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Circulating tumor cells (CTCs) as real-time liquid biopsy [1] can be used to obtain new insights
into the biology of the metastatic cascade, and as a companion diagnostic to improve the stratification of
therapies and to obtain new insights into therapy-induced selection of cancer cells. Combining different
circulating biomarkers, such as CTCs, circulating tumor DNA (ctDNA) and extracellular vesicles (EVs)
analysis, will provide different and complementary information. Technical and clinical assay validation
in big cohorts of cancer patients is crucial and can be achieved in international consortia such as the
European Liquid Biopsy Society (ELBS) [2].

This Special Issue, “Circulating Tumor Cells: Finding Rare Events for A Huge Knowledge of
Cancer Dissemination”, includes 23 articles written by experts in this field and covers multiple facets of
CTCs in order to assemble a huge corpus of knowledge on cancer biology with emphasis on (i) technical
challenges to enrich, detect, isolate and characterize CTCs at the single cell level, (ii) cancer biology
with emphasis on metastasis including cancer stemness, epithelial-mesenchymal transition as well as
immunomodulation of tumor cells, (iii) clinical studies on liquid biopsy, a new diagnostic concept
introduced and coined for the first time in 2010 [1] for the analysis of CTCs and now extended to
material (in particular DNA and EVs) released by tumor cells in the peripheral blood of cancer patients
(Figure 1).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The different aspects of Liquid Biopsy: Technologies–Biology–Trials.
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TECHNICAL CHALLENGES. Efficient enrichment of CTCs can be achieved by approaches that
exploit differences between tumour cells and blood cells. Subsequently, enriched CTC populations
might still contain among them hundreds to thousands of undesirable leukocytes, which requires
the use of reliable methods to identify CTCs. Rossi et al. also highlighted the two major issues in
the CTC field: rarity and heterogeneity [3]. Most current CTC assays use the same identification
step as the FDA-approved CellSearch® system. However, using physical properties to enrich CTCs,
Obermayr et al. showed that CTCs enriched by the Parsortix system in small-cell lung cancer patients
can be assessed using epithelial and neuroendocrine cell lineage markers at the molecular level [4].
Moreover, Bailey et al. reported emerging technologies for the capture of CTC/microemboli showing
important biological and functional information that can lead to important alterations in how therapies
are administered [5]. Moreover, Weerakoon-Ratnayake et al. detailed a novel microfluidic technology
(i.e., microtrap device) that can perform immunophenotyping and FISH on CTCs [6].

One of the greatest challenges in neuro-oncology is the theranostic of leptomeningeal metastasis,
brain metastasis and brain tumors, which are associated with poor prognosis in patients. Although
extracranial metastases in glioma patients are rarely observed, recent studies have shown the presence
of CTCs in the bloodstream. Bang-Christensen et al. demonstrated how the recombinant malaria
VAR2CSA protein (rVAR2) can be used for the capture and detection of glioma cell lines and identified
a panel of proteoglycans, known to be essential for glioma progression [7]. Cerebrospinal fluid (CSF)
is one of the promising diagnostic targets because CSF passes through the central nervous system,
harvests tumor-related markers from brain tissue and then, delivers them into peripheral parts of the
human body where CSF can be sampled using minimally invasive and routine clinical procedure.
Sindeeva et al. outlined the advantages, limitations and clinical utility of emerging liquid biopsy
in vitro and photoacoustic flow cytometry (PAFC) in vivo for assessment of CSF markers including
CTCs, ctDNA, miRNA, proteins, exosomes and emboli [8].

Chernysheva et al. studied disseminated tumor cells (DTCs) as a prognostic factor in many
non-hematopoietic tumors [9]. They evaluated the possibility of detecting subsets of melanoma DTCs
in the bone marrow based on the expression of a cytoplasmic premelanocytic glycoprotein HMB-45
using flow cytometry.

In addition to CTCs, circulating EVs can be of important interest. For instance, large tumor-derived
extracellular vesicles (tdEVs) detected in blood of metastatic prostate, breast, colorectal, and non-small
cell lung cancer patients are negatively associated with the overall survival of patients. Nanou et al.
investigated whether, similarly to tdEVs, leukocyte-derived EVs (ldEVs) could also be detected in
EpCAM-enriched blood [10].

CANCER BIOLOGY. The huge advantage of CTCs against other blood biomarkers is that the
knowledge derived from a single-cell analysis of CTCs can be obtained at the DNA, RNA, and protein
level [11].

As a first example, the expression of the androgen receptor splice variant 7 (ARV7) in circulating
tumor cells (CTCs) has been associated with resistance towards novel androgen receptor (AR)-targeting
therapies. A highly sensitive and specific qPCR-based assay was developed by Hille et al., allowing
detection of ARV7 and keratin 19 transcripts from as low as a single ARV7+/K19+ cell [12]. Moreover,
detection of AR and AR-V7 was also performed by Nimir et al. using a highly sensitive droplet digital
PCR-based assay [13]. In that case, AR and AR-V7 RNA were detectable in CTCs, ctRNA and exosome
samples. They could show that AR-V7 detected from CTCs could be done with a higher sensitivity
and specificity compared to that detected from ctRNA and exosomes.

A second example is PD-L1 as one immune checkpoint regulator; it has become an exciting new
therapeutic target leading to long lasting remissions in patients with advanced malignancies [14,15].
Kloten et al. highlighted the use of CTCs as a complementary diagnostic tool for PD-L1 expression
analysis in advanced NSCLC patients [16].

Concerning (i) the stemness status of cancer cells, Strati et al. showed that the detection of TWIST1
overexpression and stem-cell (CD24, CD44, ALDH1) transcripts in EpCAM+ CTCs provides prognostic
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information in early-stage breast cancer patients [17]; and (ii) the capacity to disseminate, Huaman
et al. studied hepatocellular carcinoma and castration-resistant prostate cancer and showed that
CTCs exhibit distinct characteristics from primary tumor-derived cells: they highlighted an enhanced
migration in part through fibronectin regulation of integrin B1 and SLUG [18].

While CTCs have long been considered to be isolated cells circulating in the bloodstream, recent
research demonstrated the close interaction of CTCs with the blood microenvironment. CTCs need to
establish close interaction not only with platelets and neutrophils, but also with macrophages and
endothelial cells to resist the physical stress in the bloodstream. Heeke et al. discussed the recent
research on the crosstalk between CTCs and the blood microenvironment and outlined currently
investigated treatment strategies [19] and Garrido-Navas et al. reported the findings regarding
active interactions between CTCs and platelets, myeloid cells, macrophages, neutrophils, and other
hematopoietic cells that aid CTCs to evade the immune system and enable metastasis [20]. In addition,
Cleris et al. detected and analyzed the morphology of CTCs and could show that orthotopic xenografts
of breast cancer cell lines offer valid models of hematogenous dissemination and a possible experimental
setting to study CTC–blood microenvironment interactions [21].

As microsatellite instability (MSI) in colorectal cancer is a marker of immunogenicity and associated
with an increased abundance of tumour infiltrating lymphocytes (TILS), Toh et al. compared for the first
time the MSI status with the prevalence of CTCs in the peri-operative colorectal surgery setting [22].

In cancer biology, a crucial point is to identify the CTCs able to initiate metastases. Different
methods have been developed to expand CTCs in vitro and in vivo with the aim of characterizing
functional metastasis-initiator CTCs with stemness traits, and to obtain new diagnostics and therapeutic
tools [23]. Tayoun et al. evaluated CTC-derived models generated in different types of cancer and
shed a light on challenges and key findings associated with these novel assays [24].

CLINICAL STUDIES. Rossi et al. discussed how CTCs could drastically improve tumor companion
diagnostics, personalized treatment strategies, overall patient’s management, and reduce healthcare
costs. Broncy et al. highlighted the clinical impact of CTCs in patients with localized prostate cancer [25]
and Schochter et al. summarized the completed and ongoing clinical trials using CTC number or
phenotype for treatment decisions in breast cancer [26].

Concerning colorectal cancer, the management of patients and potentially resectable liver metastases
requires quick assessment of mutational status and of response to pre-operative systemic therapy.
In a prospective phase II trial (NCT01442935), Bidard et al. investigated the clinical validity of CTCs
and ctDNA [27]. They concluded that ctDNA detection could help to select patients eligible for liver
metastases resection. In addition, Troncarelli Flores et al. reported that molecular and kinetic analyses
of CTCs are predictive markers of treatment response in locally advanced rectal cancer patients [28].

Finally, metastatic melanoma is one of the most aggressive and drug-resistant cancers with very
poor overall survival. Circulating melanoma cells (CMCs) were first described in 1991 and here,
Cayrefourcq et al. developed a new EPISPOT assay to detect viable CMCs based on their secretion of
the S100 protein using the functional S100-EPISPOT assay [29]. They showed that the S100-EPISPOT
sensitivity was significantly higher than that of the CellSearch® system. It will be interesting in
the future to determine whether this functional test could be used in patients with non-metastatic
melanoma for the early detection of tumor relapse and for monitoring the treatment response.
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Abstract: The role of circulating plasma cells (CPCs) and circulating leukemic cells (CLCs) as
biomarkers for several blood cancers, such as multiple myeloma and leukemia, respectively, have
recently been reported. These markers can be attractive due to the minimally invasive nature of
their acquisition through a blood draw (i.e., liquid biopsy), negating the need for painful bone
marrow biopsies. CPCs or CLCs can be used for cellular/molecular analyses as well, such as
immunophenotyping or fluorescence in situ hybridization (FISH). FISH, which is typically carried
out on slides involving complex workflows, becomes problematic when operating on CLCs or CPCs
due to their relatively modest numbers. Here, we present a microfluidic device for characterizing
CPCs and CLCs using immunofluorescence or FISH that have been enriched from peripheral blood
using a different microfluidic device. The microfluidic possessed an array of cross-channels (2–4 µm
in depth and width) that interconnected a series of input and output fluidic channels. Placing a
cover plate over the device formed microtraps, the size of which was defined by the width and depth
of the cross-channels. This microfluidic chip allowed for automation of immunofluorescence and
FISH, requiring the use of small volumes of reagents, such as antibodies and probes, as compared to
slide-based immunophenotyping and FISH. In addition, the device could secure FISH results in <4 h
compared to 2–3 days for conventional FISH.

Keywords: microfluidics; immunophenotyping; fish; liquid biopsy; circulating leukemia cells;
circulating plasma cells

1. Introduction

Molecular diagnostics are growing immensely due in part to the Precision Medicine Initiative
(www.whitehouse.gov/precision-medicine), which seeks to match appropriate therapies to the
molecular characteristics of a patient’s disease. Unfortunately, the majority of molecular diagnostic

Cells 2020, 9, 519; doi:10.3390/cells9020519 www.mdpi.com/journal/cells6



Cells 2020, 9, 519

tests are expensive, involve slow turnaround times from centralized laboratories, and require highly
specialized equipment with seasoned technicians to carry out the assay. In addition, acquisition of
the molecular biomarkers requires a solid tissue or bone marrow biopsy, which can be an invasive
procedure, especially for anatomically inaccessible organs. For example, bone marrow biopsies are
typically required to monitor leukemia or multiple myeloma status, which not only complicates sample
acquisition but limits the frequency of testing.

Liquid biopsies are generating a significant amount of interest in the medical community owing
to the minimally invasive nature of acquiring biomarkers and the fact that they can enable precision
decisions on managing a variety of diseases [1,2]. Liquid biopsy markers include but are not limited to
circulating tumor cells (CTCs), cell-free DNA (cfDNA), and extracellular vesicles (EVs). As an example
of the utility of liquid biopsy analysis for some blood cancers, we have shown that circulating plasma
cells (CPCs) can be used to stage patients diagnosed with multiple myeloma [3]. Circulating leukemia
cells (CLCs) can be used to determine relapse from minimum residual disease (MRD) in patients
with acute myeloid leukemia (AML) or acute lymphoblastic leukemia (ALL) [4], all of which typically
require a highly painful and invasive bone marrow biopsy. The challenge with using CLCs or CPCs
is that their abundance in blood is lower than what is found in the bone marrow, requiring highly
sensitive assays to analyze their molecular content following enrichment to remove interfering white
and red blood cells.

A cytogenetic method called fluorescence in-situ hybridization (FISH), which was discovered in
the early 1980s [5], can be used to detect chromosomal modifications [6–8]. FISH identifies abnormalities
in chromosomes using fluorescent DNA probes that hybridize to a specific gene region. When properly
hybridized to its complementary sequence, FISH allows for the visualization of chromosomal
aberrations, such as deletions, fusions, balanced translocations, etc. [9]. For example, cytogenetic
abnormalities are found in most cases of multiple myeloma, in which IGH translocations initiate events
associated with tumorigenesis and disease progression [10]. The progression of multiple myeloma
was discovered in clinical studies where investigators found frequent chromosomal aberrations,
such as 13q14 deletions (del13q14), 1q21 gains (amp1q21), and monosomy 13 and 17p13 deletions
(del17p13) [10,11]. B-type acute lymphoblastic leukemia (B-ALL), which is a common childhood
malignancy, is prognosed by BCR/ABL [t(9;22)], MLL [t(4;1)], and TEL/AML1 [t12;21] [12] aberrations.

While FISH assays are widely used in clinical settings, the workflow requires labor-intensive
and time-consuming protocols. Conventional slide-based methods for FISH utilize workflows that
necessitate the need for highly trained professionals and relatively high volumes of costly FISH probes;
the full assay may require 2-3 days of processing. Therefore, it is critical to develop alternative methods
and platforms to undertake FISH that address the aforementioned limitations [9,13].

Microfluidic FISH assays can address many of the limitations associated with slide-based FISH,
such as providing process automation and reducing reagent requirements and processing time [9].
Even though there are microfluidic assays that have been developed over the past years for genetic
techniques, such as PCR and DNA microarrays, less effort has been devoted toward realizing the
implementation of FISH assays using microfluidic devices [14–16]. A summary of microfluidic devices
for performing FISH are summarized in Table S1 along with their operational characteristics.

The first microfluidic for FISH was developed by Sieben and coworkers in 2007 [17]. The study
demonstrated the ability to detect a FISH signal with 10-fold higher throughput and 1/10th reagent
consumption compared to slide-based FISH. Modification of the microfluidic substrate to achieve
cell adherence is a common protocol to allow for processing the cells and imaging. Therefore, in this
report, TiO2-modified glass slides were used for cell adherence to identify FISH signals, with the PDMS
fluidic network used to introduce FISH reagents to the target cells. The PDMS was removed from
the TiO2-modified glass slide, and imaging was undertaken using a 100× objective [18]. Liu et al. [19]
performed FISH on centromere-sized cell arrays modified with 3-aminopropyltriethoxysilane (APTES)
or polyethylene glycol (PEG)-coated glass slides with overnight hybridization. Wang et al. [20]
introduced an APTES-coated glass slide with a PDMS microfluidic for stretching chromosomal DNA

7



Cells 2020, 9, 519

from a single cell to perform FISH. In a recent study, a microfluidic consisting of a Pyrex-Si stack was
generated and used for FISH to provide breast cancer prognosis [21–24]. This report reduced FISH
reagent consumption by 70% and hybridization time to 2 h.

Mayer et al. [24] used a microfluidic device to investigate HER2 amplification and immunohistochemistry
of breast cancer patients. In a further extension of this study, the authors reported short incubation
microfluidic-assisted FISH [23]. The researchers were able to reduce FISH hybridization time to 15 min
for cell lines and 35 min for human tissue slides. Microfluidic channels etched into a glass slide,
called FISHing lines, allowed the processing of 10 samples on a glass slide with 0.2 µL of FISH probe.
MRD screening using the BCR/ABL fusion gene for chronic myeloid leukemia was performed by
Mughal et al. [25].

Researchers have also reported using plastics to make the microfluidic for FISH to reduce the
fabrication cost. Kwasny et al. [26] described the use of cyclic olefin copolymer (COC) devices sealed
with glass or COC cover plates that were surface modified to allow for stretching chromosomes.
Perez-Torella and coworkers reported a COC chamber, which was capable of delivering FISH reagents
to cells [27]. The chamber was modified with 2-hydroxyethyl cellulose (HEC) to allow for cell adherence
to the chamber walls. Micro-FISH devices fabricated with CO2 laser ablation in a plastic were reported,
which resulted in a 20-fold reduction in the sample volume [28].

Our group has developed a highly sensitive microfluidic for rare cell isolation. The isolated
cells were immunostained directly within the selection chip, released into a 96-well plate, and
visualized/enumerated using fluorescence microscopy. In addition, following cell selection and
release from the isolation chip, the cells could be subjected to FISH using conventional slide-based
approaches [3,4]. Unfortunately, the workflow required extensive manual handling of cells.

To address the workflow challenge, we developed a microfluidic device named “microtrap” for
both immunophenotyping and FISH analysis of biological cells enriched from clinical samples, which
we report herein. Cells isolated on the isolation chip could be transferred to the microtrap device for
immunophenotyping and/or FISH in an automated fashion with reduced processing time.

