

Incorporating low-toxicity agents such as curcuminoids and flavonoids into chemother-
apy regimens could effectively combine cytostatic and migrastatic effects to form a new
migrastatic and cytostatic (MICY) combination strategy. The basic philosophy of the MICY
combination (isolation and destruction) is to reduce the tumour mass and block the spread
of CTCs and other circulating tumour-associated cells (Figure 5). MICY could also be
applied after surgical eradication of primary tumours to target micrometastases.

Curcuminoids and flavonoids can be recommended for this purpose for several rea-
sons. They have low toxicity and are part of daily dietary uptake [388]. Therefore, they
should be able to be used daily and long-term, perhaps for the entire life of the patient.
These agents repress the activation (Wnt/β-catenin signalling [236,237]) and survival
(hypoxia [239,240]) of dormant cancer cells. They are potent antioxidants [232–235] and
EMT inhibitors [223,224] and therefore can also suppress micrometastasis survival and
macrometastasis formation [234,236,252]. Their administration can repress the recruitment
and activation of tumour-associated cells that strongly support metastasis formation and
development [150,154,158,159,173–175,185,189]. They are multifunctional agents; therefore,
their risk of resistance is significantly lower. Additionally, combination can significantly
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improve their efficacy (e.g., by reducing multidrug resistance) [185,389–395]. These poten-
tial benefits have led to the administration of combined rather than single agents, and we
expect that this approach will lead to a significantly lower risk of resistance.
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↑ ↓ α ↓ β ↓ ↓
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Figure 5. Curcuminoids and flavonoids in migrastatic and cytostatic (MICY) therapy. Green ar-
row = induction/activation of CTC; ↑ = curcuminoids/flavonoids activation/induction; ↓ = curcum-
inoids/flavonoids repression/inhibition.

The high potential of these agents in anticancer therapy has also been shown in
numerous clinical trials (see Table 5). Their incorporation into therapeutic regimens led
to a decrease in oxidative and inflammatory stress, a decrease in the level of metastatic
factors, suppression of therapy side effects, and improvement of patient quality of life. In
addition, some of the studies imply that such applications can have protective effects for
subjects with higher cancer risk. The above clinical trials include various limitations and
used various therapeutic regimens; as such, the usability of the acquired knowledge in the
treatment of lung cancer may be limited. Therefore, other clinical trials are highly awaited
to determine the therapeutic effects of these strategies in NSCLC patients.

Table 5. Curcuminoids and flavonoids in clinical trials.

Agents/Doses Subjects Clinical Findings Ref.

Meriva (Thorne Research Inc., Dover, ID,
USA; curcuminoid, 180 mg/day), 8 weeks

Oncological patients
(solid tumours)

↑QoL, ↓TNF-α, ↓TGF-β, ↓IL-6,
↓substance P, ↓hs-CRP, ↓CGRP, ↓MCP-1,
↓IL-8 (placebo was more effective),
negative correlation between QoL
and TGF-β

[119]

Capsule curcuminoid powder
(1440 mg/day), six months

Prostate cancer patients
treated with intermittent
androgen deprivation therapy

↓Progression (10.3% vs. 30.2%), 0PSA,
0testosterone level, 0HRQOL, ↓adverse
drug reaction

[396]

Meriva (Thorne Research Inc., Dover, ID,
USA; curcuminoid, 100 mg/day), 60 days
(between the 4th and 16th weeks
from surgery)

Oncological patients treated
with chemotherapy
or radiotherapy

↓Side effects [397]

Micronised curcumin powder (2 g or 4 g
per day) 30 days

Subjects with a smoking
history (3 years or more)

↓Aberrant crypt foci (40% reduction, only
4 g), 0PGE2, 05-HETE, 0Ki-67

[398]

Curcumin (360 mg/day, capsule), 20 days Colorectal cancer patients
Tumour tissue ↑p53, ↑Bax, ↓Bcl-2, and
↑cell apoptosis; serum ↓TNF-α; and
↑body weight

[399]

Isoflavones (40 mg/day, 66% daidzein,
24% glycitin, and 10% genistin) and
curcumin (100 md) 6 months

Prostate cancer patients
↓PSA (patients with serum level higher
10 ng/mL)

[400]
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Table 5. Cont.

Agents/Doses Subjects Clinical Findings Ref.

Polyphenol combination (curcumin 150 mg,
resveratrol 75 mg, EGCG 150 mg and soy
isoflavone 125 mg each day), 2 weeks

Healthy human volunteers ↓TNF-α activation NF-kB in lymphocytes [401]

Cur plus capsules (Indsaff LTD, Punjab,
India; curcumin 475 mg, piperidin 25 mg)

Subjects with chronic
arsenic exposure

↓ROS, ↓DNA damage, ↓lipid
peroxidation, ↓protein carbonyl context
and ↑antioxidant capacity (↑CAT, ↑SOD
and ↓GSH)

[402]

Oxy-Q tablets (Farr Laboratories, Santa
Clarita, CA, USA; curcumin 480 mg and
quercetin 20 each day), 6 moths

FAP patients ↓Polyp number (~half) and size (~third) [403]

Curcumin tablet (500–8000 mg, gradually
increased each day), 6 months

Patients with a high risk of
premalignant lesions

Histological improvement in high-risk
premalignant lesions

[404]

Curcumin (6 g/d for 7 days every
3 weeks), 6 months

mCRPC patients treated with
docetaxel therapy

No positive results [405]

CurcuRougeTM (Robertet, Grasse, France;
2 × 90 curcumin mg/d), 4 weeks

Elderly subjects
(age > 60 years) with
higher NLR

↓Neutrophil count and ratios,
↑lymphocyte ratios,
↓neutrophil/lymphocyte ratio,
↓eosinophil count and ratios

[406]

Nanoparticle curcumin powder (3 ×

curcumin 1 g/10 mL olive oil per day),
7 days, mouthwash without drinking

Radiotherapy patients with
squamous cell carcinoma of
the head and neck

↓Radiation-induced oral mucositis [407]

Meriva (Thorne Research Inc., Dover, ID,
USA; curcuminoid, 50 mg/day), 8 weeks

NAFLD patients
↓Mismatched base pairs in DNA and
↓methylation in the MLH1 and
MSH2 promoters

[408]

Green tea extract (800 mg/day, topical
and systematic) and curcumin
(950 mg/day, topical and systematic),
3 months

OPMD patients
Tumour tissue: ↓p53 (mutant type),
↓Ki67, and ↓cyclin D1 (synergic effect)

[409]

APG-157 (Aveta Biomics, Bedford, MA,
USA), capsule (3 × 100 or 3 × 200 mg,
unfractionated turmeric extract)

Patients with oral cancer
Saliva: ↓IL-1β, ↓IL-6, and ↓IL-8; tumour
tissue: ↑CD4+ T cells and ↑CD8+ T cells

[410]

Capsule (500 mg curcuminoid and 5 mg
piperine), 8 weeks

NAFLD patients
↓TNF-α, ↓MCP-1, ↓EGF, the cytokine level
did not change and ↑NAFLD severity

[411]

SinaCurcumin®80 (Nanotechnology
ResearchCenter, Mashhad University of
Medical Sciences, Mashhad Iran; 80 mg
nanoformulation of curcumin/day),
42 days

HNC patients treated
with radiotherapy

↓Oral mucositis (one-third) without
obvious oral and systemic side effects

[412]

Meriva® (Thorne Research Inc., Dover,
ID, USA; curcuminoid, 4 × 100 mg),
28 days

Pancreatic cancer
patients treated with
gemcitabine therapy

↑OS (10.2 vs. 6.7 month), 0toxicity [413]

BCM95 (3 × 1.2 g/day, curcumin),
6 months

Patients with oral leukoplakia ↑Clinical and histologic response [414]

3 × 15 mL EGCG solution (440 µM/L
physiological solution), 6 weeks
after radiotherapy

Chemotherapy and
radiotherapy patients with
oesophageal cancers

↓ARIE and ↓RTOG score [415]

3 × 15 mL EGCG solution (440 µM/L
physiological solution), 5 weeks
after radiotherapy

Chemotherapy and
radiotherapy patients with
stage III lung cancer

↑Response rate, ↓pain score [219]
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Table 5. Cont.

Agents/Doses Subjects Clinical Findings Ref.

2 × 10 mL EGCG (µM/L physiological
solution), 5 weeks

Chemoradiotherapy patients
with stage III NSCLC or
limited-stage small-cell
lung cancer

↓Maximum oesophagitis grade, ↓pain
score and ↓dysphagia score

[131]

Green tea extract (800 mg EGCG/day),
6 weeks

Subjects with a high risk of
colorectal cancer

↓NF-kB and ↓DNMT1 [416]

Polyphenon E™ (Mitsui Norin Co., Ltd.,
Shizuoka, Japan; 400 mg EGCG/day),
12 months

Subjects with a high risk of
prostate cancer

↓ HGPIN, ↓ ASAP and ↓PSA [417]

Polyphenon E ((Polyphenon E
International, Inc., NY, USA; 2 × 2000 mg
EGCG/day) administered twice daily,
6 months

CLL patients (early-stage)
↓Absolute lymphocyte count and
↓lymphadenopathy

[418]

Six capsules of green tea extract (189 mg
EGCG and 97.5 mg caffeine), 6 months

CLL patients
↓Lymphocytosis, ↓absolute number of
circulating Treg cells, ↓IL-l0 and ↓TGF-β

[419]

2.5% w/w EGCG in a silicone in water
emulsion, 6 weeks

Healthy volunteers with
significant erythema and
telangiectasia on the face

↓VEGF and ↓HIF-1α [420]

Polyphenon E™ (Mitsui Norin Co., Ltd.,
Shizuoka, Japan; 800 mg EGCG/day),
6 weeks

Prostate cancer patients
(stage I-III)

↓HGF, ↓VEGF, ↓PSA, ↓IGF-I, -↓IGFBP-3
and ↓IGF-I/IGFBP-3

[421]

Isoquercetin (500 mg (A), or 1000 mg (B)
per day), 56 days

Cancer patients (with
pancreatic cancer, NSCLC or
colorectal malignancies) at
high risk for thrombosis

↓Extracellular protein disulfide
isomerase activity (median decrease in
D-dimer +9.9 (A), −22% (B)), ↓P selectin
(−0.3 (A), −58% (B)) and
↓platelet-dependent thrombin generation

[422]

Quercetin (2000 mg/day), 1 day
Symptomatic sarcoidosis
patients

↑TEAC ↓ MDA, ↓TNF-α and ↓IL-8 [423]

Novusetin™ (Bioriginal, Anaheim, CA,
USA; fisetin, 100 mg/day), 7 weeks

CRC patients (stage II-III)
treated with chemotherapy

↓IL-8 and ↓Hs-CRP [424]

ARIE, acute radiation-induced oesophagitis; ASAP, atypical small acinar proliferation; Bax, Bcl-2-associated X protein; Bcl-2, B cell
lymphoma protein 2; CAT, catalase; CGRP, calcitonin gene-related peptide; CLL, chronic lymphocytic leukaemia; DNMT1, DNA (cytosine-
5)-methyltransferase 1; EGF, endothelial growing factor; FAP, familial adenomatous polyposis; GSH, non-enzymatic antioxidant-like
glutathione; HGF, hepatocyte growth factor; HIF-1α, hypoxia-inducible factor 1α; HGPIN, high-grade prostatic intraepithelial neoplasia;
HRQOL, health-related quality of life; IGF-1, insulin-like growth factor-1; IGFBP-3, insulin-like growth factor binding protein 3; IL-1β,
interleukin 1 beta; IL-6, interleukin 6; IL-8, interleukin 8; Il-10, interleukin 10; TGF-β, transforming growth factor-β; hs-CRP, high-sensitivity
C-reactive protein; MDA, malondialdehyde; MCP-1, monocyte chemotactic protein-1; MLH1, MutL homologue 1; MSH2, mismatch repair
MutS homologue 2; NAFLD, non-alcoholic fatty liver disease; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; NLR
neutrophil/lymphocyte ratio; OPMD, oral potentially malignant disorders; PGE2, prostaglandin E2; PSA, prostate-specific antigen; ROS,
reactive oxygen species; RTOG, Radiation Therapy Oncology Group; SOD, superoxide dismutase; TEAC, total plasma antioxidant capacity;
TNF-α, tumour necrosis factor alpha; VEGF, vascular endothelial growth factor; QoL, quality of life; 5-HETE, 5-hydroxyeicosatetraenoic
acid; ↑ = curcuminoids/flavonoids activation/induction; ↓ = curcuminoids/flavonoids repression/inhibition; 0 without change.

The question is whether the reduction of CTCs, as well as CTC clusters, and thereby
cancer metastasis in NSCLC, has utility. Some factors (e.g., TGF-β, EGF, IL-6, IL-8, and
IL-1β) that are decreased by curcuminoid or flavonoid application have been found to play
a significant role in CTC formation and metastatic activity (Section 4.3).

Some studies imply that these agents have promising potential to reduce CTCs. Ried
et al. reported that the application of a nutrient combination (curcumin, garlic, green
tea, grape seed extract, modified citrus pectin, and medicinal mushroom) decreased the
CTC count in patients with oncological diseases [203]. Similarly, Pang et al. found in a
mouse breast cancer model that the application of hesperidin (30 mg/day) decreased the
metastasis number and CTC count by approximately half [204].
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In addition, the decrease in d-dimer (a product of fibrin degradation and the end prod-
uct of coagulation activation) and thrombin (conversion of fibrinogen to fibrin) generation
induced by isoquercetin [422] also suggest an effect against CTCs. Kirwan et al. reported
that in metastatic breast cancer, hypercoagulability markers (d-dimer) are associated with
higher lethality (44% versus 19%; 1 year after the start of the study) for patients with
CTCs (> 1) [425]. In breast cancer and glioblastoma cell lines, thrombin induces higher
proliferation, expression of angiogenetic proteins (Twist and Gro-α), and migration [426].
Levitan et al. found that thromboembolic diseases are strongly associated with malignancy
(in 90% of patients with metastasis) [427].

Another consideration is the effects of curcuminoids and flavonoids on the immune
system. Basak et al. reported that the application of turmeric extracts (curcuminoids)
led to an increase in CD4+ T and CD8+ T cells in the tumour tissue of patients with oral
cancer [410]. Similarly, curcumin was found to induce the conversion of Treg cells into Th1
cells and increase IFN-γ in patients with lung or colon cancer [154,216]. In breast cancer
patients, higher Treg cell levels were associated with higher CTC abundance, and higher
CD8+ T cell and IFN-γ levels negatively correlated with CTC count [199,201].

The above results suggest that curcuminoids and flavonoids are potential agents for
targeting CTC spread and metastasis formation. Nevertheless, MICY therapy design is
still in the preliminary stages, and numerous animal and clinical studies are needed for
its evaluation.

6. Conclusions

CTCs are a potential biomarker for NSCLC diagnosis and play key roles in tumour
spread. Numerous clinical studies have shown a negative correlation between the level
of CTCs in blood and therapeutic prognosis indicators (mainly OS and PFS). This review
shows the potential utility of CTC parameters for obtaining information, such as protein
expression and gene mutations (PD-L1 and EGFR, respectively), about primary tumours
and metastases and the applicability of such information for the management and design of
therapy. The effects of these promising, low-toxicity natural agents (curcuminoids, mainly
curcumin and flavonoids) with mechanisms affecting the genesis and spread of cancers
were presented and discussed. The cited high-impact studies imply high potential and
applicability of CTC targeting in NSCLC treatment.
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Abstract: Three-dimensional (3D) cell culture systems mimic the structural complexity of the tissue

microenvironment and are gaining increasing importance as they resemble the extracellular matrix

(ECM)–cell and cell–cell physical interactions occurring in vivo. Several scaffold-based culture

systems have been already proposed as valuable tools for large-scale production of spheroids, but

they often suffer of poor reproducibility or high costs of production. In this work, we present a

reliable 3D culture system based on collagen I-blended agarose hydrogels and show how the variation

in the agarose percentage affects the physical and mechanical properties of the resulting hydrogel.

The influence of the different physical and mechanical properties of the blended hydrogels on the

growth, size, morphology, and cell motility of the spheroids obtained by culturing three different

breast cancer cell lines (MCF-7, MDA-MB-361, and MDA-MB-231) was also evaluated. As proof of

concept, the cisplatin penetration and its cytotoxic effect on the tumor spheroids as function of the

hydrogel stiffness were also investigated. Noteworthily, the possibility to recover the spheroids from

the hydrogels for further processing and other biological studies has been considered. This feature,

in addition to the ease of preparation, the lack of cross-linking chemistry and the high reproducibility,

makes this hydrogel a reliable biomimetic matrix for the growth of 3D cell structures.