The microtrap device consisted of an array of 80,000 containment pores generated by cross-channels
(2–4 µm in width and depth) connecting a network of interleaving fluidic channels. Unique to this
device is that it was fabricated with containment pores or microtraps that arrayed single cells in a 2-D
format and within a common imaging plane. The device does not rely on modification of the surface
to retain cells; rather, it physically entraps the cells. Additionally, imaging of the cells in the microtrap
device on different z-planes demonstrated better spatial resolution of the hybridization probes to
designate the detection of a genetic abnormality. This feature cannot be achieved in Flow-FISH
analysis [29,30]. The microtrap device provided reduced processing time (18→ 3 h) and lower amounts
of FISH probes compared to slide-based processing. The microtrap device integration to a cell selection
microfluidic allowed for automated cell processing as well as minimized the amount of operator
handling of the enriched cells, simplifying the workflow and reducing cell loss.

We demonstrate the utility of the device for the processing of non-adherent cells, such as CPCs
and CLCs, with the device being able to perform immunophenotyping and FISH from liquid biopsy
markers. In addition, we demonstrate that we can affinity-enrich B-ALL CLCs from a pediatric patient
blood sample using a cell enrichment microfluidic decorated with anti-CD19 antibodies and perform
FISH and immunophenotyping on the enriched cells using the device reported herein.

2. Materials and Methods

2.1. Design and Fabrication of the Microtrap Device

The design of the microtrap device is shown in Figure 1. There are two basic renditions, with
each differing in terms of the number of microtraps the device possessed. Design 1—single bed with
7200 microtraps; and Design 2—8-bed device with 80,000 microtraps. The microtrap size could vary
depending on the width and depth of the cross-channels and was as small as 4 µm (width) × 2 µm
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(depth) to accommodate the containment of smaller cells, such as CPCs and CLCs (6–16 µm in diameter),
compared to the larger-sized CTCs [31]. The 8-bed device (shown in Figure 1A,B) consisted of a
significantly increased number of microtraps as compared to our previous design due to the high
numbers of cells that are enriched for leukemia and multiple myeloma diseases compared to CTCs’
affinity enriched from epithelial cancers [3,4,31].

 

Figure 1. Microfluidic device for performing automated immunophenotyping and FISH. (A) Design of
the microfluidic network composed of a single bed with 7200 microtraps and the 8-bed device containing
10,000 microtraps in each bed for a total of 80,000 traps per device. Microtrap size: 4 × 2 × 50 µm
(w × d × l). (B) Profilometer scan of the microtrap chip replicated in PDMS from a 3-level SU-8 relief
and a Si master showing microchannel depth varying between input/output distribution channels,
interleaving channels, and cross-channels. (C) Cross-channels and the deeper interleaving channels
are shown in the SEM image. (D) Optical microscope image of a lithographically patterned 2-level
SU-8 relief for preparing a single bed microtrap device. The arrows show the fluid path. (E) Schematic
showing operation of the microtrap chip. Cells in solution (green arrows) are contained at the entrances
of the microtraps, letting the fluid pass (yellow arrows) into the outlet channels of the interleaving
network. (F) Schematic showing the 3-dimensionality of cells captured in the microtrap chip and
imaging using a high magnification (60× or 100×) objective through a thin cover plate.

The lithography and fabrication steps of both devices are discussed in detail in the Supplementary
Materials. The architecture of the single bed device (2-step lithography to create two levels) consisted of
two independent networks of interleaving channels that were 60 × 40 µm2 (W × D) and interconnected
using an array of cross-channels orthogonally placed in between the interleaving channels (see
Figure S1). The volume of this device was ~1 µL. For the 8-bed device, 3-level lithography was used to
allow generation of a deep layer for the distribution channels, interleaving channels, and cross-channels
(see Figure S2). Profilometry scans of the 8-bed chip showed the 3 levels for the SU-8 relief (Figure 1B).
Figure 1C shows an SEM of the lithographically patterned 2-level SU-8 relief of a single bed device,
with a magnified section showing the replica PDMS device with interleaving channels (30 µm) and
shallow cross-channels (2–4 µm). In the 8-bed device, the 3 rd lithography layer was used to fabricate
a deeper distribution channel network to distribute fluid to all 8 beds equally [32]. The distribution
channels of the 8-bed device were 400 x 150 µm (W × D). The internal volume of this device, including
all fluidic channels, was ~10 µL.

The fluidic operation of the device is shown in Figure 1D,E, where the flow from the interleaving
channel input flows across (90◦ angle) the interconnecting cross-channels and then to the output
channels of the interleaving network. The cross-channel, when a cover plate was bonded to the chip
substrate, generated a microtrap structure where cells were contained but still allowed fluid to flow
through it.
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The optimal device design was chosen from testing 14 different designs for which we determined
the containment efficiency of CPCs and CLCs. The 14 devices with different pore widths (4, 6, and
8 µm) and different depths (2 and 4 µm) were evaluated in terms of their ability to trap CPCs and CLCs
(data not shown). The schematic in Figure 1D shows how the cells were contained at the entrance of
the microtraps and high magnification imaging of the trapped cell as shown in Figure 1E.

An SU-8 relief was used to prepare PDMS trapping devices that were bonded to glass cover plates
to allow for high resolution fluorescence imaging. Reservoirs were formed in the PDMS device using
a sharp biopsy puncture. PDMS devices and glass cover plates (No.1 coverslips with a thickness of
0.13–0.16 mm) were cleaned with IPA, then washed with water, and air dried. We used thin glass
coverslips to facilitate the use of high NA objectives to accommodate their short working distances and
high magnification necessary for FISH. PDMS devices were bonded to the glass coverslips by treating
the surfaces with O2 plasma (50 W for 1 min). After plasma treatment, slight pressure was applied
starting from one edge to the other to avoid the trapping of air bubbles. Peak tubing was sealed with
epoxy glue to the reservoirs and a syringe pump was used to provide continuous fluid flow through
the device.

2.2. Sample loading

The microtrap device was flooded with a continuous flow of 25 µL/min of PBS buffer (pH 7.4,
100 mM) followed by flowing 0.5% BSA/PBS solution through the device using a PHD2000 syringe
pump (Harvard Apparatus, Holliston, MA, USA). Forty µL/min flow rates were used to remove air
bubbles from the device. Once the device was fully wetted with the 0.5% BSA/PBS solution, cells were
introduced into the device for either immunophenotyping or FISH at a volume flow rate of 10 µL/min.

2.3. On-Chip immunostaining

For immunostaining, live cells (RPMI-8226 or SUP-B15) were loaded as described above onto
the microtrap device. After loading target cells onto the device, 2% paraformaldehyde (PFA) was
injected at 10 µL/min for 2 min and allowed to incubate for 15 min. After incubation, the device was
washed with PBS buffer for 5 min. Fixed cells were then treated with human Fc blocker (IgG1) for
15 min to block any Fc receptors on the cell surface followed by incubation with monoclonal antibodies
for 30 min. For RPMI-8226 cells, anti-CD138 FITC (MI15, 5.0 µg/mL), anti-CD56-PE (MEM-188 clone,
20 µg/mL), and anti-CD38-APC (HIT2 clone, 2.5 µg/mL) monoclonal antibodies were used. Cells were
then washed with PBS and permeabilized with 0.1% Triton X-100 for 5 min followed by counter staining
with DAPI for 2 min.

2.4. Sample Preparation for FISH

RPMI-8226 cells were cultured as a model CPC cell line for multiple myeloma and similarly, a
SUP-B15 cell line was cultured as a model CLC for B-ALL (see Supplementary Materials for more
information). Once the cells were removed from the culture media, they were washed with 1× PBS
twice. Following the wash, the cells were re-suspended in 0.075 M KCl hypotonic solution plus 100 µL
of Colcemid to swell the cells. Colcemid helps the chromosomes to stretch, thus enhancing the clarity
and the resolution of the fluorescent probes used for FISH. Cells were fixed using Carnoy’s fixative
(methanol: glacial acetic acid = 3:1 (v/v)). Carnoy’s solution is a light fixative (no crosslinking) as
opposed to 2% PFA. During fixation, Carnoy’s fixative was added dropwise to the cells and mixed with
gentle agitation. The solution was then centrifuged at 1200 rpm for 10 min. This step was repeated
3 times and the fixed cells were stored at −20 ◦C until being used for experiments.

2.5. On-Chip FISH

Before using fixed cell samples prepared as described above, they were mixed with fresh Carnoy’s
solution, and introduced into the microtrap device at 10 µL/min. In the case of live cell samples, cells
were fixed on-chip before processing for FISH. Once the live cells were injected and contained at
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the microtraps in the device, 0.056 M KCl hypotonic solution was injected and cells were incubated
for 10 min. After KCl treatment, cells were fixed by injecting Carnoy’s fixative and incubated for
30 min, replacing the solution with fresh Carnoy’s every 10 min. Then, all of the Carnoy’s solution was
removed by washing with PBS.

Next, the chip was washed with 2X SSC for 2 min at room temperature followed by a series of
ethanol washes (70%, 85%, and 100% EtOH) injected for 1–2 min each and dried with 100% EtOH
for 5 min. After the EtOH wash, the chip was dried completely by heating and evaporating all of
the EtOH. One µL and 10 µL of 5× diluted FISH probe mix was introduced into the single and 8-bed
device, respectively, while applying light vacuum to the outlet tubing. Once the device was filled with
FISH probes, the inlet and outlet were sealed with rubber cement. The chip was heated to 75 ◦C for
5 min and incubated in a hybridization oven (Bambino II™ Hybridization Oven) (Boekel Scientific,
Feasterville, PA, USA) for 2 h at 37 ◦C. Afterwards, the rubber cement was removed, and the chip was
kept at 72 ◦C (±1 ◦C) while washing for 2 min with 0.4X SSC (pH 7.0). The temperature of this step is
critical as it will remove the remaining free probes and keep hybridized ones associated to the target
DNA to improve imaging of the FISH signal. Next, the device was washed with 2 × SSC + 0.05%,
and Tween-20 (pH 7.0) for 1 min at room temperature. Finally, the device was washed with EtOH for
5 min and dried completely before applying 2 µL of 4-diamidino-2-phenylindole (DAPI II) for nuclear
staining. After these steps, the chip could be stored at 4 ◦C until imaging.

2.6. Imaging On-chip and Image Processing

All imaging was performed using a Keyence BZ-X710 microscope (Keyence Cooperation of
America, Itasca, IL, USA) equipped with BZ-X filters; DAPI (Ex: 360/40 nm, Em: 460/50 nm, dichroic
mirror wavelength (DMW): 400 nm), GFP (Ex: 470/40, Em: 525/50 nm, DMW: 495 nm), TRITC (Ex:
545/25 nm, Em: 605/70 nm, DMW: 565 nm), and Cy5 (Ex: 620/60 nm, Em: 700/75 nm, DMW: 660 nm).
The microscope was equipped with a Nikon objectives (Nikon Instruments, Melville, NY, USA) CFI
Plan Apo 4× (λ 4×, NA 0.20 WD 20.00 mm), 10× (λ 10×, NA 0.45 WD 4.00 mm), 20× (λ 20×, NA
0.75 WD 1.00 mm), 40× (λ 40×, NA 0.95 WD 0.21 mm), and 60× (Apo VC 60× NA 1.40 NA WD
0.13 mm) objectives. For immunophenotyping, exposure times of 50 ms for DAPI, 500 ms for FITC,
and 1500 ms for TRITC/Cy3 and Cy5/APC were used at 10×, 20×, and 40×magnification. All images
for FISH experiments were acquired in high-resolution mode. Cell nuclei were imaged with the 60×
objective using DAPI (blue) filters (200 ms) and the FISH signals were acquired using FITC/GFP (green,
1500 ms) and (Cy5/APC)/Cy3 (red, 2500/3000 ms) channels. Due to the cell’s 3-D profile while they were
contained at the microtrap inlets, it was necessary to do imaging across the z-axis. For the imaging of
slides, we used ∆z = 2 µm for 5 different planes while for on-chip FISH imaging, cells were imaged at
10 different planes along the z-axis with ∆z = 1 µm. All images were processed using BZ-X Analyzer
(Keyence Cooperation) and FIJI software (NIH) [33].

2.7. Patient Sample Processing for FISH

CLCs from B-ALL patients were captured using the CTC isolation device described in our
earlier publications (see Supplementary Materials for more information), which was also used for
acute myeloid leukemia (AML) and multiple myeloma work [3,4]. Healthy donor blood sample
was obtained from the University of Kansas Medical Center (KUMC) IRB-approved Biospecimen
Repository Core Facility. Blood samples from a patient diagnosed with B-ALL was collected according
to an approved Children’s Mercy Hospital Institutional Review Board procedure. Written informed
consent was obtained from the patient included in the study before enrollment. Peripheral blood
samples (5 mL) were drawn by venipuncture into Vacuette® K3EDTA (Greiner Bio-one, Monroe, NC,
USA) tubes. Following affinity enrichment using the microfluidic enrichment chip, cells were released
from the capture device’s surface using USER enzyme that cleaved a single-stranded bifunctional linker
containing a uracil residue [34]. The released cells were collected into a microfuge tube and centrifuged
to prepare for immunophenotyping or FISH. For FISH, once the cells were spun down, supernatant
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was removed and pre-heated (37 ◦C) in 0.056 M KCl and incubated for 10 min. The mixture was
centrifuged again and after removing the supernatant, ice-cold Carnoy’s fixative (if fixation was done
before introduction to the microtrap device) was added to the cells and centrifuged again. This step was
repeated 3 more times and cells were stored in Carnoy’s fixative at 20 ◦C until further use. CLCs were
spun down and resuspended in fresh Carnoy’s solution before use. These samples were infused into
the microtrap device and processed according to the on-chip FISH procedure as described above.

3. Results

3.1. Microtrap Device for Immunophenotyping and Cytogenetic Analysis

The large number of traps in the microtrap device needed to be contained for analysis of CLCs’
and CPCs’ affinity selected from a blood sample (see Table 1). Contrary to CTCs, which use, for
example, EpCAM as the enrichment antigen, the number of non-diseased cells selected by antibodies
targeting leukemic associated and multiple myeloma antigens is high because non-diseased cells can
also express the enrichment antigen (i.e., CD19, CD34, CD117, CD33, or CD138). Following CLC or
CPC affinity selection and release from the selection chips [3], cells were trapped without surface
modifications at containment pores of the microtrap device, which were arranged in a 2-D format to
make it easier for imaging single cells. This simplified imaging was compared to cells stochastically
arranged on glass slides or wells possessing the appropriate surface chemistry. In addition, we will
show that we can interface the microtrap device for immunophenotyping and FISH of CLCs and CPCs
to a device used for their enrichment from the blood of patients.

Table 1. Number of CLCs and CPCs compared to CTCs detected in cancer patients.

Cancer Cells
(Antigen Used for Selection)

Target Cells
(mL−1)

Non-Aberrant Cells
(mL−1)

Cell Diameter
(µm)

Reference

CLCs
(AML, CD33, CD34, CD117)

11–2684 10–2450 11–16 [4]

CLCs (B-ALL, CD19) 40–840 400–2050 6–12 this work

CPCs (CD138) 10–5900 43–1875 12–16 [3]

CTCs in epithelial tumors
(EpCAM)

1–800 3–10 10–23 [35]

Note: The references used here were taken from a single type of cell selection chip (sinusoidal device) so that
comparisons could be made as to the numbers of the CLCs, CPCs, and CTCs secured from liquid biopsies.

Considering the size of the CLCs and CPCs with an average diameter of 6–16 µm, we used
4 × 2 µm2 microtraps to maximize the containment efficiency of CLCs and CPCs. Table 1 shows the
number of CLCs for both AML and B-ALL as well as CPCs enriched using the appropriate marker(s).
The numbers of CTCs enriched from different epithelial cancers (i.e., pancreatic, breast, prostate,
colorectal, and ovarian) is shown as well in Table 1. Not only are the number of aberrant cells enriched
higher for the leukemia and multiple myeloma diseases compared to epithelial cancers, but the number
of non-diseased cells enriched is higher as well compared to epithelial cancers due to the fact that
non-diseased blood cells can carry the same antigens as CLCs and CPCs, whereas for CTCs the blood
cells do not express EpCAM. Due to the higher number of cells anticipated for the leukemic and
multiple myeloma diseases, we had to build devices with high numbers of microtraps.

3.2. Microfluidic Containment Device Operation

The microtrap device (both single and 8-bed devices) used two independent networks of
interleaving channels that were interconnected using smaller cross-channels positioned orthogonally
to the interleaving channels. The cross-channel, when sealed with a cover plate, generated a pore
structure whose dimensions were determined by the size of the cross-channels (Figure 2A) and allowed
fluid flow between the input and output interleaving channels. During operation, CPCs/CLCs are

12



Cells 2020, 9, 519

released from the isolation chip and directed to the microtrap device, where they become physically
trapped with the efficiency of trapping dependent on the size of the microtrap with respect to the
cell of interest. Trapped cells could then be immunophenotyped or subjected to FISH followed by
imaging with a fluorescence microscope to read out the appropriate signals. Microtrap beds were
connected in parallel to provide sufficient numbers of equally accessible pores to retain a large number
of cells (see Table 1). If the eight beds were connected in series, a majority, if not all, of the cells would
be retained within the first bed, generating cell pileup and crowding, thus making imaging difficult.
Conversely, placing the beds in parallel (see Figure 1A) allowed access to all beds from a common
input, and thus, dispersed the cells with equal probability at the 80,000 containment pores associated
with the 8-bed device.