Keywords: spheroids; tumoroids; hydrogel; collagen; agarose; mammary spheroids; tissue engineer-

ing; breast cancer; cisplatin; cancer therapy

1. Introduction

Three-dimensional (3D) cell culture models, such as multicellular spheroids and
organoids, have been demonstrated to mimic several biological processes in vitro much
better than monolayer cell cultures [1,2]. There are essentially two methods to produce
uniform-size multicellular spheroids: scaffold free, in which cells are prevented from
adhering to the substrate but not to each other, thus forming spheroids, and scaffold- or
matrix-based, in which cells are embedded into a three-dimensional biomaterial, such as a
hydrogel [3]. The latter has the advantage of providing a physical structure comparable,
in terms of stiffness and viscoelasticity, to the in vivo extracellular matrix (ECM), thus
being able to reproduce not only cell–cell interactions, but also cell–matrix interplays
directly related to phenomena associated with cell growth (cell fate), such as cytoskeletal
organization, gene expression, nutrients diffusion, pH, and hypoxia [4]. This makes matrix-
based spheroids extremely important for studying solid tumors microenvironment and
their response to drug treatments [5].
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Among 3D biomaterials, hydrogels of complex biological origin have been used in
many studies [6–8]. The most common are Matrigel™, derived from Engelbreth-Holm-
Swarm mouse tumor sarcoma, and other basement membrane-rich matrices. These hy-
drogels contain matrix membrane proteins, hormones, and soluble growth factors whose
composition may vary among different batches. This aspect limits severely their use
because, although they allow for the growth of spheroids, the batch-to-batch variability
can alter cell culture systems and experimental results. Thus, simpler hydrogels, without
hormones and growth factors, able to maximize reproducibility and offering the possibility
to tune biochemical as well as mechanical properties, have been considered for growing
spheroids. Hydrogels with these features are made of natural, synthetic, or hybrid materi-
als, such as alginate, agarose, collagen, hyaluronic acid, and polyethylene glycol [1,9].

Among them, agarose is an inert, inexpensive, and easily available linear polysaccha-
ride derived from red marine algae and consisting of alternating units of D-galactose and
3,6-anhydro-α-L-galactopyranose joined by α-1,3- and β-1,4-linkages. It possesses excellent
biocompatibility, optimal gelling features, and tuneable mechanical properties that boosted
its use as biomaterial for the manufacturing of tissue engineering scaffolds [10,11]. In
addition, thanks to the ease of preparation, it has been recently exploited as non-adhesive
and micromolded substrate for the growth of tumor spheroids based on multicellular
aggregation [12,13]. Nevertheless, due to its poor bioadhesivity, its use as ECM-mimicking
material is very limited.

On the other hand, type I collagen is the main protein component of the ECM in mam-
mals. The presence of cellular binding sites (e.g., the “RGD” and “GxOGER” sequence,
where “R” is arginine, “G” is glycine, “D” is aspartate, “O” is hydroxyproline, “E” is
glutamate, and “x” is a hydrophobic amino acid) that promote cell adhesion, proliferation,
and signalling makes collagen highly bioactive and suitable for the development of biocom-
patible hydrogels [14–17]. In addition, collagen plays a crucial role in tumor progression
and invasion [18]. Nevertheless, it suffers of poor mechanical properties, limited stability
over time, and high costs [19]. In this sense, blended hydrogels composed of agarose and
collagen combine the mechanical properties of the former and the biomimetic nature of
the latter.

As far as we know, only one study described the use of hydrogels containing agarose
and collagen, as well as alginate, as matrices for producing tumor spheroids and their
viability was monitored up to 14 days [20]. In addition, two studies described the use of
agarose–collagen blended hydrogels to unravel the effects of biophysical cues on cellular
mechanobiology of 2D intervertebral disc cells [21] and previously prepared glioblastoma
spheroids [22]. Both works highlighted the crucial role of the hydrogel stiffness and
adhesivity as driving forces that modulate the cell plasticity and connect the biological
functionality to the surrounding physical stimuli. In living tissues, the stiffness ranges
from few tens of Pa in intestinal mucus to GPa in bones, and variations of the mechanical
properties are typically associated with cancer development and other diseases [23]. In the
case of breast cancer, the stiffness has been shown to increase from hundreds of Pa to a few
kPa when the normal tissue undergoes tumor transformation, due to the remodeling of the
ECM [24].

Therefore, artificial matrices mimicking the physical properties of the naïve tumor
environment can facilitate the study of the behaviour of 3D tumors in vitro and predict
their response to modifications of the mechanical cues or to drug treatments, as it occurs
during cancer progression and metastasis [4].

In this work, we developed collagen hydrogels blended with variable amounts of
agarose (from 0.5% to 0.125%) and we investigated the possibility to grow within them
tumor spheroids of three different breast cancer cell lines, i.e., the luminal estrogen receptor
positive cells, MCF-7 and MDA-MB-361, and the triple negative model, MDA-MB-231.
The physical properties of the matrices were analyzed in detail and the morphological
characteristics of the spheroids were correlated over time to the hydrogel features. Prelim-
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inary drug testing studies with cisplatin and the possibility to recover the spheroids for
additional studies were also evaluated.

2. Materials and Methods

Soluble type I collagen from calf skin was purchased from Symatese (Chaponost,
France). Agarose, β-agarase from Pseudomonas atlantica, FITC-labeled hyaluronic acid,
transferrin-TRITC, cisplatin, Dulbecco’s Modified Eagle Medium high glucose (DMEM),
fetal bovine serum (FBS), penicillin and streptomycin were purchased from Sigma–Aldrich
(Milan, Italy). Live/dead assay and MitoTracker Red CMXRos were purchased from
Thermo Fisher (Rodano, Italy). Ultrapure grade water with a conductivity of 18.2 MΩ cm
was used in all experiments. All chemicals were used as received.

2.1. Preparation of the Hydrogels

Agarose was dissolved in sterile phosphate-buffered saline (PBS, pH 7.4) to obtain a
1% (w/v) stock solution by heating on a hot plate. An aqueous suspension of 0.1% (w/v)
type I collagen was obtained by slowly hydrating collagen flakes in distilled water for
3 h, under magnetic stirring at 4 ◦C. The blended hydrogels were prepared inside the
wells of a 24 well plate, and each well was loaded to a final volume of 1 mL. In detail,
the warm agarose solution (at around 45 ◦C, the gel point is at 36 ◦C) was added to the
collagen suspension to obtain 3 different final concentrations, 0.5%, 0.25%, and 0.125%.
The starting collagen solution was always diluted to 0.02% in the final blend. The mixture
in each well was gently stirred with a glass rod and allowed to gel at room temperature.
The gelation time varied from 30 s, in the case of hydrogels containing 0.5% agarose, up to
10 min, for those with 0.125% agarose. The gelation time was longer (up to 20 min) when
the cells were embedded into the hydrogel, as all the preparation steps were carried out
at 37 ◦C. All the glassware was sterilized in an autoclave before use, and the preparation
of the hydrogels was carried out under a laminar flow hood. The preparation scheme is
summarized in Figure S1.

2.2. Characterization of the Hydrogels

2.2.1. Scanning Electron Microscopy (SEM)

Surface morphology and porosity of the hydrogels were investigated by using SEM
imaging techniques. SEM images were recorded with a Carl Zeiss–Merlin field emis-
sion scanning electron microscope (Carl Zeiss, Oberkochen, Germany) equipped with a
Gemini column and integrated with high efficiency in-lens and SE2 detectors, for high
spatial/depth-of-field resolution secondary electrons (SE) imaging of surface structure and
topography. The microscope was used in high vacuum and high-resolution acquisition
mode and the images were recorded at an accelerating voltage of 5 kV and a few seconds
frame-integration time, in order to minimize charging effects and sample damage. The
hydrogels were cut, frozen, and lyophilized before imaging. The pore size was determined
by measuring 50 random pores followed by statistical analysis using ImageJ software (NIH,
Bethesda, MD, USA).

2.2.2. Stability Test

The analysis was carried out keeping the hydrogels at 37 ◦C either in PBS or DMEM,
and the samples were weighted at determined time points (up to 14 days). The stability of
the hydrogels was then calculated as residual weight percentage:

Rw% =

w − w0

w0
× 100%

where w0 is the starting weight of the hydrogel at t = 0, and w is the weight at each
time point.
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2.2.3. Swelling Behavior

The swelling property of the hydrogels was determined by using a conventional
gravimetric method [25]. Briefly, the dry weight of hydrogels was recorded before soaking
them in PBS at 37 ◦C. The swelled weight of hydrogels was then measured at various time
points, up to 48 h. The swelling behaviour was estimated as the percentage of the swelling
ratio using the following equation:

Sr% =

ws − wd

wd
× 100%

where wd is the dry weight of the hydrogel and ws is the wet weight after hydration in PBS.

2.2.4. Collagen Release

The agarose–collagen (A-C) hydrogels were kept in PBS at 37 ◦C and the volume of
buffer (equal to 1 mL) was collected at determined time intervals to estimate the protein
content via bicinchoninic acid (BCA) assay [26]. A calibration curve was set using collagen
solutions at known concentrations. For each time interval, a blank sample (i.e., the PBS
collected from agarose hydrogels prepared without collagen) was also measured.

2.2.5. Fourier-Transform Infrared (FTIR) Spectroscopy

FT-IR spectra were recorded in transmittance mode on a Jasco 6300 spectrometer
(Jasco Corp., Tokyo, Japan) between 4000 and 500 cm−1 with 40 scans and a resolution of
4 cm−1 and analyzed with the Spectra Manager software (Jasco). The measurements were
performed by directly depositing the hydrogels onto the ATR crystal. The spectrum of each
sample was acquired against a background obtained with the crystal without any sample.
All analyses were carried out at room temperature.

2.2.6. Mechanical Compression Test

The effect of the agarose concentration on the Young’s modulus of the A-C hydrogels
was evaluated by uniaxial compression test. The correlation with time and temperature
was also investigated. Briefly, the samples were incubated in PBS at 37 ◦C in a humidified
atmosphere with 5% CO2. Cylinders of 8 mm were punched out and loaded into the
testing chamber at fixed time points (0, 1, 4, and 8 days). All tests were performed with a
universal ZwickiLine (Zwick Roell, Ulm, Germany) testing machine fitted with 10 N load
cell. Loaded samples were hydrated in PBS at 37 ◦C and subjected to compression with a
displacement rate of 0.01 mm/s, until 80% strain [27,28]. The compressive modulus was
calculated by linear fitting between 2% and 10% of strain of the stress-strain curve. The test
was performed in triplicate for each sample type and time point.

2.2.7. Diffusion Test

PBS solutions containing either FITC-labeled hyaluronic acid (10 kDa molecular
weight) or transferrin-TRITC (80 kDa molecular weight) at known concentration were
prepared and deposited over the A-C hydrogels. The photoluminescence signal of the
loaded solutions was recorded over time and the resulting concentration was extrapolated
from the calibration curve of the corresponding standard staining solution. The diffusivity
of the two molecules within the hydrogels was assessed determining the ratio between
the concentration of the fluorescent molecule (either hyaluronic acid or transferrin) at the
analyzed time point and that measured in free PBS.

2.2.8. Drug Diffusion Test

1 mL of cisplatin solution (100 µM in PBS) was loaded above 1 mL of either 0.25–0.02%
or 0.125–0.025% A-C hydrogels. Five time points (1, 2, 4, 8, and 24 h) were set and three
duplicates for each time point and type of hydrogel were defined. The hydrogels were
incubated at 37 ◦C. The cisplatin solution was withdrawn at the determined time points and
the hydrogel was frozen before being lyophilized. Soon after, the samples were digested
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overnight in 65% nitric acid and the amount of Pt was estimated via elemental analysis
using an Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES) Varian
720-ES (Santa Clara, CA, USA).

2.3. Tumor Spheroid Preparation and Characterization

Human tumor cells were purchased from the American Type Culture Collection
(ATCC). The human breast cancer cell lines, i.e., MCF-7, MDA-MB-361, and MDA-MB-231,
and the human neuroblastoma SH-SY5Y cells were cultured as 2D monolayers in DMEM
medium (4500 mg/L glucose) supplemented with 10% FBS, 100 U/mL penicillin, and
100 µg/mL streptomycin at 37 ◦C in an atmosphere of 5% CO2.

The cells were trypsinized, counted and added to the hydrogels at a density of
2.5 × 104 cells/mL in complete growth medium. The cell suspension containing agarose
and collagen was let to gel into the well plate. As an example, to prepare 1 mL of 0.25–0.02%
A-C hydrogel, 250 µL of 1% agarose solution in PBS was added to 750 µL of a cellular
suspension containing 200 µL of 0.1% collagen solution. After gelation, 1 mL of DMEM was
added over the cell-embedded hydrogels before transferring the plate into the incubator.
The medium was changed every 4 days.

Morphological Analysis of the Tumor Spheroids

The morphological characteristics of spheroids, including their diameter and shape,
were determined by optical analysis using a EVOS XL Cell Imaging System microscope
(Thermo Fisher, Waltham, MA, USA). The progressively developing spheroids were ob-
served at 24 h intervals. The mean diameter of the 3D structures was calculated by using
ImageJ Software (1.48 v).

For the SEM imaging, the tumor spheroids embedded within the hydrogels were
fixed overnight with glutaraldehyde (2.5%) in cacodylate buffer (0.1 M) at 4 ◦C. The
fixed specimens were washed three times with PBS and then 1% osmium tetroxide in a
cacodylate buffer was added. After 6 h, the samples were washed three times with PBS, cut
and lyophilized. Finally, the as-prepared samples were transferred to the SEM microscope
for imaging. The operating conditions of the microscope were the same as those used for
imaging the hydrogels.

2.4. Cellular Assays

2.4.1. Live/Dead Assay

Viability of spheroids was investigated by using a live/dead assay kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Briefly, the activity of intracellular esterase induces
non-fluorescent, cell-permeant calcein acetoxymethyl ester to become fluorescent after
hydrolysis, giving a green fluorescence to the viable spheroids. On the other hand, ethidium
homodimer enters and binds to nucleic acids only into damaged cells, producing a red
fluorescence that indicates dead cells. The assay was performed at three time points to
monitor the viability of the spheroids during their growth. In detail, the medium was
removed from the plates containing the spheroids-embedded hydrogels and the samples
were washed twice with PBS. A phosphate buffer solution containing calcein and ethidium
homodimer was then added, and the plate was kept in incubation at 37 ◦C for 1 h. Finally,
the solution was replaced with fresh PBS before imaging the samples under a Fluorescence
Microscope (EVOS FLoid Cell Imaging Station, ThermoFisher, Waltham, MA, USA).

2.4.2. Mitochondria Toxicity Assay

MitoTracker Red from Life Technologies was dissolved in PBS and added to the hy-
drogel containing the spheroids at the 5th day of growth (working concentration: 250 nM).
The samples were kept in incubation for 1 h at 37 ◦C and then imaged under a Fluorescence
Microscope (EVOS FLoid Cell Imaging Station, ThermoFisher, Waltham, MA, USA).
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2.4.3. Cisplatin Treatment

MCF-7 spheroids were grown in 0.25–0.02% and 0.125–0.02% A-C hydrogels up
to 12 days. A DMSO solution of cisplatin was then added to the spheroids-embedded
hydrogels to reach a final concentration of 100 µM. After 24 h incubation, the medium was
removed and the hydrogels were carefully rinsed with fresh medium before performing
the live/dead assay (ThermoFisher), as already reported.

2.5. Immunofluorescence Microscopy Analysis

After 5 days of growth within the hydrogels, the spheroids were fixed with ice-
cold 4% paraformaldehyde for 30 min. Then, the spheroids were washed twice with
PBS and incubated overnight with a mouse anti-E-cadherin (E-cad; Santa Cruz, sc-8426)
antibody, according to the manufacturer’s protocol (1:1000 dilution in PBS). Subsequently,
the samples were incubated with an anti-mouse Alexa Fluor 488 (AF488) conjugated
secondary antibody (Cell Signaling). The images of fluorescently labeled proteins were
captured using a fluorescence microscope (Leica LMD7000, Mannheim, Germany).