Figure 2. Simulations of the microtrap device. (A) 2-D CAD design of the microtrap device used for
COMSOL simulations showing the interleaving network for the flow of fluid, and the cross-channels, which
produce the microtraps when a cover plate is sealed to the device. The magnified image of the microtrap
area is shown on the right with a single interleaving output channel (red) and two interleaving input
channels (gray). (B) The simulated linear fluid velocity throughout the microtrap chip. The simulation
shows three sections of the device: (i) input section; (ii) middle section; and (iii) outlet section. Flow was
simulated across the interleaving input/output channels and the cross-channels. The dashed box
shown here is the region of the device that was simulated in Figure S3 (see Supplementary Materials).
(C) Bar graph representing the mean velocities expressed in m/s observed for the cross-channels at
different sections of the device and at a 10 µL/min volume flow rate. The sections labeled here
correspond to the sections of the device simulated in (B). (D) Simulated shear rate at three different
sections of the device, inlet, middle, and outlet sections. (E) Bar graphs representing the mean shear
rates across the cross-channels at different sections of the device at a volume flow rate of 10 µL/min.
The sections of the device listed here correspond to those sections shown in (D).
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Even though earlier studies from our group showed that live cells with a cell diameter of ~16 µm
(CTCs) were successfully contained by microtraps with dimensions of 8 × 4 µm2 [31], the current study
required containment of smaller cells and cell numbers that were higher (see Table 1). RPMI-8226 cells
(multiple myeloma model) have a size range of 6–16 µm with an average diameter of ~13 µm whereas
SUP-B15 cells (B-ALL model cell line) have an average size of ~10 µm with a size range of 8–12 µm.
Thus, when devices with microtraps of 8 × 4 µm2 (width × depth) were used, we observed that the
containment efficiency was <50% (data not shown). However, devices with microtraps of 4 × 2 µm2

produced a containment efficiency >90% for these cells (Figures S1 and S3B).

3.3. Device Design and COMSOL Simulations

Finite element analysis (COMSOL) was performed on the microtrap device to deduce the projected
linear velocity through the fluidic network and the corresponding shear rates to help determine the
containment efficiency of the microfluidic device to physically trap live cells without damaging them.
Laminar flow was validated across the entire device for the following flow rates: 1, 3, 5, and 10 µL/min
with an aqueous fluid (Figure S3). The rationale behind choosing these flow rates was to test the
optimal flow rate for effective containment of live cells without damage but having sufficient pressure
to fill the device without generating air bubbles. The cells used for our studies were human cancer cell
lines having a diffusion coefficient of 5 × 10−14 m2/s [36].

The flow within the microtrap device was driven hydrodynamically, hence, a parabolic flow
profile existed with higher velocity in the center of each individual channel as compared to the channel
walls (no-slip condition; see Figure 2B) [37]. Figure 2A shows a CAD drawing of the device with
4-µm-wide microtraps and a depth of 2 µm. This device was found to provide 90% containment
efficiency for unfixed RPMI-8226 cells as shown in Figure S3A. For larger epithelial cells (i.e., SKBR3),
the containment efficiency was 96%. Cells were evenly distributed throughout the microtrap device
as well (Figure 3; Figure 4). In the experiments evaluating trapping efficiency, the cells were DAPI
stained and counted using a microscope to verify the number of cells captured. Cells that were not
retained were collected at the outlet of the microtrap device into a flat-bottomed plate and enumerated
and inspected for damage. The containment efficiency was determined from the ratio of cells in the
microtrap to the total number of cells introduced (i.e., cells trapped and cells passing through the
microtrap device).

The average velocity at the inlet and outlet interleaving channels toward the input end of the
device was 2.5 m/s and in the interleaving channels in the center of the device it was 1.5 m/s at a
volumetric flow rate of 10 µL/min. Even at these relatively high velocities, the flow was still laminar
(see Figure S3B,C). Accounting for differences in the velocity between the interleaving and cross
channels, the average velocity was calculated for the cross-channels at different sections of the device
at a 10 µL/min volume flow rate and is plotted in Figure 2C.

The average linear velocity in the cross-channels was 0.02 m/s at the 10 µL/min volumetric flow
rate. To measure the pressure drop across the device, the relative pressure at the outlet was defined in
absolute terms (pA = p + pref, where pA is the absolute pressure, p is the relative pressure, and pref is the
reference pressure, which was set to 1 atm (101 kPa) [3]. A gradual drop in pressure across the length
of the device was noted, with this drop being ~14 kPa (16 and 2 kPa at the inlet and outlet, respectively,
at 10 µL/min). The calculated shear rates at different volumetric flow rates were used to determine
the shear stress in the microtrap device [38]. According to Newton’s law, shear stress is the shear rate
times the viscosity:

Shear stress (dynes/(cm2)) = Shear rate (1/s) × T, (1)

where T is the dynamic viscosity (T for water is 8.90 × 10−3 dynes*s/cm2 at 25 ◦C).
We calculated the average shear stress on the cells experienced in the microtrap device through

the entire device at different flow rates. At a flowrate of 1 µL/min, the shear rate calculated was
6042 s−1, which corresponds to a shear stress of 54 dynes/cm2 and is 10 times higher at 10 µL/min
(Table 2). Moreover, higher shear rates were observed in the inlet and outlet of the device, where
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cells have potentially the highest probability of being damaged when flowing near the wall of the
device as opposed to the center of the channel or the center area of the device where lower shear
stress is observed (Figure 2D,E). Shear rate distributions across a section of the device can be found in
Figure S3D,E.

Table 2. Average shear rate and calculated shear stress on cells at each microtrap for the flow rates listed.

Flow Rate (µL/min) Shear Rate (1/s) Shear Stress (dynes/cm2)

1 6042 53.8

3 18,206 162.0

5 30,454 271.0

10 63,750 567.4

The shear stress experienced by cells in physiological conditions as they travel through capillaries
and arterioles ranges between 40 and 55 dynes/cm2 [39–42]. Interestingly, even though the shear
stress at a flow rate of 10 µL/min was 10 times higher than the average shear stress of cells traveling
through arterioles, we did not observe obvious damage of RPMI-8226 or SUP-B15 cells when contained
at the entrance of any microtrap within the device. Cells tolerate transiently high shear stress of
~3000 dyn/cm2 or higher [43,44]. In our microtrap device, the average transit time of the cell traveling
through the chip is 210 ms if it is not retained by the microtrap and only 1 min when cells are retained
within the microtrap device. Because the cells experience high shear stress briefly, they remain intact
during the transport in high shear stress environments [45].

Figure 3. On-chip immunophenotyping of RPMI-8226 cells. (A) DAPI-labeled RPMI-8226 cell nucleus
aligned at the entrance of the microtraps formed by the cross-channels and the cover plate assembled
to the device. (B) CD138 expression of the RPMI-8226 cells and (C) CD38 expression for the same
cells. (D) Composite image of CD138 expression (FITC channel) with the cell nucleus (DAPI channel
of the microscope). (E) Composite image of CD38 expression (APC channel) with the cell nucleus
that was DAPI stained. Exposure times were DAPI 50 ms, FITC 500 ms, and APC 1500 ms with 20×
magnification. All images were collected using the Keyence fluorescence microscope. Shown in this
fluorescence image are cells aligned along one interleaving input channel with cross-channels on either
side of that channel.
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As a control for on-chip immunophenotyping using the microtrap device, we performed
immunophenotyping on a slide (see Figures S4 and S5) to compare with our on-chip results. RPMI-8226
cells were labeled with FITC-anti-CD138 antibodies and APC-anti-CD38 antibodies. RPMI-8226 cells
express these markers [3,46,47]. See Figures S4 and S5 for the flow cytometry results for RPMI-8226
and on-slide immunophenotyping data, respectively.

Figure 3A shows DAPI-stained cells positioned at the microtraps in the single bed device. Here,
we injected live cells followed by introduction of a fixative (2% PFA) to demonstrate the ability to fix
cells on-chip. It was evident that our device could contain live cells without damaging their integrity.
Trapped cells were stained with anti-CD138-FITC and anti-CD38-APC human antibodies (Figure 3B,C,
respectively). Figure 3D,E show the composite images of the cell nucleus (DAPI channel) with the
corresponding FITC and APC fluorescence emission signals.

Imaging of retained cells in the device for immunophenotyping was rapid. The microtrap device
could be imaged at 20×magnification for all three colors (DAPI 50 ms, FITC 500 ms and APC 1500 ms)
in <2 min. An advantage of using the microtrap device is the fact that single cells are positioned at
the micropore entrance in a 2–D format, making them easy to locate. For immunophenotyping using
the 8-bed device, >98% of cells were imaged in one plane without requiring z-stacking using a 20×
microscope objective.

3.4. Microchip Processing and Imaging of a Large Number of Single Cells

Results for isolating CTCs, CLCs, and CPCs are summarized in Table 1, and show a high number
of cells enriched from 1 mL of a patient blood sample using the sinusoidal microfluidic enrichment chip
when analyzing CPCs and CLCs due to the fact that the enrichment antibody also selects non-diseased
cells as opposed to CTCs, where the enriched fraction possesses only a few non-diseased cells. As such,
thousands of cells may be required to be analyzed via immunophenotyping or FISH [3] to identify
cancer cells (i.e., CLCs and CPCs). To facilitate the analysis of a vast number of cells, we designed the
microtrap device with eight beds capable of entrapping enriched cells, subject them to staining, and
present them in a 2-D array format for microscopic evaluation.

The 8-bed microtrap device possessed 80,000 containment pores patterned in PDMS from SU-8
reliefs. Three-level reliefs (i.e., three different heights of microstructures; see Supplementary Materials
for fabrication description) were required to reduce the pressure in the chip and achieve well-balanced
flow through the entire fluidic network (Figures 1 and 3). Because CLCs and CPCs have a diameter
ranging from 6–16 µm (see Table 1), to ensure maximum containment efficiency by the microtraps,
we used 4 × 2 µm2 cross-sections for the containment microtraps (see Figure S3A). Fluorescence
microscope images of cells contained at the microtraps and immunostained are presented in Figure 4.

Figure 4A shows a brightfield image of a single bed in the 8-bed device. Merged images of cells
aligned at micropore entrances were imaged with DAPI (50 ms acquisition time) and anti-CD38-APC
antibodies (1500 ms acquisition time) to identify CD38 on the RPMI-8226 cell surfaces; see Figure 4B.
Figure 4C shows a single bed device containing DAPI-stained cells. DAPI-stained cells in two
consecutive beds from the 8-bed device are imaged and presented in Figure 4D. As can be seen from
Figure 4C,D, the contained cells are fairly well distributed throughout the microtrap 2-D array in spite
of the decrease in the linear velocity seen down the length of the interleaving input channels (see
Figure 2B). We noticed no loss of cell integrity at the microtraps even in the region of the input/output
ends of the microtrap array where the shear stress was high (Figure 3D). Finally, when the flow was
stopped, the cells remained at their trapped location.
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Figure 4. (A) Brightfield image of the bifurcated entrance channels of the microtrap device. RPMI-8226
cells were injected into the device at 10 µL/min and contained at the entrance of the microtraps.
Cell images were processed according to the procedure listed in the materials and methods section
of this manuscript and labeled with DAPI (nuclear stain) and CD38-APC markers. (B) Brightfield
image merged with DAPI and APC channels showing the presence of the cell nucleus and CD38 on the
cell surface aligned mainly at the microtrap entrances. (C) Entrance of the single bed device imaged
using DAPI. RPMI-8226 cells were trapped inside the device at the entrance to the microtraps. (D) Two
consecutive beds of the 8-bed device imaged with the DAPI channel of the microscope for stained
RPMI-8226 cells.

3.5. On-Chip FISH

The microtrap device can be used for immunophenotyping and cytogenetic analysis, such as
FISH. FISH determines aberrations in a metaphase chromosome or chromosomes buried in interphase
nuclei from a fixed cytogenetic sample. The procedure for FISH processing on-chip is detailed in the
materials and methods section as well as the Supplementary Materials. FISH experiments were carried
out on RPMI-8226 and SUP-B15 cells with Cytocell FISH probes. The conventional workflow using
microscope slides for FISH is a tedious and time-consuming process (see Figure S6), which requires
2–3 days including overnight hybridization of FISH probes. Figure 5 shows a step-by-step workflow
for the on-chip FISH procedure, which required ~4 h of processing time and 2 µL of stock FISH probes
for the 8-bed microtrap device, producing a 5-fold reduction in FISH probe volume compared to the
slide-based FISH assay.

Figure 6A (i–iv) shows FISH signals from RPMI 8226-cells processed on-chip. FISH signals present
in both the red and green channels of the fluorescence microscope in all of the cells were seen except
for the image shown in Figure 6A (ii), where only one green signal was present due to deletion of
the target gene region. In some of the cells, only one set (1 red and 1 green) of signal was present.
One reason for losing some FISH signals is that the cells possess a 3-D structure (Figure 1E) even after
entrapment at the microtrap and the fact that a high numerical aperture (NA) microscope was used
with a short focal length; the images shown in Figure 6A were processed using only a single imaging
plane (z-axis). This issue was addressed by using z-stacking of the imaging planes over a range equal
to the average cell diameter.
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Figure 5. Workflow of FISH using the microtrap device. The workload was reduced from 2 days
(slide method) to 4 h using the microtrap device primarily due to the hybridization time reduced from
overnight to 2 h. The probe volume required for the assay was also reduced from 10 to 2 µL as well as
using the microtrap device. Live cells were injected into the microtrap device at a flow rate of 10 µL/min
and the washing steps were done at 5 µL/min to reduce the shear stress on the fixed cells contained
within the microfluidic device.

Figure 6B shows a set of SUP-B15 cells processed using the microtrap chip for the TEL/AML1
FISH probes imaged in one image plane (i.e., no z-stacking). For TEL/AML1, probe TEL
(ETV6—Erythroblastosis Variant Gene 6 translocation, ETS) refers to a region in chromosome 12
p-arm (12p13.2), and AML1 (or RUNX1—Runt-Related Transcription Factor 1) refers to the region
in the q-arm of chromosome 21 (21q22.12). In a normal cell, there should be two red and two green
signals and in a diseased cell, two yellow fusion signals are expected due to translocation of the TEL
and AML1 genes. All of the images (Figure 6B) showed distinct red and green signals, with no clear
indication of a yellow fusion signal to identify any cell as positive for the t(12;21) translocation.

Figure 6C,D shows two examples of SUP-B15 cells processed with BCR/ABL1 FISH probes for
Ph t(9;22) (q34.12; q11.23) imaged with z-stacking (1-µm increments along the z-axis over ~15 µm).
Ph t(9;22) (q34.12; q11.23) consists of two gene regions, with one from chromosome 9 corresponding to
ABL1 gene (red labeled) and the other for the BCR (breakpoint cluster region) gene in chromosome 22
(green labeled). In a cell without a chromosomal fusion aberration, there are two green and two red
signals. If there are yellow fusion signals detected, the cell can be identified as Ph(+). Imaging of 1-µm
z-planes over a 15-µm range covered the entire cell as noted in Figure 6C,D. Those images showed
two or more signals present within the cells entrapped by the microtrap device. Figure 6C shows two
distinct red and green signals (confirmation as a cell not possessing the fusion product) and Figure 6D
shows one yellow fusion signal (second signal not visible or merged with the first one) and one red
and green signal, confirming it as a B-ALL cell that is Ph(+).
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Figure 6. FISH-on-chip analysis of RPMI-8226 and SUP-B15 cells. (A) RPMI-8226 cells after FISH
processing using the microtrap chip with the D13S319 plus deletion probe; (i) a cell that shows one
green and one red FISH signal; (ii) a cell with only one green signal; (iii) a cell with 2 green and
2 red signals. (B) FISH analysis of SUP-B15 cells processed with the TEL/AML1 translocation, dual
fusion probes showing the TEL (ETV6, 12p13.2) region in red, and AML1 (RUNX1, 21q22.12) region in
green. (i) Two cells contained at the entrance of two different microtraps, but the FISH probes were
visible in only one cell with two green signals; (ii) shows one red and two green signals with no clear
yellow signals present; (iii) two cells that show distinct red and green signals, one cell captured at
the entrance of microtrap shows one red, and one green signal with a possible yellow fusion signal.
Both (A,B) were imaged in one single z-plane without z-stacking. (C,D) show z-stacking planes of
15 different image planes for FISH images from SUP-B15 cells captured at the microtrap and FISH
processed with BCR/ABL plus translocation, dual fusion probe. (C) SUP-B15 cell with two green and
two red signals. (D) SUP-B15 cell with one yellow fusion signal (second yellow signal not visible) and
one red and green signal. Each image shows 15 separate images through the 15 µm distance range taken
at 1-µm imaging intervals. FISH probes were specific to the BCR/ABL gene region, Philadelphia (Ph)
chromosome tagging. All images were acquired using a Nikon 60× oil objective with DAPI—200 ms,
FITC—1500 ms, TRITC—2500 ms integration times. The average SNR was 59 for the green probe and
68 for the red probe.
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3.6. Measurement of MRD Status in Pediatric B-ALL Patients Using CLCs

CLCs and normal B-cells were affinity selected from a patient’s peripheral blood with anti-human
CD19 antibodies attached to the surface of a CLC enrichment (sinusoidal) microchip via a
single-stranded oligonucleotide cleavable linker containing a dU residue [34]. Blood was collected
from a pediatric patient (1–18 years) diagnosed with B-ALL undergoing induction and consolidation
chemotherapy. Released cells following enrichment were immunophenotyped to distinguish CLCs
from normal B-cells using the microtrap device; cells that demonstrated the expression of terminal
deoxynucleotidyl transferase (TdT) in the nucleus were classified as CLCs. Additionally, the staining
cocktail contained CD19/CD34/CD10 fluorescently labeled monoclonal antibodies to provide additional
phenotypic data (Figure 7A).

Figure 7. (A) Immunophenotyping of cells enriched from peripheral blood of a B-ALL patient by
targeting cells with that express the CD19 antigen. The cells were stained using DAPI (nucleus), and
monoclonal antibodies directed against TdT (FITC), CD34 (Cy3), and CD10 (Cy5). The images were
acquired using a 40× microscope objective. The CLCs shown were DAPI(+)/CD34(+) and TdT(+),
but CD10(−). (B) Microfluidic monitoring of a B-ALL patient from day 8 to 85 of chemotherapy.
Total cell count represents all DAPI(+)/CD19(+) cells selected. (C) Number of CLCs identified as
DAPI(+)/CD19(+)/TdT(+)/CD34(±)/CD10(±). (D) Change in phenotype among CLCs for this patient
for days 8 and 85.

We analyzed the blood of a pediatric B-ALL patient to determine MRD status during chemotherapy
on days 8, 15, 22, 29, 57, and 85 (Figure 7B–D). The clinical specificity was determined based on a
threshold value established from the analysis of healthy donors as negative controls (average CD19
expressing cells was 68 cells/mL of peripheral blood). Grounded on that, we classified this patient
as MRD(−) upon completion of induction and consolidation therapy on day 85. In this particular
patient, on day 85, we observed a new phenotypic population of cells (Figure 7D) not observed during
the first two analyses, which were secured on days 8 and 15 during induction therapy. Cells with the
CD19(+)/TdT(+)/CD34(+)/CD10(+) phenotype began to appear in the blood on day 22. Although leukemic
cell phenotype changes are common in B-ALL due to the effects of steroids as part of chemotherapy (i.e.,
loss of CD34), it is likely that the aforementioned cells represent normal immature lymphoid precursors
whose morphology and immunophenotype are similar to the CLCs found in B-ALL. MRD status of this
patient was determined to be positive only once, which was on day 29 of treatment when the level of
enriched cells classified as CLCs (361 cells/mL) were above the threshold value.
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To confirm the chromosomal status of the CD19-expressing cells on day 29 of treatment, we tested
the enriched cells for chromosomal aberrations via FISH. Figure 8 shows a stitched image of cells
contained on the microtrap device from a B-ALL patient. The sample was processed using TEL/AML1
FISH probes, which were able to identify the t(12;21) translocation. The TEL/AML1 fusion FISH probes
identifies the most common rearrangements in childhood B-ALL, which is seen in around 17% of
patients [48]. Figure 8a shows a single cell with two green FISH signals and Figure 8b shows two green
FISH signals, with one signal showing a yellow signal (see arrow). Figure 8c shows a single cell with
discrete red, green, and yellow signals. There was no visible evidence of a second yellow signal for
confirmation of both t(12;21) translocations. Figure 8d shows a cell with the same observation of one
red, one green, and one yellow signal, which were closely packed together. In Figure 8e, there are two
green and one red signal visible. Figure 8a,b,e shows a lack of a red signal from the TEL gene. It has
been observed that in B-ALL patients, there is the possibility for deletion of one TEL allele [49–51].

Figure 8. On-chip FISH processed B-cells isolated from a diagnosed B-ALL patient. TEL/AML1 FISH
probes were used for the chromosomal aberration of t (12;21) translocation. Cells were imaged at the
microtraps. Zoomed images show (a) single cell with 2 green FISH signals; (b) single cell with one
green and one yellow signal; (c) a single cell with one red, one green, and one yellow FISH signal;
(d) single cell with one red, one green, and one yellow FISH signals close to each other in the cell; and
(e) single cell with one red and two green signals. In all cases, the images were collected using a 60×
objective with z-stacking.

4. Discussion

FISH testing constitutes important and independent prognostic factors and is considered obligatory
for analyzing patient outcome [52]. Of the current ~117 human genetic tests approved by the US
Food and Drug Administration, 18 of these are FISH-based assays and most are directed toward
hematological diseases, such as AML, multiple myeloma, and ALL.

AML arises from mutations occurring in progenitor cells of the myeloid lineage, which results in
the inability of these cells to differentiate into functional blood cells. AML is the most common adult
leukemia, with >21,000 new cases in the US in 2018, with a 5-year survival rate of 25%. The primary
cause of death for AML patients is due to disease relapse [53]. The WHO currently categorizes patients
into four groups [54]. For example, one category is patients with recurrent genetic abnormalities,
which can consist of seven different chromosomal aberrations (typically balanced translocations or
inversions, inv). Some of these aberrations are t(8;21)(q22;q22) associated with the RUNX1/RUNX1T1

genes in chromosome 8, inv(16)(p13.1q22)/t(16;16)(p13.1;q22) occurring in the CBFB/MYH11 genes
of chromosome 16, and inv(3)(q21q26)/t(3;3)(q21;q26) of the RPN1/EVI1 genes in chromosome 3.
While AML MRD is typically managed using bone marrow biopsies, we have shown that CLCs can
be used to determine recurrence from MRD in AML. The CLCs were enriched from blood samples
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using three sinusoidal microfluidic devices, with each one targeting a specific AML-associated antigen,
CD117, CD34, and CD33 [54].

Multiple myeloma is associated with the abnormal expansion of terminally differentiated B
clonal plasma cells in the bone marrow that produces an abnormal monoclonal paraprotein [55,56].
Multiple myeloma has three clinically defined stages: (i) MGUS (monoclonal gammopathy of
undetermined significance), which is the asymptomatic stage; (ii) SMM (smoldering multiple myeloma)
an intermediate phase; and (iii) the symptomatic stage referred to as active multiple myeloma [57].
In most cases, bone marrow biopsies are used to manage multiple myeloma. However, we and
others have shown that CPCs can be used to manage this disease, which used a minimally invasive
liquid biopsy [3,4,31]. In our study, we used a microfluidic device containing an array of sinusoidal
microchannels with anti-CD138 monoclonal antibodies used to enrich CPCs from multiple myeloma
patients [3]. It has been reported that in 16–50% of all multiple myeloma cases, chromosome 13q
aberrations are present [58,59]. More than 90% of reported cases show the chromosomal aberration
specifically in the 13q14 region [60]. We were able to perform FISH in the CPCs to detect the presence
of chromosome 13q deletions using a slide-based FISH method (see Figures S6 and S7).

The FISH probes used for the RPMI-8226 cells, a model of multiple myeloma, identifies the DLEU
region of chromosome 13 covering the 13q14 gene and used a red (APC channel) fluorescent probe.
The control gene, 13qter located at the end of chromosome 13, was labeled with a green fluorescent
probe (FITC channel). In a normal cell, there are two green signals and two red signals. However,
due to the polyploidy nature in some cells, there may be multiple chromosomes (>2). In CPCs, it is
expected that one or both DLEU regions (DLEU1 and DLEU2) may be deleted [61].

Figures 3 and 6 show immunophenotyping and FISH processing of RPMI-8226 cells using our
microtrap device. As expected, the data seen in Figures S4 and S5 in the Supplementary Materials
and our previous studies [3] confirmed the expression of CD138 and CD38 proteins for RPMI-8226
cells. We detected the presence of chromosome 13 as a green FISH signal corresponding to the 13qter
gene (100 kb), which was present in all images, as shown in Figure 6A. Figure 6A (i) and (ii) shows
deletion of the red signal corresponding to gene regions covering DLEU1, DLEU2, D13S319, D13S272,
and RH47934 (156 kb) as expected for the RPMI-8226 cell line, as well. Most of the RPMI-8226 cells
contained both red and green signals (Figure S7 in Supplementary Materials) lacking deletion, which
is consistent with the karyotype data for this cell line.

B-ALL is the most common cancer diagnosed in children, representing ~30% of cancer diagnoses [62].
Despite significant improvements in the overall survival of children with B-ALL, there is a group
of patients that experience relapse and ultimately die from their disease [63]. In fact, the likelihood
of relapse is 80% for patients who have MRD at the end of induction therapy, indicative of active
disease [64]. Monitoring of MRD, therefore, is considered a powerful predictor of outcome in B-ALL.

Cytogenetic abnormalities detected at diagnosis or generated during chemotherapy constitute
important prognostic factors [52]. In B-ALL patients, 25–30% of patients have hyperdiploidy, 25%
have t(12;21), 3–5% have t(9;22), 10% have MLL translocations, and 2% have iAMP21 chromosomal
abnormalities. Once an aberration is detected, it can aid in the determination of the treatment
regimen [65,66]. As another example, the detection of specific chromosome aberrations, such as
t(9;22)(q34;q11.2) for BCR-ABL1, which results in the formation of the Philadelphia (Ph) chromosome,
or t(12;21) aberrations of TEL/AML1 gene translocations are used to assign B-ALL patients to specific
targeted therapies [67].

For the SUP-B15 cell line, which is a model for B-ALL [68], there are a few targeted gene variations
that are typically evaluated using FISH [50,69,70]. MLL break-apart probes are used to detect the
breakage of the MLL gene, which is frequently found in infant B-ALL [71–73]. BCR/ABL1 probes are
used to detect the formation of the Philadelphia (Ph) chromosome produced by the fusion of two
genes from chromosome 9 and 22, which is one the most important prognostic indicators for several
hematological disorders, including B-ALL (see Figures S7, S8, and S9 for on-slide FISH analysis for
some of these chromosomal abnormalities) [74–76].
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In this study, the SUP-B15 cells were tested for TEL/AML1 translocations and BCR/ABL1 (Ph
chromosome) using the microtrap device for FISH. For the SUP-B15 cell line, it is expected to see two
distinct red and two green signals with the TEL/AML1 FISH probes. The TEL (ETV6) gene region
marked in red corresponds to the 12p13.2 in chromosome 12 covering 168 kb of D12S1898 region and
the green marker covers AML1 (RUNX1) in chromosome 21q22.12, a 167 kb gene region, including the
CLIC6 gene [50]. On-chip FISH results (Figure 6B) showed distinct red and green signals corresponding
to the presence of chromosome 12 and 21. Lack of a yellow signal confirmed t(12;21)(p13.2;q22.12)
translocations were not present in the SUP-B15 cell line, which agrees with the karyotype as noted in the
literature. The Philadelphia chromosome results from translocations of the ABL1 gene (9q34.11-q34.12,
red) in chromosome 9 and the BCR gene (22q11.22-q11.23, green) in chromosome 22. The BCR probe
region covers the GNAZ and RAB36 genes in a 169 kb region plus 148 kb region in telemetric BCR.
The ABL1 probe covers a 346 kb region in the middle of the FUBP3 gene. As for the karyotype data
of SUP-B15, we expected to see >90% of cells possessing the Ph chromosome (yellow fusion signal
present). No yellow signal would be considered a cell with no Ph chromosome.

Figure 6C showed that SUP-B15 cells processed on-chip with BCR/ABL1 genes expressed two
distinct red and green signals. This confirmed that there was no Ph chromosome present while in
Figure 6D it showed the presence of one yellow fusion signal, confirming Ph(+) in that cell. In Figure 6D,
we did not identify the fusion signal in this cell. However, the patient sample processed for FISH
on-chip showed improved FISH signals as seen in Figure 8.

The microtrap FISH assay resulted in an SNR of 59 for the green signal, and 68 for the red signal.
In the case of the slide-based assays, the SNR for the green and red signals were 64 and 63, respectively
(see Figure S9), indicating that the ability to detect single molecules associated with the fluorescent
reporter attached to each FISH probe was clearly visible using the microtrap device. The challenge is
that in the FISH experiments, we used a high numerical objective with a small focal distance and as
seen in Figure 1E, z-stacking was necessary to cover the genetic material housed within the nucleus.
This may have been the reason that some signals were missed. This can be obviated by using a high
numerical objective with a larger focal distance to better cover the entire nuclear region when the cells
are located at the pore entrance.

Most FISH-based assays are predicated on the use of bone marrow, which is enriched in diseased
cells compared to blood. For example, in the case of multiple myeloma, CPCs in peripheral blood
are reported to be >100-fold lower than in bone marrow [77,78]. If disease relapse and chromosomal
defects could be detected from peripheral blood, painful bone marrow biopsies could be avoided, and
physicians could obtain information in near real time and potentially implement changes in treatment
to affect better outcomes for patients with hematological diseases.

To obviate the need for a bone marrow biopsy, we used a liquid biopsy secured from a B-ALL
patient using an affinity microfluidic chip and performed immunophenotyping and FISH on those
enriched cells using our microtrap device. Similar to our previous work on the isolation of leukemic
cells from blood of patients diagnosed with AML, a sinusoidal microfluidic chip with positive affinity
selection was used [3,4], but in this case the affinity selection used a different antibody (anti-CD19
monoclonal antibodies) to enrich B-cells. While the enrichment of the CLCs and CPCs in our previous
work was accomplished using a microfluidic chip, the downstream analysis was done off-chip,
including immunophenotyping and FISH. Standard FISH workflow demands highly trained and
experienced personnel (see Figure S6), making it difficult to implement in clinical laboratories not
possessing the specialized facilities and trained personnel. Additionally, blood cells collected from a
bone marrow biopsy are used for cytogenetic analysis, requiring an invasive procedure [64].

Using our microfluidic assay, a blood sample was subjected to affinity enrichment with high
efficiency in terms of recovery and purity, and thus, the entire leukocyte population of peripheral
blood did not require cytogenetic interrogation. The only cell population interrogated was those that
expressed the target antigen, which in the case of B-ALL was CD19-expressing cells. Additionally,
enriched cells were distributed in an array-like format as determined by the position of the microtraps
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of the microtrap device (see Figure 4C,D), which made them easier to image as opposed to stochastically
distributed on a properly functionalized surface to induce cell adhesion to the surface. In addition,
the 8-bed version of the microtrap device possessed 80,000 pores for retaining cells. While the data
displayed in Table 1 show the total number of cells affinity selected (aberrant and non-aberrant) were
5314 for AML, 2840 for ALL, and 7775 for multiple myeloma, these numbers were based on a per mL
sample volume. In some cases, it may be necessary to use larger input volumes, such as 10 mL, to
search for rare CLCs and CPCs to find cells in the correct phase to elicit proper FISH signals. In these
cases, the full advantage of the large dynamic range of the 8-bed device can be realized.

To reduce the workflow for FISH, microfluidics has been suggested by several groups, with the
processing time reduced from several days using conventional slide-based FISH to several hours
using FISH-on-chip platforms [14,26–28]. In addition, microfluidics has also resulted in a reduction
in the use of expensive FISH probes. However, the reported platforms (see Table S1) required the
use of special surface coatings to allow for cells to adhere to the surface of the device. Because of the
stochastic nature of the attachment to the surface of the chip, this can create cell aggregates that made
it difficult to image single cells under high magnification to determine the chromosomal status of
the cells. Our device obviated the need of surface coatings and ordered the cells in a 2-D format to
reduce device preparation steps and simplify single cell imaging, respectively. The microfluidic was
comprised of an array of microtraps that were easily formed via a replication step in PDMS from a
relief prepared by lithography. The relief also possessed the fluidic network.

We showed in this work that the microtrap device could be coupled to a rare cell enrichment
chip to allow processing of circulating cells, such as CPCs or CLCs, with the ability to perform
immunophenotyping and FISH of the enriched cells directly from blood samples. Moreover,
experiments showed that our microtrap device was capable of containing live cells with >90%
efficiency with sufficient traps to process CLCs and CPCs enriched from blood. The microtrap device
was operated at a 10 µL/min volume flow rate to facilitate proper filling of the device without air
bubbles. At this flow rate, even though cells experienced ~570 dynes/cm2 shear stress, no obvious cell
damage was observed for cells contained by the microtraps. Cell physical survival was attributed to
the cell membrane’s ability to handle relatively high shear stress for a brief time.

Using our 8-bed device with 80,000 microtraps, we could process thousands of cells for molecular
profiling following enrichment. FISH results were achieved in <4 h by reducing the hybridization
time from overnight to 2 h. Also, automated imaging was demonstrated for phenotyping in 2 min
and FISH imaging in < 5 min, reducing the workflow for FISH compared to conventional slide-based
assays, which requires 2–3 days of processing time, most of which is done manually. The FISH-on-chip
provides full process automation.

When the cells were physically retained at the microtraps, they did possess a 3-D structure, requiring
z-stacking to cover all of the FISH probes present inside the cell nucleus. Unlike immunophenotyping,
where it was possible to use a single focusing plane because a lower magnification and associated
longer focal length was required, FISH required the use of a high numerical aperture objective with a
smaller focal length to capture high resolution images along several focal planes to image all of the
FISH probes present in the cell nucleus. Even though z-stacking was necessary for FISH imaging,
it was possible to automate this process. We set a common upper and lower threshold point in the
device and selected the points where the cells were present at the arrayed microtraps and proceeded
with automated imaging with pre-set exposure times for different filters (DAPI 200 ms, FITC 1500 ms,
Cy3/Cy5 2500 ms). Processing of the captured images using BZ-X Analyzer and FIJI is detailed in the
Supplementary Materials.