2.6. Enzymatic Digestion of Agarose for Spheroids Recovery

0.25–0.02% and 0.125–0.02% A-C hydrogels containing MCF-7 spheroids at different
days of growth were incubated with 40 U of β-agarase from Pseudomonas atlantica and
incubated overnight at 37 ◦C. The supernatant was then collected and observed under an
optical microscope to visualize the presence of floating spheroids. Soon after, the spheroids
were fixed with 4% paraformaldehyde and stained with 4′,6-diamidino-2-phenylindole
(DAPI). The labeled structures were imaged under a fluorescence microscope (EVOS FLoid
Cell Imaging Station, ThermoFisher, Waltham, MA, USA).

2.7. Ultrastructural Analysis of the Recovered Spheroids

The spheroids recovered from the hydrogels were fixed with glutaraldehyde (2.5%)
in cacodylate buffer (0.1 M) at 4 ◦C for 1 h. The fixed specimens were washed three times
with the same buffer, and 1% osmium tetroxide in a cacodylate buffer was added for 1 h.
The cells were then washed again and dehydrated with 25%, 50%, 75%, and 100% acetone.
Two steps of infiltration in a mixture of resin/acetone (1/1 and 2/1 ratios) were performed,
and then the specimens were embedded in 100% resin at 60 ◦C for 48 h. Ultrathin sections
(70 nm thick) were cut with an Ultramicrotome and then stained with lead citrate. TEM
images were recorded on a JEOL Jem1011 microscope operating at an accelerating voltage
of 100 kV (Tokyo, Japan).

2.8. Statistical Analysis

All data represent the average value of at least three independent experiments, un-
less otherwise specified. Normally distributed data was compared with a two-tailed
Student’s t-test.

3. Results

3.1. Agarose–Collagen Hydrogels: Preparation and Characterization

Three agarose–collagen (A-C) hydrogels with different weight ratios were tested in
this study. The collagen amount was kept constant to 0.02% in all the hydrogel formulations
because it was already proven to be sufficient to provide enough anchoring sites to the
embedded cells [22]. On the other hand, the amount of agarose, that confers the structural
support, was varied from 0.5% to 0.125% to evaluate its impact on the biophysical properties
of the hydrogel and, consequently, its effect on the cellular spheroids development. To
prepare the hydrogels without denaturing the collagen and causing cell death, the agarose
solution was first heated until boiling (100 ◦C) to dissolve the polysaccharide, and then
cooled down to 45 ◦C. At this point, since gelation of pure agarose occurs at around 36 ◦C,
it was rapidly mixed with collagen and the cell suspension (Figure S1).
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The SEM images of the resulting hydrogels showed that, by decreasing the agarose per-
centage, the porosity of the structure increases significantly, also appearing less
compact (Figure 1).

–
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–

– –

 

Figure 1. SEM images at lower (a,c,e) and higher (b,d,f) magnification of the A-C hydrogels with

different agarose concentration: (a,b) 0.5%; (c,d) 0.25%; (e,f) 0.125%, respectively. Type I collagen is

always 0.02%. Scale bar is 100 µm.

In fact, the higher percentage of water in the 0.125–0.02% A-C hydrogel makes the
dry structure very brittle, displaying pores with a mean size of 71 ± 14 µm that are
quite uniform and interconnected (Figure 1e,f). Although the measure of the pore size
of a dry structure cannot be considered realistic, it still provides a good estimation of
the 3D organization of the hydrogels. The number of pores is smaller in the 0.25–0.02%
and 0.5–0.02% A-C hydrogels, while the average pore size appears to be slightly larger
(81 ± 21 and 87 ± 25 µm, respectively, Figure 1a–d). The higher turgidity and compactness
of the hydrogels with higher percentage of agarose is also evident at a macroscopic level,
where the 0.25–0.02% and 0.5–0.02% A-C hydrogels appeared self-standing, while that with
0.125% agarose did not (bottom panel of Figure S1).

FTIR spectroscopy was performed on the hydrogels to investigate whether collagen,
despite the low percentage amount used, was detectable on the outer surface of the
hydrogels. To this aim, the analysis was performed directly on the synthetized hydrogels
deposited on the ATR crystal, without any further manipulation (Figure 2a).
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Figure 2. (a) FTIR spectra of agarose (green curve), collagen (pink curve), and 0.25–0.02% A-C (red curve) hydrogels. (b)

Swelling behavior of the A-C hydrogels kept for 2 days in PBS at 37 ◦C. (c,d) Degradation curves up to 2 weeks of the A-C

hydrogels either in PBS (c) or in DMEM (d). Diffusion tests performed up to one week with hyaluronic acid-FITC (e) and

transferrin-TRITC (f).

Pure agarose hydrogel (0.25% w/v) was recorded as reference (light green line in
Figure 2a), showing the typical signals at 988 and 1076 cm−1, relative to the C–H bending
and to the C–O stretching of the glycosidic bonds, and two broad peaks at 1656 and
3421 cm−1, characteristic of the stretching of the H–O–H bound water and of the O–H
hydrogen bonded carbohydrate hydroxylic groups, respectively [29]. Two broad peaks
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were also observed in the pure collagen hydrogel at about 3328 and 1645 cm−1 for the amide
C=O and N–H stretching, respectively (pink line in Figure 2a). Additional smaller signals
were detected at 1051 cm−1 for the C-OH stretching vibrations of carbohydrate moieties
attached to the protein [30]. The FTIR spectrum of the blend 0.25–0.02% A-C hydrogel (red
curve of Figure 2a) showed all the peaks characteristic of the pure compounds, i.e., smaller
signals at 989 and 1079 cm−1, with a small side-bump at 1045 cm−1, and much broader
peaks at 1649 and 3464 cm−1. Interestingly, while the last two peaks had similar intensity
in pure collagen, a much higher intensity of the signal at lower frequencies was observed
in pure agarose as well as in the blend hydrogel. As expected, no significant differences
were observed in the spectra of the other two blend hydrogels (data not shown).

A critical feature of polymeric hydrogel is their capability to absorb and retain water,
i.e., their swelling behavior. This property depends on many factors, such as network
density, solvent used, and non-covalent interactions among all the components. In this case,
the hydrogels containing 0.5% and 0.25% agarose showed a similar trend with a swelling
ratio of about 20 and 25 times at t0 and a maximum swelling of about 27 and 30 times after
24 h in PBS, respectively (Figure 2b). These data are in accordance with those reported
in the literature [31]. On the other hand, the ability to absorb water of the hydrogel with
0.125% agarose was considerably lower, with a swelling ratio of about 5 times at t0 and 7
after 24 h. Thus, there appears to be a critical threshold of agarose percentage below which
the physical properties of the hydrogel are dramatically altered.

The stability over time of the three formulations was also investigated by measuring
the percentage residual weight at 37 ◦C up to two weeks. The 0.5–0.02% and 0.25–0.02%
A-C hydrogels were shown to be quite stable and lost around 10% and 15% of their weight
after 14 days of incubation in PBS (Figure 2c) and DMEM (Figure 2d), respectively. On the
other hand, the 0.125–0.02% A-C hydrogel showed a maximum of degradation close to
40% after 2 weeks in both incubation media. In parallel, the amount of collagen potentially
released was estimated through the BCA assay (Figure S2). To this aim, the A-C hydrogels
were kept in PBS at 37 ◦C and the volume of solvent collected and renewed every 24 h up
to 14 days. Some collagen release was detected in all hydrogels, although to a higher extent
and with a quicker trend in those with a lower agarose content. The overall percentage
amount of collagen leaked after 2 weeks was equal to 50%, 27%, and 8% of the whole
collagen present in the hydrogels containing 0.125%, 0.25%, and 0.5% agarose, respectively.
This loss, together with the less compact texture of the 0.125–0.02% A-C hydrogel, would
explain the higher degradation of this matrix.