As opposed to our previous version of this device, which possessed larger microtraps [31], this
device was designed to accommodate smaller CLCs and CPCs and the higher number of cells to
analyze (see Table 1). For example, the CLCs (i.e., B-ALL cells) are smaller than CTCs and, as such,
required the use of a smaller containment pore (4 × 2 µm2 compared to 8 × 6 µm2 in our previous
report) [31]. Because the affinity selection process for CLCs and CPCs results in the enrichment of a

24



Cells 2020, 9, 519

much larger number of cells due to the fact that the even non-diseased cells express the capture antigen,
a larger number of containment pores were required (80,000 herein compared to 5000 in our previous
device) [31]. In addition, our previous report only performed immunophenotyping and did not carry
out FISH on the chip, as was demonstrated here.

In the current rendition, the microtrap device was made from PDMS by casting it against a
relief. However, the same device architecture can be made from a thermoplastic, such as cyclic olefin
copolymer (COC), which has some decisive advantages compared to PDMS [79]. For example, because
COC is a thermoplastic, it can be injection molded to allow production of devices at high rates and
at significantly lower chip cost compared to PDMS [79]. In fact, the entire device can be injection
molded in a single cycle, with the only requirement being cover plate bonding as a finishing step.
Also, COC has excellent optical properties that allow for high sensitivity imaging using the spectral
range typically employed for FISH [27]. COC can be UV/O3 activated to change its wettability to allow
efficient filling with aqueous solutions without creating air bubbles and does not show the typical
rapid hydrophobic recovery as seen with PDMS [80]. This will allow for the generation of a low-cost
disposable appropriate for in vitro diagnostics. When the microtrap device is physically integrated
to the cell enrichment device via a fluidic motherboard, fully automated processing of liquid biopsy
samples can be envisioned to enable clinical use.

5. Conclusions

The ability of our microtrap device was demonstrated using CPCs and CLCs for immunophenotyping
and FISH analyses of relatively small cells (Davg ~12 µm) and in high numbers. The same device could
be used to identify expression patterns of proteins and detect targeted chromosomal aberrations in
single cells. Using the 8-bed device with 80,000 containment microtraps, we could process thousands
of live or fixed cells enriched using a cell isolation microchip. FISH results were achieved in <4 h by
primarily reducing the hybridization time from overnight to 2 h, and lowering the volume of the FISH
probes required for analysis. The microtrap device was used for automated imaging for phenotypic
identification of cells in 2 min and for FISH in <5 min for all fluorescence channels without the need to
scan a relatively large area. Moreover, we were able to enrich B-cells from an ALL patient and process
those cells to identify chromosomal aberrations. In future work, the use of a thermoplastic, such as
COC, instead of PDMS will be undertaken to produce a low-cost, disposable device appropriate for
use in clinical applications.
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Abstract: Microsatellite instability (MSI) in colorectal cancer (CRC) is a marker of immunogenicity and
is associated with an increased abundance of tumour infiltrating lymphocytes (TILs). In this subgroup
of colorectal cancer, it is unknown if these characteristics translate into a measurable difference in
circulating tumour cell (CTC) release into peripheral circulation. This is the first study to compare
MSI status with the prevalence of circulating CTCs in the peri-operative colorectal surgery setting.
For this purpose, 20 patients who underwent CRC surgery with curative intent were enrolled in the
study, and peripheral venous blood was collected at pre- (t1), intra- (t2), immediately post-operative
(t3), and 14–16 h post-operative (t4) time points. Of these, one patient was excluded due to insufficient
blood sample. CTCs were isolated from 19 patients using the IsofluxTM system, and the data were
analysed using the STATA statistical package. CTC number was presented as the mean values,
and comparisons were made using the Student t-test. There was a trend toward increased CTC
presence in the MSI-high (H) CRC group, but this was not statistically significant. In addition,
a Poisson regression was performed adjusting for stage (I-IV). This demonstrated no significant
difference between the two MSI groups for pre-operative time point t1. However, time points t2,
t3, and t4 were associated with increased CTC presence for MSI-H CRCs. In conclusion, there was
a trend toward increased CTC release pre-, intra-, and post-operatively in MSI-H CRCs, but this was
only statistically significant intra-operatively. When adjusting for stage, MSI-H was associated with
an increase in CTC numbers intra-operatively and post-operatively, but not pre-operatively.

Keywords: circulating tumour cells; colorectal cancer; colorectal surgery; microsatellite instability

1. Introduction

Biomarkers in colorectal cancer (CRC) have had limited success in clinical application to date,
but microsatellite instability (MSI) status is emerging as a biomarker of clinical relevance. It is
known that CRC exhibiting high level MSI (MSI-H) is associated with increased tumour infiltrating
lymphocytes (TILs) and is a marker of immunogenicity [1–3]. MSI-H CRCs are less likely to disseminate
due to TILs as a protective factor, yet a double-edged sword exists in that MSI-H CRCs have more
mutations and are associated with more adverse pathological features. However, what is not known is
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whether the abundance of TILs decreases the risk of tumour dissemination by reducing the release of
circulating tumour cells (CTCs), which have metastatic potential.

Microsatellites are short tracts of repetitive sequence (1–6 base pairs or more that are generally
repeated between 5 and 50 times) found disseminated throughout the genome. Due to the repetitive
nature of microsatellites, these regions are prone to change (instability) during replication. In MSI-H
CRC, the resultant microsatellite alterations result in frameshifts that truncate proteins and may lead
to inactivation of affected coding regions. Usually, microsatellite alterations are sensed by mismatch
repair (MMR) genes that act like spellcheckers or DNA damage sensors, which detect mutations and
signal for repair or apoptosis. When there is a loss of DNA damage sensors, either through genetic or
epigenetic inactivation of MMR genes, this leads to loss of appropriate signalling and an accumulation
of genetic mutations. In clinical practice, MSI-H occurs in 10–15% of colorectal cancers and is defined
by IHC staining demonstrating MMR deficiency (MMRD).

The serrated neoplastic pathway is one of the two sporadic pathways that result in MSI-H cancers,
the other classical pathway being the adenoma-carcinoma pathway involving chromosomal instability
(CIN) and that results in microsatellite stable (MSS) cancers. Interestingly, it appears that MSI-H
colorectal cancers are less likely to progress to stage IV disease compared to their MSS counterpart [4,5].
However, it is unclear if the biology of this observation is associated with decreased release of CTC.
The hypothesis we sought to test was that the abundance of TILs in MSI-H CRCs may reduce the
release of CTCs and, by doing so, protect against the risk of dissemination.

CTCs were first identified by Dr. Thomas Ashworth in 1869 [6]. Under the microscope, it was
observed that “cells identical with those of the cancer itself” were present in the blood of a man
with metastatic cancer. Since then, CTCs have been shown to be both a predictive and prognostic
biomarker, but have remained in the research domain rather than clinical application due to cost.
Evaluating circulating tumour DNA (ctDNA) has also shown great utility as a diagnostic approach
for cancer management. Instead of identifying cancer cells (CTCs) in the bloodstream, identifying
ctDNA depends on DNA released into the bloodstream from the tumour cell nucleus as it dies and is
replaced by new cancer cells. A recent study by Tie et al. investigated ctDNA in stage II colon cancer
to detect patients at high risk of recurrence. In that study, they also assessed the association between
post-operative ctDNA status and conventional high-risk clinicopathological factors, but were not able
to show an association, albeit that the majority of patients in the study were ctDNA negative [7].

With the call for universal MSI testing in CRC, it is important to understand the immunobiology
of MSI to understand its clinical implications and its role in guiding prognosis and adjuvant therapy.
It is known that MSI is associated with TILs [8]. However, it is not yet known if MSI status affects the
release of CTC. It is not clear if patients with abundant TILs have a reduction of CTC count and whether
this is stage dependent. This pilot study is the first to investigate CTC count in elective colorectal
surgery and to analyse possible differences in the pre-operative, intra-operative, and post-operative
stage of treatment and correlate this with MSI status.

2. Materials and Methods

2.1. Patients and Blood Samples

Twenty patients undergoing elective laparoscopic or open colorectal surgery at either Liverpool
or Westmead Hospitals were enrolled in the study approved by the South Western Sydney Local
Health District Ethics (Ref: HREC/13/LPOOL/158). All patients gave informed written consent for
blood collection and CTC analysis. Peripheral venous blood was collected at four time points: (t1)
pre-operative blood collection in the anaesthetic bay of operating theatres; (t2) intra-operatively after
mobilisation of bowel was completed; (t3) at time of completion of surgery; and (t4) fourteen-sixteen
hours post-operatively. One patient had insufficient blood volume collected and was excluded
from analysis.
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2.2. CTC Enrichment and Enumeration

Quantification of CTCs was performed using the IsoFluxTM instrument (Fluxion Biosciences Inc,
Alameda, CA, USA). Peripheral venous blood was collected into 9 mL anti-coagulant K2EDTA tubes
(Vacuette 455036) and processed within 24 h of collection in accordance with the Isoflux protocol
using the CTC enrichment (910-0091) and enumeration (910-0093) kits supplied by the manufacturer.
Briefly, immuno-magnetic EpCAM linked beads was used to capture CTCs, and after processing
through the Isoflux instrument, CTCs were identified by immune staining using anti-cytokeratin
(CK-7, -8, -18, and -19), Hoechst 33342 dye, and anti-CD45. After transferring each sample to 24 well
SensoPlatesTM (Cat. No. 662892, Geriner Bio-One, GmbH, Kremsminster, Austria) and applying
coverslips, each sample was scanned and visualized using a 10× objective on a fluorescence Olympus
IX71 inverted microscope. Putative CTCs were defined as CK+, DAPI+, and CD45−, nucleated and
morphologically intact cells.

2.3. Clinical and Histopathological Data

Carcinoembryonic antigen (CEA), tumour infiltrating lymphocytes (TILs), microsatellite instability
(MSI), and BRAF status were recorded. TILs were reported by the pathologist as present when there
were more than 5 intraepithelial lymphocytes/100 epithelial cells (assessed on minimum three high
power (×400) fields) [8]. MSI and BRAF status was tested by immunohistochemistry.

Data on patient demographics, histopathological features of the tumour, and CTC count at
four time periods were collected. Certified pathologists examined the tissue biopsy specimens
post-operatively and provided the histopathology diagnosis. All patients had follow-up at one year
with disease-free survival (DFS) being the main outcome.

2.4. Statistical Analysis

Analysis was performed on STATA (Stata MP, Version 15; StataCorp LP). The Student t-test was
used to compare between groups, and a Poisson regression was used to adjust for stage. The Student
t-test was used instead of the Wilcoxon–Mann–Whitney U-test and the Kruskal–Wallis tests as these
non-parametric tests are better used to compare medians, whereas the Student t-test provides a better
assessment of means.

3. Results

3.1. Clinical and Surgical Characteristics

In total, 80 samples from 20 patients with colorectal cancer who underwent elective open or
laparoscopic colorectal surgery with curative intent were recruited for this study. However, four samples
from one patient had insufficient blood volume collected, and this patient was excluded from analysis.
CTC isolation and enrichment were performed using the IsoFluxTM system. Of the nineteen patients
who had CTCs enumerated, two patients had high-grade dysplasia without malignancy (these were 30
× 33× 23 mm and 57× 50× 55 mm villous adenomas). Of the remaining 17 patients, 3 (17.6%) were stage
I, 6 (35.3%) stage II, 7 (41.2%) stage III, and 1 (5.9%) stage IV. Nine (52.9%) were right-sided (caecal (n =
4), ascending colon (n = 4), and transverse colon (n = 1)), the rest (41.2%) were left-sided (rectum (n = 4),
rectosigmoid (n= 1), sigmoid (n= 3)). The histopathology of all seventeen patients was adenocarcinoma.
Further, two of the four patients with rectal cancer had neoadjuvant chemoradiotherapy. Patient
demographic, clinical, and surgical characteristics are summarized in Table 1, and the CTC yield for
each patient at the different time points are in Table S1 (Supplementary Material).
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Table 1. Patient demographic, clinical, and surgical characteristics and circulating tumour cell (CTC)
number. MSI-H, microsatellite instability-high; MSS, microsatellite stable.

Patient Characteristics
Microsatellite Status

MSI-H MSS

Patient number 4 13
Age 85.5 (54–86) 66 (44–86)

Female:male 3:1 6:7
Right colon 4 (100%) 5 (38.5%)
Left colon 0 3 (23.1%)

Rectal/rectosigmoid 0 5 (38.5%)
Grade
High 3 (75%) 1 (8.3%)

Moderate 1 (25%) 10 (83.3%)
Low 0 1 (8.3%)

BRAF mutant:wild-type 3:1 N/A
Stage

I 0 3 (23.1%)
II 2 (50%) 4 (30.8%)
III 2 (50%) 5 (38.5%)
IV 0 1 (7.7%)

CTC number
t1 10.5 (0–29) 1 (0–61)
t2 52 (44–189) 1 (0–74)
t3 23 (1–83) 1 (0–17)
t4 34 (6–65) 1 (0–12)

Continuous data shown as the mean with the range; count data presented as the frequencies and percentages.
Three patients are not included in the Table as the histopathology was villous adenoma, with high-grade dysplasia
for two patients, and one patient had insufficient samples.

3.2. CTC Yield in All Patients

First, we looked at the number of CTCs enumerated for all 19 patients (Table 1 and supplementary
Table S1. CTC number was presented as the mean values and comparisons made using the Student
t-test. CTCs were enumerated for 19 patients: microsatellite stable (MSS) (n = 15); microsatellite
unstable (MSI-H) (n = 4), respectively. A Student t-test was used to test the difference in CTC number
between MSS and MSI-H CRCs, respectively, at the four different time points: t1 (8.2 vs. 12.5, p= 0.6191);
t2 (23.7 vs. 37.8, p = 0.5893); t3 (9.3 vs. 12.3, p = 0.7798); and t4 (8.1 vs. 18.8, p = 0.3696). It was
apparent that at each of these time points, there was no significant difference between MSS and MSI-H
patient groups.

3.3. CTC Yield in Cancer Patients Only

Excluding the two patients with villous adenoma and high-grade dysplasia, there was a trend
towards higher CTC number for MSI-H CRC, but this was not statistically significant between the
two groups: t1 (7.9 vs. 12.5, p = 0.6191); t2 (22.2 vs. 37.8, p = 0.5893); t3 (8.7 vs. 12.3, p = 0.7798);
t4 (8.3 vs. 18.8, p = 0.3696). In addition, a Poisson regression was performed adjusting for stage (I-IV).
This demonstrated no significant difference between the two MSI groups for t1. However, t2, t3, and t4
were all associated with an increase in CTC number for MSI-H CRCs.

3.4. MSI Status and CTC Number by Stage of CRC

For this analysis, there were no MSI-H patients in the stage I and IV groups; however, there were
two MSI-H (caecum and ascending colon) patients in the stage II group; whereas there were four stage
II MSS CRC (caecum, rectosigmoid and two rectum) patients. For the stage II patients, there was
a significant spike at the t2 timepoint for the MSI-H group (Figure 1; Panel A and Panel B). However,
the sample size was too small to perform reliable statistical analysis. For stage III patients, there appeared
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to be a trend towards higher CTC count for the MSI-H group, but this was not statistically significant:
t1 (13.2 vs. 14.5, p = 0.9540); t2 (15.2 vs. 23.5, p = 0.7700); t3 (3.6 vs. 20, p = 0.1981); t4 (3.6 vs. 29,
p = 0.1589); Figure 1; C and D. When combining data for all stage I-III patients, there was a statistically
significant spike in t2 count in the MSI-H group. There was also a trend toward higher CTC number for
t1, t3, and t4 in the MSI-H group, but this was not statistically significant (Figure 1; E and F): t1 (7.5 vs.
12.5, p = 0.6027); t2 (8.25 vs. 37.75, p = 0.0328); t3 (2.5 vs. 12.25, p = 0.0878); t4 (3.67 vs. 18.75, p = 0.0604).

Figure 1. CTC number for stage II (Panels A and B), III (C and D) and I-III (Panels E and F) MSS (left) vs.
MSI-H (right) colorectal cancer at different sample time points: t1 (pre-operative), t2 (intra-operative),
t3 (immediate post-operative), t4 (14–16 h post-operative).

There was only one patient with stage IV colon cancer. This patient had a right-sided cancer that
was MSS and had high CTCs that were persistently elevated with 13 CTCs detected at the pre-operative
time point (t1), which increased to 189 during surgery and then remained high post-operatively with
83 and 65 CTCs detected, respectively (Figure 2).

35



Cells 2020, 9, 425

Figure 2. CTC number at different time points for patient S16 (stage IV, MSS CRC).

3.5. MSI Status and CTC by Side (Right vs. Left) Stage I-III Colon Cancer

There were no left-sided MSI-H CRCs in this study, so it was not possible to compare between
MSI-H and MSS for left-sided colon and rectal cancer. However, there were four MSI-H and five MSS
right-sided colon cancers. One MSS was excluded from analysis as it was a stage IV CRC. There was no
statistically significant difference in CTC number for right-sided colon cancer by MSI status, but there
was a trend for increased CTC number at t2, t3, and t4 time points (t1 (20 vs. 12.5, p = 0.6375); t2 (22.75
vs. 37.75, p = 0.5001); t3 (6.5 vs. 12.25, p = 0.5677); t4 (6 vs. 18.75, p = 0.0942); Figure 3, Panels A and B).

There were eight left-sided CRCs in this study, of which none exhibited MSI. Two patients received
neoadjuvant therapy, whereas six patients did not receive neoadjuvant therapy. There were four
rectal cancers, one rectosigmoid and three sigmoid cancers. The CTC number overall was low in
this subgroup; however, it appeared there was a difference between those who received neoadjuvant
therapy and those who did not (Figure 3, Panels C and D). Reliable statistical analysis was not
performed due to the small sample size.
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Figure 3. CTC number and MSI status for right-sided stage I-III colon cancer, (Panel A) MSS, (Panel B)
MSI-H and CTC number for left-sided colorectal cancer, no neoadjuvant (Panel C), and neoadjuvant
therapy (Panel D) at sample time points t1 (pre-operative), t2 (Intra-operative), t3 (immediate
post-operative), t4 (14–16 h post-operative).

3.6. Poisson Regression Model with Post-Estimation Marginal Fundamental Analysis

A Poisson regression model was run with MSI and stage as independent variables.
A post-estimation marginal means and marginal effects fundamental analysis was performed.
This showed no difference in CTC number at the t1 time point, but a statistically significant difference
in CTC number at the t2, t3, and t4 time points with stage as a covariate: t1: 7.96 (6.42–9.50) vs. 12.29
(8.88–15.71); t2: (20.99 (18.55–23.43) vs. 46.01 (38.18–53.83); t3: 7.72 (6.28–9.16) vs. 20.69 (13.88–27.49);
t4: 8.03 (6.51–9.54) vs. 21.91 (16.62–27.18). In addition, a Poisson regression model was run for stage of
CRC, and a post-estimation marginal fundamental analysis was performed. This showed a significant
difference in CTC number at the t1, t2, t3, and t4 time points between stages independent of MSI status
(Figure 4). Preoperatively, the CTC number at the t1 time point for stage I was 3.99 (2.48–5.49); for stage
II 6.78 (5.33–8.22); for stage III 11.53 (9.58–13.48); for stage IV 19.61 (13.63–25.59).

3.7. Non-Parametric Wilcoxon–Mann–Whitney U-test

When comparing the median CTC number between MSS and MSI-H CRCs, there was again
a trend toward increased CTC number with MSI-H CRC, but this was only statistically significant at
the t2 time point when comparing stage I-III MSS and MSI-H CRC.
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Figure 4. Poisson regression model with post-estimation marginal fundamental analysis of stage and
CTC number at sample time points t1 and t2 (Panels A and B) and t3 and t4 (Panels C and D).

4. Discussion

There is an abundance of clinical data reporting on the association between MSI status and
prognosis in CRC showing that MSI-H may be associated with better prognosis [3,4]. The evidence in
the literature shows that CTCs may be important in prognostication of colon cancer [5] in predicting
dissemination [6], overall and disease-free survival [7], and lymph node involvement [8,9]. Higher
levels of CTCs have been associated with worse outcome and may predict for poor disease-free
survival [10–12]. Most existing studies assessing the relationship between MSI and prognosis in CRC
have been clinical studies or histopathological studies. We took a fundamentally different approach to
instead examine the immune-biological characteristics of CRC based on MSI status.

Our study confirmed that CTC measurements correlated with dissemination and stage of disease.
There was a statistically significant difference in CTC number with stage (I-IV) and across all time
points (preoperatively, intraoperatively, and postoperatively, as shown in Figure 4). However, notably,
our study showed that MSI-H CRCs (which have been reported to be immunogenic and associated
with enhanced survival) [3,4] were associated with increased peri-operative release of CTCs (Figure 1).
Further, both the mean and median CTC count at all time points were higher in the MSI-H group
compared to the MSS group. Our hypothesis that increased TILs would decrease peri-operative release
of CTCs in MSI-H CRCs was not supported by the data.

While most of the analyses performed were not statistically significant, overall, there was a trend
towards increased CTC number at all time points (t1, t2, t3, and t4) in the MSI-H group. When analysing
stage II CRC and stage I-III CRC, there was a statistically significant increase in the CTC number for the
t2 time point: 3.5 vs. 52, p= 0.0005 and 8.25 vs. 37.75, p= 0.0328, respectively, in the MSI-H group. For all
other comparisons, there was increased CTC number in the MSI-H group, but it was not statistically
significant. A Poisson regression was performed to adjust for stage (I-IV). This demonstrated no
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significant difference between the two MSI groups for the t1 time point. However, the t2, t3, and t4
time points were all associated with increased CTC number for MSI-H CRCs.

The literature on CTCs has shown that a measurement of more than three CTCs per 7.5 mL
peripheral blood may be associated with poor survival, although some studies suggest 1–2 CTCs
per 7.5 mL may also be associated with a worse outcome [13]. Furthermore, higher post-operative
CTC numbers may be associated with a higher risk of recurrence [14], whereas improvements in
post-operative CTC number from pre-operative baselines has been associated with better survival [15].
In this study, the median CTC number for the t1, t2, t3, and t4 time points for MSS CRC was one,
whereas the median for MSI-H CRC was significantly >3 in all the corresponding time points. However,
with data in the literature showing enhanced survival in MSI-H CRC, the high CTC numbers for
MSI-H CRCs and low CTC numbers for MSS CRCs found in this study did not correlate with the
clinicopathological data reporting on survival existing in the literature. On the other hand, this study
may have shown that the cut-off for prognostication of CRC by CTC measurement may actually
be influenced by MSI status and that there should not be a single cut-off, but the benchmark may
depend on characteristics such as MSI. One hypothesis was that CTCs released into the bloodstream of
patients with MSI-H CRCs usually remain microsatellite unstable [16], which maintains an enhanced
immunogenic response from circulating lymphocytes in the bloodstream [17]. Thus, its presence may
not represent the same risk of metastases as CTCs associated with MSS CRCs [18,19].

What about the protective effect of MSI? The immunogenicity of MSI is believed to be associated
with the presence of TILs. Collinearity between MSI-H status and TILs has been shown in
clinicopathological data, including the data from our own cohort study [20], and has been traditionally
associated with a better prognosis [3,4]. It is believed that the survival and clinical benefits of MSI may
be due to its immunogenicity, with MSI associated with increased TILs [2,21–24] and TILs associated
with a better prognosis [2,25–34]. MSI-H CRCs may also be associated not only with an abundance of
intra-tumoral TILs, but also with a higher density of associated cytotoxic, helper, and regulatory T
lymphocytes in peripheral blood [17], as well as increased activity in the bone marrow [35]. Studies
have shown that both the immunogenic TILs response at the tumour site, as well as the circulatory
system are believed to be associated with a decreased risk of lymph node metastases [19,36] and distant
metastases [18] in MSI CRCs. The assumption, hence, would be that MSI-H CRCs should be associated
with decreased CTC dissemination into the blood.

However, this study showed that the immuno-biology of MSI-H CRCs is more complex than this.
As is well established in the literature, MSI-H CRCs are also associated with poor differentiation [19,37],
are larger and more likely to be mucinous [38–40], as well as being higher grade tumours with
a greater mutational burden and the mucinous phenotype more likely to be associated with signet
cells. It is also believed that MSI-H CRCs are associated with a high number of frameshift mutation
peptides (FSPs) [41,42] when compared to MSS CRCs [43,44]. The MSI hyper-mutational state is also
thought to be the reason for poor differentiation and other adverse pathological features of the tumour.
The higher grade of tumour associated with hyper-mutational state may be the reason for the increased
peri-operative release of CTCs. On Poisson regression analysis, our study showed no difference in
pre-operative (t1) CTC numbers, but a statistically significant difference in intra-operative (t2 and t3)
and post-operative (t4) release of CTCs. From the literature, immunogenic TILs may reduce the risk
of dissemination, but this study showed that they did not do so by preventing the release of CTCs.
We currently do not have long term survival and recurrence data, nor CTC measurements outside
of the 24 h window peri-operatively, but a study looking at recurrence, survival, and CTC number
at 6 months, 1 year, 3 year, and 5 years would be interesting and would examine the role that CTCs
may play in the post-operative management of CRCs including whether this may be used to predict
recurrence or survival accurately.

Notably, this pilot study showed results that warrant further investigations. The increased CTC
positivity seen in MSI-H CRCs is a significant point of difference from the currently understood
immune-biological mechanisms associated with MSI-H CRCs. In practice, this means that the
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benchmark cut-off points for CTC enumeration may be influenced by tumour characteristic, and future
clinical applications of CTC in CRC management may need to take this into consideration. Another
consideration is that the improved survival associated with immunogenic MSI-H CRCs may not
be as profound as once believed, and the increased peri-operative release of CTCs in MSI-H CRCs
may be revisited with future studies with a larger patient cohort. This could prove a useful follow
up of the suggestions made by the European Society of Medical Oncology (ESMO) guidelines that
patients with stage II colon cancer with MSI are at very low risk of recurrence and unlikely to benefit
from chemotherapy.

In this study, the overall patient number (n = 20) was low and a limitation for insightful statistical
analysis. There was significant heterogeneity within the study with two patients receiving neoadjuvant
chemoradiotherapy, no direct comparisons available for stage I and IV (no MSI-H CRC in these
subgroups), and the inclusion of right colon, left colon, and rectal cancers. The incidence of MSI in CRC
is 10–15%. In our cohort, there were only four MSI-H CRCs, of which two were stage II and two were
stage III, and the majority of patients were MSS CRCs, being a limitation of our data. From a tumour
biology perspective, the main implication of our findings is that immunogenic MSI-H CRCs did not
protect against release of CTCs, and the protective effect against metastatic disease was not by reducing
CTCs. Further, the main clinical implication of this study involves the utility of CTCs for monitoring
and surveillance with potentially differential baseline levels of CTCs associated with the two subtypes
of CRC.

5. Conclusions

There was a trend toward increased CTC release pre-, intra-, and post-operatively in MSI-H
CRCs, but this was only statistically significant intra-operatively. When adjusting for stage,
MSI-H was associated with an increase in CTC number intra-operatively and post-operatively,
but not pre-operatively. This dataset was limited, and further studies are required. Finally, these data
suggested that immunogenic MSI-H CRCs did not suppress CTC release and that different reference
ranges may be required for CTC enumeration of MSI-H and MSS CRC.

Supplementary Materials: The following is available online at http://www.mdpi.com/2073-4409/9/2/425/s1,
Table S1: Patient, MSI status, stage, and CTC number at different time points.
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Abstract: Expression of the androgen receptor splice variant 7 (ARV7) in circulating tumor cells (CTCs)
has been associated with resistance towards novel androgen receptor (AR)-targeting therapies. While
a multitude of ARV7 detection approaches have been developed, the simultaneous enumeration
of CTCs and assessment of ARV7 status and the integration of validated technologies for CTC
enrichment/detection into their workflow render interpretation of the results more difficult and/or
require shipment to centralized labs. Here, we describe the establishment and technical validation
of a novel ARV7 detection method integrating the CellSearch® technology, the only FDA-cleared
CTC-enrichment method for metastatic prostate cancer available so far. A highly sensitive and
specific qPCR-based assay was developed, allowing detection of ARV7 and keratin 19 transcripts
from as low as a single ARV7+/K19+ cell, even after 24 h of sample storage. Clinical feasibility was
demonstrated on blood samples from 26 prostate cancer patients and assay sensitivity and specificity
was corroborated. Our novel approach can now be included into prospective clinical trials aimed to
assess the predictive values of CTC/ARV7 measurements in prostate cancer.

Keywords: prostate cancer; biomarkers; circulating tumor cells; androgen receptor; ARV7; abiraterone;
enzalutamide

1. Introduction

Prostate cancer (PCa) remains the second most commonly diagnosed cancer among men worldwide
with an estimated 1.3 million new cases each year [1]. In contrast to other cancer types such as pancreatic
cancer, routine preventive medical screens for PCa are accessible to a broad spectrum of the public
and have been widely accepted, leading to a drastic increase of newly diagnosed PCa cases. Tissue
biopsies are invasive and can be associated with adverse effects for the patient [2]. Furthermore,
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routine tissue biopsy is challenging in metastatic PCa (mPCa). In recent years, minimally invasive
liquid biopsies, focusing on the identification of circulating tumor cells (CTCs) and circulating nucleic
acids (ctDNA, miRNA) from whole blood samples, have gained tremendous attention [3–7]. While the
prognostic relevance of CTCs in PCa, especially in the metastatic setting, has been thoroughly shown
in large clinical trials [8–11], predictive value of CTC analysis and their clinical utility are still being
debated [12–17]. While a multitude of therapeutic approaches exist, aimed at treating PCa in various
disease stages, a subset of patients develop aggressive PCa subtypes that defy current therapeutic
options. Therefore, simple detection of PCa is not sufficient and robust biomarkers are urgently needed
to discern aggressive subtypes from clinically well treatable cancers, preferably without exposing
patients to unnecessary tissue biopsies.

With the advent of novel hormone therapies such as enzalutamide and abiraterone and the
emergence of innate and acquired resistance towards these therapies, the androgen receptor splice
variant 7 (ARV7) has become a leading target of CTC research in PCa [17–19]. Multiple studies
indicate that ARV7 mRNA and ARV7 protein expression in CTCs is associated with resistance towards
novel hormone therapies [20–25] and that ARV7 expressing patients benefit more from taxane-based
therapy [25–27]. This implicates ARV7 as a possible treatment selection biomarker for PCa patients
prior to receiving novel hormone therapy (e.g., enzalutamide, abiraterone). Additionally, the ARV7
status is subject to change during therapy regimens [25,28,29], underlining the benefit of sequential
sampling which becomes possible through liquid biopsy. ARV7 could therefore also represent a
biomarker to monitor treatment response and predict upcoming therapy resistance.

While many approaches have been developed to assess ARV7 either on protein or mRNA
level [20,24,30], only very few of these approaches allow for parallel CTC enumeration and
morphological characterization while giving information on ARV7 status for individual CTCs [24,31],
a limitation recently highlighted [32]. Additionally, even fewer were designed to use the only
FDA-cleared CTC enrichment and detection technology shown to have clinical prognostic relevance in
prostate cancer, the CellSearch® system [33]. Here, we aimed to develop a protocol for ARV7 detection
using the CellSearch® technology. With our novel workflow we were able to detect ARV7 mRNA in as
low as one CTC in 7.5 mL of whole blood.

2. Materials and Methods

2.1. Cancer Cell Lines

The human prostate cancer cell lines 22Rv1 (ATCC® CRL-2505), VCaP (ATCC® CRL-2876), LNCaP
(ATCC® CRL-1740) and PC3 (ATCC® CRL-1345) were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured according to ATCC recommendations.

LNCaP and 22Rv1 cells were cultured in RPMI 1640 medium, while the VCaP and PC3 cells were
maintained in Dulbecco’s Modified Eagle Medium (DMEM). Media were additionally fortified with 10%
fetal calf serum (FCS) (Gibco—Life Technologies, Darmstadt, Germany), 1% L-glutamine (Gibco—Life
Technologies, Darmstadt, Germany) and 1% penicillin/streptomycin (Gibco—Life Technologies,
Darmstadt, Germany), as recommended by ATCC. Cells were cultured in 25 cm2 flasks at 37 ◦C in a
humidified atmosphere containing 5% CO2.
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2.2. Blood Collection and Processing

Male healthy donor (HD) and patient blood samples were acquired in accordance to the World
Medical Association Declaration of Helsinki and the guidelines for experimentation with humans by
the Chambers of Physicians of the State of Hamburg (“Hamburger Ärztekammer”). All patients gave
informed, written consent prior to blood collection (Ethics Approval: PV3779). Samples were drawn
from 26 metastatic prostate cancer (mPCa) patients into standard 7.5 mL ethylenediaminetetraacetic
acid (EDTA) vacutainers or CellSave® (Menarini-Silicon Biosystems, Florence, Italy) preservation tubes
respectively. Each patient therefore provided a matched sample of EDTA-KE (Sarstedt, Rheinbach,
Germany) and CellSave® blood for further analysis. CTCs from EDTA blood samples were enriched
via the CellSearch® Profile Kit (Menarini-Silicon Biosystems, Florence, Italy) and further analyzed
for ARV7 expression as described below. Samples collected into CellSave® blood preservation tubes
were processed via the CellSearch® CXC-Kit (FITC labelled pan-keratin) [34]. Phycoerythrin labelled
androgen receptor CellTracks Anti-Androgen Receptor (Janssen Diagnostics) antibody (10 µg/mL) was
used for full-length AR (AR-FL) detection in the fourth channel of the CellSearch® for 12/26 mPCa
patients. All analyses were performed by trained CellSearch® analysist. CTCs were defined as keratin
positive and CD45 negative cells with a nuclear DAPI staining.

2.3. Spiking of Healthy Donor Blood

For spiking experiments, cell line cells were washed once with 1 x PBS (Gibco-Life Technologies,
Darmstadt, Germany) and treated with 0.25% trypsin-EDTA (Gibco-Life Technologies, Darmstadt,
Germany) for 5 min at 37 ◦C prior to being resuspended in culture medium. The cell suspension was
centrifuged at 190× g for 5 min after which the supernatant was discarded and the cells were again
resuspended in fresh culture medium. The cells were spread to a petri dish filled with corresponding
medium, manually counted and picked under a light microscope. Defined cell counts were added
directly to healthy donor blood samples.