A further parameter that deserves investigation is the capability of a hydrogel to allow
the diffusion throughout the matrix of biomolecules and nutrients, such as growth factors
and serum proteins having molecular weight of several tens of kDa. To this aim, a diffusion
test was performed by using two fluorescent probes, FITC-conjugated hyaluronic acid
and transferrin-TRITC, with a MW of around 10 and 80 kDa, respectively. Once loaded
onto the three hydrogel formulations, the variation of concentration of the feeding solution
was monitored over time and reported versus the diffusion in pure PBS. Hyaluronic acid
diffused rapidly into the softest hydrogel, reaching 100% diffusion after 72 h (Figure 2e).
The other two hydrogels performed similarly but with a more gradual diffusion that
decreased by increasing the percentage of agarose, reaching a maximum of 82% and 75%
after one week, respectively. On the other hand, transferrin-TRITC spread much more
slowly, reaching after 24 h a diffusion value of almost 48% in the case of the 0.125–0.02%
A-C hydrogel, while it was close to 10% in the case of the other two blends (Figure 2f).
Noteworthily, after one week the diffusivity did not exceed 50% even in the softest matrix.

The structural properties of the A-C samples were also evaluated by mean of com-
pression test under physiological-like conditions showing how the agarose concentration
deeply affects the hydrogels’ mechanical properties (Figure 3a).
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 Figure 3. (a) Representative stress-strain curves of the A-C hydrogels subjected to unconfined compression with a dis-

placement rate of 0.01 mm/s, until 80% strain. (b) Compressive moduli of the A-C hydrogels after 0, 1, 4, and 8 days of

incubation in PBS at 37 ◦C, in humified atmosphere with 5% CO2.

In fact, an increase in the agarose concentration corresponded to an increase in the
compressibility modulus. As expected, the 0.5–0.02% ratio showed the highest E modulus
(5.7 ± 0.5 kPa), followed by the 0.25–0.02% (1.6 ± 0.4 kPa) (p = 0.0004) and the 0.125–0.02%
(0.7 ± 0.2 kPa) (p = 0.0001) ones. A minor but still significant difference was found between
the 0.25–0.02% and the 0.125–0.02% ratios (p = 0.03). In order to correlate degradation
resistance to structural stability over time, the mechanical performances of the hydrogels
were evaluated after 0, 1, 4, and 8 days of incubation in physiological-like conditions (PBS at
pH 7.4, 37 ◦C, humified atmosphere with 5% CO2). While the 0.125–0.02% hydrogel could
not be tested over time due to its low consistence, the 0.5–0.02% and the 0.25–0.02% blends
retained their structural integrity until the 8th day of measure. As shown in Figure 3b, no
significant changes in the E modulus were registered in the case of the 0.5–0.02% and the
0.25–0.02% hydrogels. These data are in accordance with those obtained by the degradation
tests, in which a minimum weight loss was recorded.

3.2. Growth of Mammary Spheroids in A-C Hydrogels

One of the major advantages of hydrogels is their ability to provide more realistic
3D models for in vitro studies. In this study, we generated mammary spheroids from
three different breast cancer cell lines, i.e., two luminal estrogen receptor positive cells
(MCF-7 and MDA-MB-361) and a triple negative model (MDA-MB-231) for comparative
analysis. The cells were seeded at the density of 2.5 × 104 per mL inside the three types of
hydrogels and time course studies (up to 14 days) were performed to monitor the process of
multicellular spheroid formation. MCF-7 and MDA-MB-361 successfully formed spheroids
in all the three types of hydrogels. On the other hand, MDA-MB-231 cells replicated during
the first days, but they were not able to reach a defined 3D organization, thus not forming
spheroids in any of the hydrogel conditions (Figure S3). It is worth to report that no
multicellular spheroid formation was observed by culturing the three cell lines in 0.02%
pure collagen, while the spheroids started to grow in the case of pure agarose hydrogel,
but they underwent senescence after few days (data not shown).

As reported, MCF-7 and MDA-MB-361 cells formed spheroids in the three blends,
but the size and the morphology of the 3D structures were different depending on the
experimental conditions. In particular, the spheroids grown in the stiffest hydrogel were
spherical but smaller (Figure S4) than those grown in softer conditions (Figure 4), especially
in the case of MDA-MB-361 cells.
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Figure 4. Optical images (a,b) and average size (c,d) of the spheroids obtained with MCF-7 and MDA-MB-361 cells grown

up to 14 days either in 0.25–0.02% (a,c) or 0.125–0.02% (b,d) A-C hydrogels. Scale bar is 100 µm.

This effect is more evident as the 3D structure progressively grows over time: the
average size of MDA-MB-361 derived spheroids after 12 days grown in hydrogels with
0.5% agarose was around 63.1 ± 7.8 µm, while it reached 81.3 ± 6.3 µm and 94.7 ± 9.5 µm
in 0.25–0.02% and 0.125–0.02% A-C hydrogels, respectively (Table S1). In the case of
MCF-7 cells, the size gap was of about 7 and 27 µm respectively, being the spheroids in
the hydrogels with 0.5% agarose about 64 µm large after 12 days, while they reached a
diameter of about 70 µm in the 0.25–0.02% A-C hydrogel and about 91 µm in the softest
one (Table S1). The images in Figure 4 clearly evidence how the 3D structures evolved
over time from a single cell to more complex aggregates, but the growth curves showed
that while the spheroids in the hydrogel with 0.25% agarose reached a growth plateau
after 14 days, they still displayed a positive growth trend in the softest environment. In
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fact, the spheroids in the softest matrix continued to grow exceeding the 100 µm diameter
in both cell lines after 28 days. On the other hand, the spheroids in the 0.25–0.02% A-C
hydrogel stopped their growth and, after 2 weeks, they started to shrink and exhibited a
dark intracellular substance. In this sense, it appears that the softest hydrogel is capable of
sustaining the spheroids’ growth for longer time although, especially in the case of MCF-7,
they displayed irregular contours and looser structure [32,33]. As a general consideration,
we observed that MCF-7 cells could tolerate stiffer environments as compared to MDA-
MB-361, as confirmed by the fact that they also generated small spheroids in hydrogels
with 1% agarose (Figure S5), while MDA-MB-361 did not.

In conclusion, the hydrogel stiffness and the matrix composition regulated the spheroids
growth and morphology and, more interestingly, they affected the local migration of the
outer cells. In fact, only the softest matrix was able to induce protrusion of cells from the
outer layer and their local dissemination (Figure 5).

–
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Figure 5. Optical images of the tumor spheroids obtained by MCF-7 and MDA-MB-361 cells after

growing for 8 days in either 0.125–0.02% (top) or 0.25–0.02% A-C hydrogels (bottom). The red arrows

point to the cells disseminated by the spheroids grown in the soft matrix. Scale bar is 100 µm.

As already stated, the motility of these cells depends on the interaction with the
microenvironment, mainly with collagen [21,34]. It is likely that the less dense hydrogel
facilitates the protrusive behavior, also facilitating contact with the collagen anchoring
points for the spatial dissemination of the cells. On the other hand, the reduced migration of
the outer cells in the hydrogels with 0.25% agarose should be related to the tighter pressure
that the matrix exerts on the cells, leading, as already described, to more compact spheroids.

Based on these observations and with the aim to study the effects of the mechanical
features of the environment on the tumoroids features, the following analyses were carried
out comparing the two conditions (0.25% and 0.125% agarose-based hydrogels) in which
both cell lines were able to form healthy and stable spheroids up to two weeks.
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3.3. Mammary Spheroids Viability and Epithelial Markers Expression

The viability of the spheroids obtained from the MCF-7 and MDA-MB-361 cell lines in
both type of hydrogels was investigated through a live/dead fluorescence assay (Figure S6).
The homogeneous green fluorescence evidenced that all the cells in the spheroids were
viable after 8 days; while few red spots were already visible after 14 days in the 3D structure
grown in the matrix with 0.25% agarose, showing their initial aging. On the other hand, the
spheroids embedded in the 0.125–0.02% A-C hydrogel resulted absolutely viable. These
data are in accordance with the previous analysis of the growth curves of the 3D structures
in the two systems (Figure 4). To further confirm this trend, the assay was also performed
after 28 days. Notably, while the spheroids grown in the 0.125% agarose-based hydrogels
were still viable, those prepared in the stiffer matrix were dead. Furthermore, MitoTracker
red, an indicator of mitochondrial membrane potential able to selectively stain active
mitochondria, was used to gain information on the mitochondrial function (Figure 6).

–

 

Figure 6. Mitochondrial labeling with MitoTracker red of living spheroids of MCF-7 and MBA-MB-

361 cells after 5 days of growth. Scale bar is 50 µm.

MitoTracker staining showed the presence of active mitochondria in the periphery as
well as in the center of the spheroids.