2.4. Immunocytochemical Stainings on Cell Culture Plates

Cells were seeded into 24-well plates at the rate of 50,000 cells/well, and maintained at 37 ◦C in a
humidified atmosphere containing 5% CO2 until reaching 80% confluence. Cells were then fixed and
permeabilized using IntraPrep Permeabilization Reagent (A07803, Beckman Coulter, Brea, CA, USA),
and blocked with 10% Goat serum for 1 h at room temperature. Cells were subsequently incubated
with (i) primary antibodies Anti-AR (AR-V7 specific) antibody [EPR15656] (Abcam, Cambridge, United
Kingdom) at a final concentration of 10 µg/mL, or (ii) Rabbit IgG, monoclonal [EPR25A]-Isotype Control
(Abcam, Cambridge, United Kingdom) (our negative control) at a final concentration of 10 µg/mL.
All wells were also incubated with the anti-PanCKPE (Menarini-Silicon Biosystems, Florence, Italy).
Following this first incubation, cells were washed with 1% goat serum in PBS, incubated with the
FITC-conjugated secondary antibody (1:20 in PBS containing 10% Goat serum), and washed twice with
1% goat serum in PBS.

In parallel, the presence of the androgen receptor (AR) was tested using the anti-ARAF488 [D6F11]
XP Rabbit antibody (0.5 µg/mL, Ozyme, Saint Cyr L’Ecole, France); in the control wells, the Rabbit
[DA1E] IgGAF488 XP isotype (0.5 µg/mL, Ozyme, Saint Cyr L’Ecole, France) was used. Cell imaging
was obtained under 20x magnification using a Fluorescent Axio Observer microscope (Carl Zeiss,
Oberkochen, Germany).

46



Cells 2019, 8, 1067

2.5. Immunocytochemical Stainings on Cytospins

Cell suspensions of selected prostate cancer cell lines (22Rv1, LNCap, PC3) were spun down on
glass slides (190× g, 5 min) and dried at room temperature (RT) over night. Cells were subsequently
fixed and permeabilized using the respective CellSearch CXC Kit reagents (Menarini-Silicon Biosystems,
Florence, Italy) and blocked with 10% AB-Serum (BioRad, Rüdigheim, Germany). Primary antibodies
targeting ARV7, 4 µg/mL of clone AG10008 (unlabeled, Precision, Columbia, Maryland, USA) and
6 µg/mL EPR15656 (unlabeled, Abcam, Cambridge, United Kingdom) were tested. Secondary
antibodies were applied and contained a DAPI nuclear counterstain. Secondary rabbit-anti mouse
(Alexa 546, polyclonal, Thermo Fisher Scientific, Dreieich, Germany) and mouse-anti-rabbit (Alexa
546, polyclonal, Thermo Fisher Scientific, Dreieich, Germany) antibodies were used. Cytospins were
covered in Prolong Gold Antifade Reagent (Thermo Fisher Scientific, Dreieich, Germany) and cover
slipped for analysis. Slides were manually assessed using a fluorescence microscope (Axioplan 2, Carl
Zeiss, Oberkochen, Germany).

2.6. Western Blots

Cell lines (22Rv1, VCaP, LNCaP, and PC3) were cultured to 70% confluency, harvested in urea
lysis buffer (9.8 M Urea, 15 mM EDTA, 30 mM Tris) and homogenized by ultrasonic treatment. Protein
concentration was measured with the Pierce BCA Protein Assay Kit (Pierce, Rockford, Illinois, USA).
40 µg of total protein was applied for Western Blot analysis for each respective cell line alongside
pre-stained peqGold protein marker-V (VWR, Erlangen, Germany). Proteins were separated according
to size using a Laemmli buffer system and 8% polyacrylamide separation gel. Two ARV7 antibodies,
mouse-AG10008 (Precision, Columbia, MD, USA; 2 µg/mL) and rabbit-EPR15656 (Abcam, Cambridge,
United Kingdom; 1.5 µg/mL) were applied in dilutions according to the supplier’s instruction manual
in 5% milk powder. Alpha-tubulin was used as a loading control (Cell Signaling Technology, Danvers,
MA, USA). Species specific secondary antibodies (horseradish peroxidase conjugated, DAKO, Glostrup,
Germany) were applied at 1:10.000 dilution in 5% milk powder. Protein bands were visualized using
SignalFire™Plus ECL reagent (Cell Signaling Technology, Danvers, MA, USA) and X-ray films (CEA,
Hamburg, Germany) according to the instruction manual.

2.7. RNA Extraction and cDNA Synthesis

For cell line characterization and PCR establishment RNA was isolated from prostate cancer
cell lines grown in a T25 culture flask at 70% confluency using the NucleoSpin® RNA isolation kit
(Macherey-Nagel, Düren, Germany) according to manufacturer’s instructions. RNA concentration
and purity were controlled via NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Dreieich,
Germany) following isolation. 0.5 µg of RNA per cell line were used for DNA synthesis with the First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Dreieich, Germany) according to manufacturer’s
instructions. cDNA Synthesis was carried out in a PeqSTAR 96 Universal Gradient thermocycler (VWR
International, Darmstadt, Germany).

Following CTC enrichment via the CellSearch® Profile Kit (Menarini-Silicon Biosystems, Florence,
Italy) samples were transferred to a fresh 1.5 mL tube (Sarstedt, Rheinbach, Germany). To do so, a
1000 µL pipette tip was first coated with a solution of 0.1 mg/mL of BSA/PBS to circumvent binding and
sticking of CTCs to the pipette surface. All RNA work was performed using sterile, DNA/RNA-free,
filtered Biosphere® plus pipette tipps (Sarstedt, Rheinbach, Germany). The Profile® sample tube was
washed with 500 µL of 1x DPBS (cell culture use) (Thermo Fisher Scientific, Dreieich, Germany), which
was also added to the sample. Subsequently the sample was placed in a magnetic rack (Magnetcellect;
R&D systems, Minneapolis, MN, USA) for 10 min. The supernatant was discarded, and the sample
was washed with 1000 µL of 1x DPBS, followed by another 10 min attached to the magnetic rack. This
step was repeated with 500 µL of 1x DPBS prior to resuspension of the Profile® beads in 150µL of lysis
buffer (Dynabeads mRNA DIRECT Kit; Thermo Fisher Scientific, Dreieich, Germany). Samples were
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immediately frozen at −80 ◦C. Sample lysates were stored for a maximum of 14 days prior to RNA
isolation and cDNA synthesis.

For RNA extraction, the Dynabeads mRNA DIRECT Kit (Thermo Fisher Scientific, Dreieich,
Germany) was applied according to manufacturer’s instructions. Following the last wash step with
Wash buffer B, supernatant was removed, and beads were resuspended in 14.75µL of Nuclease-free H2O
(Qiagen, Hilden, Germany) and placed in a PCR cycler at 75 ◦C for 5 min to ensure elution of mRNA
from the beads. Subsequently cDNA was synthesized using the Sensiscript Reverse Transcription Kit
(Qiagen, Hilden, Germany) with Recombinant Rnasin® (Promega, Mannheim, Germany) as an added
RNase inhibitor. Primer addition was not necessary as the contained dynabeads function as oligo-dT
primers. RNase inhibitor was limited to 0.25 µL, leading to a total mastermix of 5.25 µL added to each
RNA sample (total reaction volume of 20 µL). Following cDNA synthesis, beads were removed via
magnet and supernatant was transferred to a fresh PCR tube for subsequent qPCR analysis.

2.8. Polymerase-Chain Reaction (PCR) Analysis

For AR-FL and ARV7 primer evaluation, 10 ng of cDNA of each prostate cancer cell line was
applied per PCR. The PCR reaction conditions for initial primer testing were adapted from the original
Antonarakis et al. publication by the Johns Hopkins Group [20]. Reactions were run in a PeqSTAR 96
Universal Gradient thermocycler (VWR International, Darmstadt, Germany).

PCR primer pairs (Sigma Aldrich, Steinheim, Germany) chosen for PCR targeted AR-FL

(fw-CAGCCTATTGCGAGAGAGCTG, rev-GAAAGGATCTTGGGCACTTGC, fragment size of
125 bp) [20] and ARV7 (Antonarakis et al. [20]: fw-CCATCTTGTCGTCTTCGGAAATGTTA,
rev-TTTGAATGAGGCAAGTCAGCCTTTCT, fragment size of 125 bp; Guo et al. [35]:
fw-CTACTCCGGACCTTACGGGGACATGCG, rev-TGCCAACCCGGAATTTTTCTCCC, fragment size
of 314 bp; Liu et al. [36]: fw- CAGGGATGACTCTGGGAGAA, rev- GCCCTCTAGAGCCCTCATTT,
fragment size of 112 bp; UKE: fw-AGAAAGGCTGACTTGCCTCA, rev- CGCCAGGTTTCTCCAGACTA,
fragment size of 73 bp) gene sequences. Novel UKE primers were designed using the Primer 3
software [37]. Primers were aliquoted at stock concentrations of 100 µM with Nuclease-free H2O
(Qiagen, Hilden, Germany) and frozen at −20 ◦C. Final concentrations of 10 µM were applied to PCRs.

To visualize PCR products, they were mixed with DNA Gel loading dye (6x) (Thermo Fisher
Scientific, Dreieich, Germany) and applied to 2% agarose gels containing GelRed® Nulceic Acid Gel
Stain (Biotum, Fremont, CA, USA) at 1/µL per ml of agarose gel. The Quick-Load® 100 bp DNA Ladder
(New England Biolabs, Frankfurt am Main, Germany) was used as a size standard. PCR fragments
were visualized using the Gene Genius bioimaging system (Syngene, Bangalore, India).

2.9. Quantitative Polymerase-Chain Reaction (qPCR) Analysis

qPCRs were pipetted under a separate flow hood with sterile, DNA/RNA-free, filtered Biosphere®

plus pipette tipps (Sarstedt, Rheinbach, Germany) and performed in a CFX96 Touch™ Real Time PCR
Detection System (BioRad, Rüdigheim, Germany). Maxima SYBR-Green fluorescent dye (Thermo
Fisher Scientific, Dreieich, Germany) was used for product detection. Amplification was performed
under the following conditions: after an initial denaturation step (10 min at 95 ◦C), 40 amplification
cycles were carried out, consisting of denaturation at 95 ◦C for 30 seconds, annealing at 60 ◦C for 30 s,
and elongation for 30 s at 72 ◦C. A final elongation step at 72 ◦C (10 min) was followed by a melting
curve analysis and storage of the samples at 4 ◦C. Data was summarized and converted into Excel files
using the CFX Manager Software (BioRad, Rüdigheim, Germany). For qPCR analysis, two additional
primer sets targeting K19 (fw-CGAACCAAGTTTGAGACGGA; rev-GATCTGCATCTCCAGGTCGG;
fragment size of 117 bp) and Actin (x) gene sequences were applied. Samples were applied in triplicates
and average Cq values as well as standard deviations were calculated. Primers were aliquoted at stock
concentrations of 100 µM with Nuclease-free H2O (Qiagen, Hilden, Germany) and frozen at −20 ◦C.
Final concentrations of 10 µM were applied to qPCRs.
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Relative gene expression of AR-FL and ARV7 in initial primer testing and cell line characterization
was normalized from data sets by the comparative Cq method [38]. Briefly, the first amplification cycle
showing significant increase of fluorescence signal over background level was defined as the cycle of
quantification (Cq). Cq data of AR-FL and ARV7 was normalized by subtracting the Cq value of Actin

from the respective target gene for each cell line tested, generating a ∆Cq value. Subsequently, the
∆∆Cq values were calculated by subtracting the ∆Cq of each specific gene calculated for the different
cell lines (22Rv1, VCap, and LNCaP) from the ∆Cq values calculated for gene expression in PC3 cells.
Finally, ∆∆Cq values were converted to log2 fold changes by applying 2- ∆∆Cq

. Ten nanograms of
cDNA were applied per triplicate well.

Following RNA isolation and cDNA transcription from CellSearch® Profile Kit (Menarini-Silicon
Biosystems, Florence, Italy) enriched samples, the 20 µL of cDNA mix was applied in triplicates for
each gene (2 µL/well). No absolute quantification or normalization of genes was performed as levels of
Actin gene expression is variable depending on background leucocyte cDNA co-amplified following
CTC enrichment. Gene expression was confirmed when at least 2/3 triplicates showed detectable
transcript levels under a Cq threshold of 35. Quality of the results was furthermore corroborated
by melting curve analysis and subsequent visualization of amplified products on 2% agarose gels
(see above).

3. Results

3.1. Test of Commercially Available ARV7 Antibodies for Fourth CellSearch® Channel

To allow assessment of ARV7 protein levels in parallel to CTC enumeration on a cell-specific level,
we initially tested available ARV7 antibodies with the aim of adding them to the fourth channel of the
CellSearch® system. Currently only few commercial antibodies are available, aimed at detecting ARV7
protein either via immunohistochemistry (IHC), immunocytochemistry (ICC) and/or western blot.

Three established prostate cancer cell lines were chosen for method establishment, each cell
line representing a specific status of AR-full length (AR-FL) and ARV7 protein expression: 22Rv1
(AR-FL+/AR-V7+), LNCaP (AR-FL+/AR-V7+/−), and PC3 (AR-FL−/AR-V7−). First, the cell lines were
characterized for AR-FL (Figure 1a), resulting in cell line specific nuclear ICC staining (22Rv1 and
LNCaP) or absence of staining (PC3) for the full-length protein, seen in green. Next, we tested the
anti-ARV7 antibody [EPR15656] described in literature to specifically stain nuclear ARV7 [25]. This
antibody did not result in cell line specific staining results, as all three tested cell lines including the
ARV7- PC3 cells showed green nuclear ARV7 staining (Figure 1b). Similar results were obtained using
the antibody [EPR15656] as well as an additional commercially available ARV7 antibody on cell line
cytospins (Figure S1). In western blot analysis the anti-ARV7 antibody [AG10008] by Precision showed
cell line specific results, correctly detecting 22Rv1 and VCaP lysate as ARV7+, LNCaP protein levels
as below detection limit and identifying PC3 cells as ARV7- (Figure S1a). In contrast, the anti-ARV7
antibody [EPR15656], showed an unspecific western blot signal for PC3 cells (Figure S1a). In ICC
both antibodies failed to correctly characterize the chosen prostate cancer cell lines, giving unspecific
staining results (Figure S1b,c).
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Figure 1. Immunocytochemical (ICC) staining of full-length androgen receptor (AR-FL) and ARV7 on
three selected prostate cancer cell lines. Cells are stained for pan-keratin in red (anti-PanCK, CellSearch®,
Menarini) in all images. (a) Upper panel: ICC staining performed using the anti-AR-FL antibody (7395S
Ozyme) in green. AR-FL positive cells lines 22Rv1 and LNCaP show positive nuclear AR-FL staining,
while PC3 cells remain unstained. Lower panel: ICC control staining using Rabbit [DA1E] IgG XP
isotype (2975S Ozyme) in green showing the absence of unspecific staining on 22RV1, LNCaP and
PC3 cells. (b) Upper panel: ICC staining performed using the anti-ARV7 antibody [EPR15656] (209491
Abcam) detected by a FITC-conjugated secondary antibody. A positive nuclear staining is observable
on all three cell lines (in green), indicating unspecific signal of the antibody in PC3. Medium panel:
ICC staining performed with the Rabbit IgG, monoclonal [EPR25A]-Isotype Control (172730 Abcam)
detected with FITC-conjugated secondary antibody (97050, Abcam) showing negativity on 22RV1,
LNCaP, and PC3 cells. Lower panel: ICC staining performed with FITC-conjugated secondary antibody
(97050, Abcam) showing negativity on 22RV1, LNCAP, and PC3 cells.
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In conclusion, none of the tested antibodies were deemed suitable for characterization of ARV7
protein on CTCs via the CellSearch® system. Additionally, the most intensively tested anti-ARV7
antibody [EPR15656] [25], described to give a specific nuclear and unspecific cytoplasmic staining did
not show reliable results in our hands (Figure 1b), giving unspecific nuclear staining signals in ARV7−

PC3 cells, even when neglecting the cytoplasmic staining and considering the described, relevant
nuclear staining.