The expression of E-cadherin, a typical epithelial marker in 3D spheroids, was then
determined by immunofluorescence, clearly showing that the mammary spheroids main-
tained the expression of the transmembrane glycoprotein and evidencing the presence
of tight cell–cell interactions, both typical features of an epithelial phenotype (Figure 7).
Similar results were obtained with the 0.125–0.02% A-C hydrogel for both MitoTracker and
E-cadherin staining (data not shown).
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Figure 7. Staining of E-cadherin in cellular spheroids of MCF-7 and MBA-MB-361 after 5 days of

growth in A-C hydrogels. Scale bars correspond to 58 µm.

The morphology of the MCF-7 spheroids grown for 12 days and their arrangement into
the 0.25–0.02% A-C hydrogel was also investigated by ultrastructural analysis, showing a
3D structure wrapped into the hydrogel matrix (Figure S7). The protrusion of the spheroids
from the hydrogel can be clearly appreciated and they can be compared to cocoons anchored
to a branch.

Overall, these data suggest that this type of hydrogel is a suitable approach for the
generation and growth of mammary spheroids.

3.4. Cisplatin Delivery to the Embedded Spheroids

To evaluate the exploitation of these 3D systems as a drug-screening platform, the
MCF-7 spheroids embedded either in the 0.25–0.02% or 0.125–0.02% A-C hydrogels were
treated with 100 µM cisplatin. This concentration was chosen in accordance with recently
published studies in which the drug response of hydrogel-embedded spheroids was as-
sayed [35–37]. In a preliminary experiment the diffusion time of cisplatin into the hydrogels
(without the spheroids) was determined via elemental analysis. As shown in Figure S8,
the drug diffusion was faster in the softer hydrogel, reaching a 100% rate (concentration
at the equilibrium) already after 2 h incubation at 37 ◦C. In the case of the 0.25–0.02%
A-C hydrogel, the maximum diffusion was detected after 8 h of incubation. Based on
these findings the incubation time of the spheroids with the drug was set at 24 h. After
drug treatment, the cell mortality was estimated by the live/dead assay: dead cells were
detected in the hydrogels administered with cisplatin, while control samples were brightly
green fluorescent (Figure 8).
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Figure 8. Live/dead assay performed with the MCF-7 spheroids embedded into the 0.25–0.02% (a) and 0.125–0.02% A-C

hydrogels (b) after 24 h incubation with 100 µM cisplatin. (c) Mean fluorescent intensity detected in the 0.25–0.02% (left) and

0.125–0.02% (right) A-C hydrogels. Green bars correspond to the fluorescence signal of calcein, while red bars to ethidium

homodimer, respectively. (* indicates p < 0.01 when comparing CTRL spheroids with cisplatin-treated spheroids in both

types of hydrogel. Statistical significance was assessed by t-test).
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The analysis of the distribution of the fluorescent pixels performed on 25 spheroids
for each type of sample evidenced that the difference between the number of dead cells
of the control and those of the drug-treated samples is statistically significant (p < 0.01)
(Figure 8, lower panel). This assay confirmed that the drug diffusion depends on the
agarose percentage amount, as the number of dead cells was higher in the hydrogel
containing 0.125% agarose. Interestingly, the structure of the spheroids was dramatically
altered if the samples, after 24 h incubation with the drug, were kept in fresh medium for
additional 5 days. A large number of dead cells detached from the spheroids and many
cellular debris were scattered in the matrix, while small residues of the 3D structures were
still visible (Figure S9). This effect was observed in both types of hydrogels after 5 days
post drug treatment.

3.5. Enzymatic Digestion of Agarose for Spheroids Recovery

To evaluate the possibility to recover the spheroids from the hydrogels for additional
processing and/or other biological studies, the blends with 0.25% and 0.125% agarose
containing MCF-7 spheroids at different days of growth were incubated with β-agarase
from Pseudomonas atlantica [38,39]. However, only the spheroids located in the outer layer
of the 0.25–0.02% A-C hydrogel were recovered after overnight incubation at 37 ◦C with
the enzyme (upper panels in Figure S10). Most of the hydrogel remained intact and the
spheroids continued to grow inside it as in control hydrogels not treated with agarase.
On the other hand, the overnight enzymatic treatment completely dissolved the hydrogel
containing 0.125% agarose, and all the spheroids could be recovered (lower panels of
Figure S10). Noteworthily, the stability test (Figure 2) already showed a higher degree of
spontaneous degradation of the hydrogel with 0.125% agarose compared to that higher
amount. Thus, the addition of agarase boosted the degradation process, leading to the
complete dissolution of the softer matrix. The morphology of the spheroids collected from
both types of hydrogels after agarase treatment was preserved even at different times
of growth, up to 12 days (Figure S10). The vitality of the recovered spheroids was also
confirmed by the live/dead assay (Figure S11) as well as by DAPI staining (Figure 9),
showing their suitability for further processing and study. Only a few free individual
cells could be observed, probably detached from the surface of the spheroids during the
centrifugation steps required by the staining protocol.

– –
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Figure 9. Cont.
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Figure 9. Optical images of MCF-7 spheroids grown in the 0.25–0.02% (upper panels) and 0.125–0.02% (lower panels) A-C

hydrogels, recovered after agarase treatment, fixed and stained with DAPI. Scale bars correspond to 100 µm.

Nevertheless, the spheroids preserved their shape, morphology, and vitality character-
istics, confirming their suitability for subsequent biological studies (Figure S11).

As proof of concept of the applicative potential of the recovered spheroids, they were
processed for ultrastructural imaging. The TEM images of Figure S12 show neighbour-
ing cells tightly connected through cellular junctions and cellular organelles typical of
metabolically active cells.

4. Discussion

In this work blended hydrogels composed of agarose (variable weight amount from
0.125% to 0.5%) and collagen (fixed weight amount equal to 0.02%) were prepared as
enabling matrices for the growth of 3D cellular structures. These hydrogels combine the
biomechanical properties of agarose and the bioadhesivity of collagen. The amount of
collagen is 6.25-, 12.5-, and 25-times lower than that of agarose, and the formation of the
hydrogel is probably to be ascribed mainly to agarose. In fact, although the self-assembling
capability of collagen molecules in vitro under physiological conditions is well known,
reconstituted collagen fibrils, that are held together by non-covalent interactions (hydrogen
bonding, hydrophobic and electrostatic interactions) are free to slide and do not form a
stable 3D network [40–42]. In addition, in preliminary experiments we have observed that
collagen itself does not go into the gel state under the same experimental conditions we
used to obtain the A-C hydrogels (data not shown). Thus, the gelation likely depends upon
the formation of intra- and inter-molecular hydrogen bonds in the agarose backbone at a
temperature lower than <40 ◦C, as elsewhere reported [43].

Although agarose and collagen have already been used to prepare hydrogels, they still
represent valuable candidates for creating and exploiting viable hydrogels because of their
biocompatibility and low cost. More complex hydrogel composed of expensive polymers
have been also developed for growing spheroids, but they suffer of limited availability and
high costs of the products. Furthermore, it is worth reminding that agarose gelation does
not require chemical crosslinking (whose residues would have effects on cell viability) and
occurs at temperatures compatible with cell growing conditions.

Here we suppose that the A-C hydrogel formulations combine the mechanical support
for 3D cell growth on the one hand, and the biomimetic component on the other. In
this sense, agarose acts as the structural backbone of the matrix while collagen provides
biological fingerprints for the growing 3D structures [20,32].

As expected, the characterization of the hydrogels evidenced that the agarose per-
centage governs the morphological, structural, and mechanical features of the matrix.
Reasonably, the greater the amount of agarose, the stiffer the hydrogel resulted. On the
other hand, the lowest agarose amount corresponded to the fastest hydrogel degradation
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and diffusion of the molecules through the matrix. The higher degree of degradation of
the softest hydrogel was also associated to a higher release of collagen. Thus, it can be
expected that a less compact hydrogel facilitates the release of collagen, as determined by
the protein quantification assay.

Similarly, the entry and movement of biomolecules through the blended hydrogels
appears to be associated to the agarose percentage. The bigger the biomolecule and
the stronger the type of non-covalent interactions it can establish with the matrix, the
slower they are and the lesser the total amount of molecules that may reach the cells
embedded into the matrix. In this sense, the hydrogel could act as a physical barrier to the
diffusive transport of specific nutrients and drugs to the spheroid, similarly to what occurs
in vivo [44].

The hydrogels were exploited for growing tumoroids from three breast cancer cell
lines, namely MCF-7, MDA-MB-361, and MDA-MB-231 cells. However, while MCF-7 and
MDA-MB-361 cells formed nice 3D structures, MDA-MB-231 cells, a triple negative breast
cell line, did not organize into any three-dimensional arrangement, in accordance with
previous findings [45,46], probably because of their lack of adherens junctions.

The spheroids generated by MCF-7 and MDA-MB-361 cells presented size and com-
pactness strictly related to the stiffness of the surrounding matrix, and thus to the percent-
age of agarose. Apparently, both breast cancer cells prefer hydrogels with a stiffness from
about 1.5 to 0.7 kPa, i.e., with a percentage of agarose equal or below 0.25%, while stiffer
matrices, such as that with 0.5% agarose, did not result suitable to support the growth of the
spheroids. A different tissue-specific tropism of the cellular models probably contributes to
this result. In fact, MCF-7 cells have a low metastatic potential and are not tissue-specific,
while MDA-MB-361 cells were derived from a brain metastasis and their growth on a
softer hydrogel could match their in vivo metastatic microenvironment. With the intent
to partially confirm this hypothesis, the 3D growth of a neural cell model was examined.
SH-SY5Y neuroblastoma cells generated spheroids in the 0.125–0.02% A-C hydrogel, while
in the stiffer matrix after a slow cellular duplication, the structures did not grow further
over time (Figure S13). As a general remark, SH-SY5Y spheroids reached larger diameters
(121.7 ± 14.2 µm) than those obtained with MCF-7 and MDA-MB-361 cells grown for
14 days in the same matrix (i.e., 98.3 ± 10.0 and 101.3 ± 11.4 µm, respectively), and this
heterogeneity could be probably related to the different origin of the cell line.

The live/dead assay and the mitochondrial staining showed that the spheroids are
viable up to 14 days in both types of hydrogels. Notably, the 3D cultures were monitored for
up to one-month, evidencing a continued growth of the spheroids in the softer hydrogel,
reaching an average size larger than 100 µm. On the other hand, the spheroids in the
0.25–0.02% A-C hydrogel stopped their growth after 2 weeks, resulting completely dead
after 4 weeks. This different behavior might be related to the tighter interactions between
the cells and the surrounding environment as the 3D structures grow over time, i.e., the
limited degradation and capability of the stiffer hydrogel to accommodate the spheroids
induced their slow aging and death.

These results confirm that soft agarose–collagen hydrogels allow for long-term spheroid
growth although cells derived from different tissues sense the change in stiffness of the
substrate and significantly modify their behavior. In this respect, it has been shown that
cells respond to ECM environment by regulating a plethora of transcription factors and
other signals that affect cytoskeleton, cellular uptake, and cell cycle, that in turn determine
their morphology, proliferation, differentiation, tumor invasion and metastasis [47–50].
Among them, it is worth mentioning the transmembrane glycoprotein E-cadherin that is
expressed in epithelial cells and connect them through lateral adherent junctions. It has
been demonstrated that the level of expression of E-cadherin represents a crucial feature in
cancer progression as it is involved in the epithelial-mesenchymal transition [51]. Loss of
E-cadherin expression is generally associated to a lack of intercellular contacts and to an
increased tumor cell invasiveness through the activation of signaling pathways that regu-
late metastatic progression [52]. E-cadherin expression is also associated to the formation
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of multicellular tumor spheroids, as already demonstrated [1]. Expression of E-cadherin
was also observed in the spheroids derived from MCF-7 and MDA-MB-361 cells, as shown
in Figure 7, confirming its importance in tumor development and progression, and the
suitability of these spheroids for mimicking natural tissues. This was also demonstrated by
successfully delivering a common chemotherapy drug, i.e., cisplatin, through the matrix.

In conclusion, as a general consideration from all the experiments performed, softer
hydrogels allowed for the establishment of long-term culture of large and irregular breast
tumor spheroids, while stiffer environmental conditions favored the growth of small and
compact 3D cell strictures viable for shorter periods (Figure S14). Finally, the possibility
to recover the tumoroids was demonstrated by treating the hydrogels with agarase. The
yield of the recovery process was quantitative and highly reproducible in the softest gel,
that already underwent partial spontaneous degradation, while in the matrix with 0.25%
agarose only a small percentage of 3D structures could be successfully recovered for
additional biological and biomolecular studies.

5. Conclusions

A simple (no crosslinking steps are required), cost-effective, and highly reproducible
method for the generation of tumor spheroids has been reported. The optical transparency
of the matrix facilitates the daily monitoring of the cellular growth and the morphological
variations due to drug testing. The procedure consists in wrapping individual tumor cells
in agarose hydrogels (with either 0.25% or 0.125% weight percentage) blended with 0.02%
collagen, where agarose reproduces the biomechanical features of the ECM, while collagen
provides the anchoring sites for the membrane proteins. The growth of tumoroids deriving
from three breast cancer cells lines was investigated in detail and compared. Interestingly,
one cell line, MDA-MB-231 did not form spheroids in any of the conditions employed,
while the other two lines, MCF-7 and MDA-MD-361, displayed quite similar behavior.

The variation in the agarose amount affected the physical and mechanical features of
the resulting hydrogel and the growth of the spheroids. In fact, the stiffer the hydrogel,
the more compact and slightly smaller the tumoroids resulted. Therefore, depending on
the type of tumoroids to be prepared and studied, the composition of the hydrogel can
be easily tuned. The growth of the spheroids was monitored for up to 2 weeks and the
qualitative analysis of their viability evidenced few dead cells only after 14 days.

Preliminary studies of drug testing with cisplatin showed that the blended hydrogels
allow for tracking the response of the spheroids to the drug administration. This aspect
makes the system potentially useful for routine drug screening.

Finally, the degradability of the hydrogels upon enzymatic treatment was demon-
strated, leading to complete recovery of the tumoroids in the case of the softest hydrogels,
while to a partial recovery in the hydrogel with 0.25% agarose. The possibility to recover
the spheroids is of a paramount importance as it enables further biomolecular studies
on the collected samples, showing the full potential of this cheap and easily scalable
biomimetic hydrogel.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/

10.3390/pharmaceutics13070963/s1, Figure S1: schematic drawing of hydrogels’ preparation and

pictures of the obtained hydrogels, Figure S2: BCA assay, Figure S3: optical images of MDA-MB-231

spheroids grown in the 0.25–0.02% A-C hydrogel after 2, 4, 6, and 8 days, Figure S4: optical images of

MCF-7 and MDA-MB-361 spheroids grown in the 0.5–0.02% A-C hydrogel after 6, 8, and 12 days,

Table S1: average size of the tumor spheroids after 12 days, Figure S5: optical images of MCF-7

spheroids grown in the 1–0.02% A-C hydrogel after 6, 8, and 12 days, Figure S6: live/dead assay

performed with the cellular spheroids embedded into the A-C hydrogels at 8, 14, and 28 days,

Figure S7: SEM images of MCF-7 spheroids embedded in the 0.25–0.02% A-C hydrogel after 12 days

of growth, Figure S8: cisplatin diffusion in 0.25–0.02% and 0.125–0.02% A-C hydrogels estimated via

elemental analysis, Figure S9: optical images of MCF-7 spheroids grown in 0.125–0.02% A-C hydrogel

after 24 h cisplatin treatment and additional 5 days of incubation with fresh medium, Figure S10:

optical images of MCF-7 spheroids grown in 0.25–0.02% and 0.125–0.02% A-C hydrogel and recovered
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after incubation of the hydrogels with agarose, Figure S11: live/dead assay performed with the

MCF-7 spheroids grown for 8 days in the 0.125–0.02% A-C hydrogel and recovered after agarase

treatment, Figure S12: a–d) TEM images of MCF-7 spheroids grown for 8 days in the 0.125–0.02% A-C

hydrogel, Figure S13: optical images of SH-SY5Y spheroids grown in the 0.125–0.02% and 0.25–0.02%

A-C hydrogels up to 14 and 6 days, respectively, Figure S14: sketch depicting the effects over time of

the hydrogel stiffness on the size and viability of breast tumor spheroids derived from MCF-7 and

MDA-MB-361 cells.
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