3.2. Development of a qPCR Based Assay to Detect ARV7 mRNA

As an alternative to protein-based detection we subsequently aimed at establishing a qPCR-based
approach to detect ARV7 on an mRNA level. We added an additional prostate cancer cell line to the
analysis, to further confirm the robustness of our method. VCaP cells show similar AR-FL and ARV7

expression profiles as 22RV1 cells (AR-FL+/AR-V7+) and were used as a second ARV7+ cell line during
method establishment. An overview of the AR-FL and ARV7 status for all four cell lines is listed in
Figure 2a. Initially, we planned on using the AR-FL and ARV7 primer sets already published [20]
for our qPCR-based detection and then modifying the CTC pre-enrichment steps. However, when
testing the primers using PCR according to the published protocol, it became clear that while the
AR-FL primers showed specific bands at the correct expected size of 125 bp (Figure 2b), an additional,
undescribed PCR fragment of around 250 bp was detected using the ARV7 primers in 22Rv1 but not in
LNCaP cells (Figure 2b). To ensure optimal primer quality for ARV7 detection, additional ARV7 primer
sets described in literature [35,36] as well as an own design (UKE), were employed. To exclude that the
unspecific PCR fragments detected were generated due to incorrect annealing temperature or incorrect
cDNA synthesis, we tested all four primer sets in a gradient PCR on freshly generated 22Rv1 and
LNCaP cDNA (Figure 2c). Again, an additional PCR product was detected for the Antonarakis [20] and
Guo [35] primer sets across all annealing temperatures in 22Rv1 cells but not LNCaP cells (Figure 2c,
lines 1,2). This could represent an additional AR splice variant, similar to ARV7 [30]. Using the original
protocol of 40 amplification cycles [20,23] this additional transcript could come up in clinical samples,
especially those with high CTC counts, and result in an unaccounted bias. In contrast, the Liu [36]
and UKE primer sets, resulted in specific PCR fragments at 112 bp and 73 bp, respectively (Figure 2c,
lines 3,4). The fragment signal intensity appeared slightly higher for the UKE primers (Figure 2c, line
4) in comparison to the Liu primers [36] (Figure 2c, line 3), which could indicate a higher amount
of generated PCR product. However, this cannot be conclusively deduced from qualitative PCR.
Decreasing the PCR cycles from 39 to 30 (Figure 2d), reduced the unspecific PCR signals down to hardly
visible levels for the Antonarakis [20] and Guo [35] primer sets (Figure 2d). However, as quantitative
PCR represents a much more sensitive method than qualitative PCR, both primer sets were discarded
for further experiments. Both the Liu [36] and UKE primer sets displayed cell line specific PCR results
and PCR fragments at correct sizes, resulting in further evaluation of these two primer sets via qPCR.
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Figure 2. PCR-based detection of AR-FL and androgen receptor splice variant 7 (ARV7) in selected
prostate cancer cell lines. Letter M indicating DNA ladder (marker) lanes. Ten nanograms of cDNA
were analyzed for each PCR sample. (a) Schematic overview of AR-FL and ARV7 positivity (+) and
negativity (−) for established prostate cancer cell lines, as described in literature. (b) Agarose gels of a
PCR detecting AR-FL and ARV7 in cDNA isolated from 22RV1 and LNCaP cells. ARV7 cDNA was
detected using the primers described by Antonarakis et al. [20]. PCRs were performed for 39 cycles.
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125 bp PCR products are expected for both AR-FL and ARV7. The ARV7 PCR shows an additional,
uncharacterized band at between 250–300 bp for 22RV1 cells, but not for LNCaP cells. (c) Agarose gel
of a gradient PCR for ARV7 on 22RV1 and LNCaP cDNA using different primer pairs. PCRs were
performed for 39 cycles. Temperatures increasing from 58.5 ◦C to 65.5 ◦C, indicated by red triangles
below gel images. Antonarakis (1) and Guo (2) primers both show secondary PCR bands on 22Rv1
cDNA (between 200–300bp and between 400–500 bp, respectively). Liu (3) and UKE (4) primers both
give expected PCR bands for ARV7 at 112 bp and 73 bp. Signal intensity appears higher, possibly
indicating more generated PCR product, for UKE primers. (d) Agarose gels of PCRs detecting AR-FL

and ARV7 in cDNA of 22RV1, VCaP, LNCaP, and PC3 prostate cancer cell line cells. PCRs were
performed for 30 cycles. AR-FL primer set, results in specific PCR signals in AR+ and AR– cell lines.
ARV7 (1) corresponds to Antonarakis et al., ARV7 (2) corresponds to Guo et al., ARV7 (3) corresponds
to Liu et al., and ARV7 (4) corresponds to our newly developed UKE primer sets.

Gene expression levels of AR-FL and ARV7 (using the Liu and UKE primers) were assessed for
22Rv1, LNCaP, and VCaP cells in relation to their respective expression in PC3 cells (Figure 3a). As
expected, both AR-FL and ARV7 gene expression were dramatically increased in all three cell lines
compared to PC3 cells. Additionally, the UKE primers showed most effective detection of ARV7

(Figure 3a). All further experiments were therefore carried out using the newly designed UKE primers.
Apart from AR-FL and ARV7, K19, and Actin gene expression were also measured via qPCR. Actin

functioning as a gene for normalization and a confirmation of successful cDNA synthesis, and K19 as
an established marker for CTC detection in blood [39,40] thus allowing confirmation of the presence of
CTCs in future clinical samples. Figure 3b shows representative qPCR curves for all four cell lines (in
different colors) for each gene. Due to the high sensitivity of qPCR analysis, ARV7 expression can be
detected at around 36 cycles for cDNA inputs generated from high PC3 cell counts (Figure 3b). This
is an enormous difference to the approximately 22 cycles necessary for detection of ARV7+ cell lines
(Figure 3b). Despite the fact that such high CTC cell counts are extremely rarely to be expected in
clinical samples, a cut-off of ≤35 cycles was established for gene expression to be counted as positive
for the analyzed genes in all further analysis.
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Figure 3. qPCR-based characterization of selected prostate cancer cell line cDNA. cDNA was generated
from RNA isolated from 22RV1, VCaP, LNCaP, and PC3 cells and analyzed via qPCR. (a) Relative
gene expression of AR-FL and ARV7 using primers by Liu et al. and our newly developed primers
(UKE). Gene expression was first normalized to actin and subsequently displayed relative to PC3 gene
expression. Standard deviation is indicated as brackets. (b) Representative qPCR expression profiles
for different target genes (Actin, AR-FL, K19 and ARV7) across all four chosen cell lines: 22RV1 (blue),
VCaP (purple), LNCaP (green), and PC3 (red). All samples were applied in triplicates.

3.3. Combining Profile-Kit-Based CTC Enrichment with ARV7 mRNA Detection

To allow for use of the CellSearch® system to isolate prostate cancer CTCs for ARV7 detection on
the one hand and enable parallel CTC quantification on the other, a two-armed approach was designed
(Figure 4). 7.5 mL of whole blood was taken in parallel into standard EDTA tubes for RNA isolation and
CellSave® blood preservation tubes for CTC enumeration, respectively. From EDTA blood, CTCs were
enriched via the CellSearch® Profile Kit for subsequent RNA analysis. RNA was isolated and cDNA
synthesized prior to analysis of ARV7, K19, and Actin via qPCR. In parallel CellSave® preserved blood
was processed using the CellSearch® CXC Kit thus allowing for parallel AR-FL protein characterization
in the fourth fluorescent channel of the device (Figure 4).
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Figure 4. Schematic workflow of ARV7 detection combined with parallel circulating tumor cell
(CTC) enumeration.

“Mock” samples were generated to mimic clinical sample handling. Differing amounts of ARV7−

and ARV7+ cell line cells were manually spiked into healthy donor (HD) blood and directly processed
by our workflow (Table 1). Following the qPCR run, generated products were applied to a gel
electrophoresis allowing final confirmation of gene expression status (data not shown).

Table 1. Validation of protocol specificity and sensitivity. Titration experiments of spiked cell lines in
blood from healthy donor (HD) samples. Indicated cell counts of ARV7+ (22Rv1) and ARV7− (PC3)
cells were manually spiked into HD blood and processed by our protocol. ARV7 status is highlighted
as “+” for positive and “−“ for negative samples. Detection of gene expression was confirmed when at
least 2/3 triplicates were positive in qPCR analysis. Unamplified qPCR samples are marked as N/D (not
detected). HD samples were processed in parallel as a negative control for ARV7 and K19. The bar (-)
in the respective table column of detection indicates no further experiments were conducted.

Cell Line ARV7 Status Cell Amount Target Detection Detection (n = 2) Detection (n = 3)

HD − 0
ARV7 N/D N/D N/D
K19 N/D N/D N/D

Actin yes yes yes

PC3 −

50
ARV7 N/D - -
K19 yes - -

Actin yes - -

100
ARV7 N/D - -
K19 yes - -

Actin yes - -

22RV1 +

50
ARV7 yes - -
K19 yes - -

Actin yes - -

20
ARV7 yes - -
K19 yes - -

Actin yes - -

10
ARV7 yes yes yes
K19 yes yes yes

Actin yes yes yes

5
ARV7 yes yes yes
K19 yes yes yes

Actin yes yes yes
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All HD samples measured (n = 3) were ARV7 and K19 negative (Table 1). PC3 samples were
negative for ARV7 and positive for K19, confirming the specificity of the established assay. ARV7 and
keratin 19 were still detectable down to 5 ARV7+ 22RV1 cells using our protocol (n = 3), demonstrating
high sensitivity (Table 1).

3.4. Assessment of Sample Storage Parameters

mRNA instability represents a common issue for RNA analysis. Sample processing time frames
and optimal blood collection tubes therefore need to be carefully assessed to allow for reliable mRNA
detection. As cells are not fixed in EDTA blood tubes, which is essential for subsequent RNA isolation,
potential CTCs could deteriorate over time. This is especially crucial when calculating time frames for
shipment of clinical samples. EDTA blood spiked with cell lines was left at room temperature (RT)
for 24 h (Table 2) and 48 h (Table 3), respectively, to test processing windows. Following the qPCR
run, generated products were applied to a gel electrophoresis allowing final confirmation of gene
expression status (data not shown).

Table 2. Validation of protocol specificity and sensitivity after 24 h. Influence of sample storage on
ARV7 detection limits and assay robustness. ARV7 status is highlighted as “+” for positive and “−“
for negative samples. Detection of gene expression was confirmed when at least 2/3 triplicates were
positive in qPCR analysis. N represents the number of repetitions performed per experimental setting.
The ratio is defined as the frequency at which any specific gene was detected out of the N repetitions.
N/D signifies no gene expression or gene expression above the set threshold of 35 cycles.

Cell Line ARV7 Status Cell Amount Target Detection N Ratio [detection/N]

HD − 0
ARV7 N/D

3 3/3K19 N/D
Actin yes

22RV1 +

10
ARV7 yes

1 1/1K19 yes
Actin yes

5
ARV7 yes

2 2/2K19 yes
Actin yes

3
ARV7 yes

4
1/4

K19 yes 3/4
Actin yes 4/4

1
ARV7 yes

3
1/3

K19 yes 2/3
Actin yes 3/3

VCaP +

10
ARV7 yes

2 2/2K19 yes
Actin yes

5
ARV7 yes

1 1/1K19 N/D
Actin yes

After 24 h of sample storage at RT, 5 ARV7+ cells were still reliably detected using the assay
(Table 2). This was confirmed on two ARV7+ cell lines (22Rv1 and VCaP). Additionally, as low as 3
and down to 1 ARV7+ cells were detectable (Table 2). With these low cell counts, detection frequency is
more variable as cell enrichment from whole blood and extremely careful sample handling play crucial
roles. Still, correct detection down to a single ARV7+ cell is possible. After 48 h, detection of ARV7

and K19 transcripts is subject to even higher fluctuation and increased cell counts would be needed to
robustly detect transcripts of interest from these samples (Table 3). The specificity of our assay was
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demonstrated as no signals for ARV7 or K19 were seen in blood samples from healthy individuals in
EDTA blood tested for 24h (3/3) as well as 48 h (3/3) of sample storage (Tables 2 and 3).

Blood tube types vary and some may be more suitable for our assay than others. Therefore, we
additionally tested the performance of AdnaCollect blood collection tubes (Qiagen, Hilden, Germany),
designed for mRNA characterization by the AdnaTest Prostate Cancer (Qiagen, Hilden, Germany) with
our assay. This tube has been used for PCR-based detection of RNA transcripts from whole blood and
could therefore provide an alternative to EDTA, potentially prolonging the sample processing window.
Again, different cell counts were spiked into HD blood, this time in AdnaCollect blood collection tubes,
and processed after 48 h of storage with our protocol. In our hands, these tubes were able to detect
ARV7 in spiked samples, down to 5 ARV7+ cells (Table 3). However, as ARV7 and K19 signals were
seen in all three tested HD samples (Table 3) indicating low specificity, the use of this blood tube type
was not further continued.

Table 3. Influence of sample tubes and sample storage times on ARV7 detection limits and assay
specificity. ARV7 status is highlighted as “+” for positive and “−“ for negative samples. Detection
of gene expression was confirmed when at least 2/3 triplicates were positive in qPCR analysis. N
represents the number of repetitions performed per experimental setting. The ratio is defined as the
frequency at which any specific gene was detected out of the N repetitions. N/D signifies no gene
expression or gene expression above the set threshold of 35 cycles.

Tube Cell Line ARV7 Status Cell Amount Target Detection N Ratio [detection/N]

EDTA

HD − 0
ARV7 N/D

3 3/3K19 N/D
Actin yes

22RV1 +

10
ARV7 N/D

1 1/1K19 yes
Actin yes

5
ARV7 yes

3
2/3

K19 yes 2/3
Actin yes 3/3

Adnagen

HD − 0
ARV7 yes

3
1/3

K19 yes 2/3
Actin yes 3/3

22RV1 +

10
ARV7 N/D

1 1/1K19 N/D
Actin yes

5
ARV7 yes

3
3/3

K19 yes 1/3
Actin yes 3/3

Our protocol ensures specific detection of tumor cell transcripts in 7.5 mL of blood down to a
single cell level even after 24 h of sample storage (Table 2). Conclusively, a sample preparation window
of 24 h was determined for the evaluation of clinical samples taken into EDTA blood to allow for
sample shipment while ensuring robust detection of ARV7 from CTCs.

3.5. Clinical Feasibility of the Complete ARV7 Detection Workflow

The clinical feasibility of our assay was demonstrated by analyzing blood samples of 26 metastatic
prostate cancer (mPCa) patients. Detailed clinical patient data is listed in Table S1. qPCR based
ARV7 analysis was performed within 24 h of sample collection from 7.5 ml of EDTA blood for all 26
patients. Parallel blood draws to assess CTC counts via CellSearch® were collected and processed
for 23/26 patients. AR-FL staining in the fourth fluorescent channel was available for 12/23 patient
samples processed via CellSearch® (Table 4).
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Table 4. Correlation of qPCR results, AR-FL detection and CTC enumeration via CellSearch for 26 mPCa
patients analyzed. Detection of a gene was confirmed when at least 2/3 triplicates were positive in
qPCR analysis. N/D signifies no gene expression or gene expression above the set threshold of 35 cycles.
CTC enumeration via CellSearch® was not conducted for the first three patient samples, indicated
by a bar in the respective table column (-). This also applies to 14 samples collected regarding AR
occurrence. The number of CTCs with detectable AR-FL expression is indicated in brackets.

CellSearch qPCR

Sample CTC Count AR (nucl.) AR (cytopl.) ARV7 K19 Actin

UKE-1 - - - yes yes yes
UKE-2 - - - N/D N/D yes
UKE-3 - - - N/D N/D yes
UKE-4 0 - - N/D N/D yes
UKE-5 0 - - N/D N/D yes
UKE-6 0 - - N/D N/D yes
UKE-7 0 0 0 N/D N/D yes
UKE-8 1 0 yes (1) N/D N/D yes
UKE-9 1 yes (1) 0 N/D N/D yes

UKE-10 1 0 0 N/D yes yes
UKE-11 1 0 yes (1) N/D yes yes
UKE-12 1 - - yes yes yes
UKE-13 1 0 0 yes yes yes
UKE-14 2 yes (1) yes (1) N/D yes yes
UKE-15 6 0 0 N/D N/D yes
UKE-16 6 - - N/D N/D yes
UKE-17 8 yes (3) yes (4) yes yes yes
UKE-18 9 0 yes (9) yes yes yes
UKE-19 11 0 yes (11) yes yes yes
UKE-20 11 0 yes (11) yes yes yes
UKE-21 14 - - N/D yes yes
UKE-22 16 - - yes yes yes
UKE-23 22 - - yes N/D yes
UKE-24 80 - - yes yes yes
UKE-25 156 - - yes yes yes
UKE-26 398 - - yes yes yes

Of the patient samples analyzed via CellSearch® 86.2% (19/23) were found to have ≥1 CTC in
7.5 mL of blood. In 52.2% (12/23) of patients ≥5 CTCs were detected in 7.5 ml of whole blood, reaching
the clinically prognostic cut-off value for worse overall survival for metastatic mPCa patients [8]. The
median of detected CTCs for our cohort is 6 (range: 0–398 CTCs) and the average is 32 CTCs/7.5 mL of
blood. ARV7 mRNA was detected in 46.2% (12/26) of mPCa patients, K19 was detected is 57.7% (15/26)
of samples and Actin was detected in all samples (26/26), indicating effective cDNA transcription.
Four measured patients were negative for the androgen receptor splice variant and positive for K19

(e.g., samples UKE-10 and UKE-11). Additionally, one patient was positive for ARV7 expression and
negative for K19 (UKE-23). No ARV7 or K19 gene expression was found in samples classified as
CTC negative by the CellSearch® system. Evaluation of the first 26 clinical samples resulted in 42.3%
of ARV7+/K19+ of all cases (11/26) and 52.6% of ARV7+/K19+ cases (10/19) with ≥1 detectable CTC.
Representative CellSearch® images of AR-FL staining are shown in Figure 5.
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Figure 5. Representative CellSearch® images of CTCs and AR-FL staining from a single prostate
cancer patient case. This patient had detectable AR-FL negative (1), weakly positive (2), nuclear AR-FL
positive (3–5) and cytoplasmatically AR-FL positive (6–8) CTCs.

Only three of the 12 cases in which AR-FL protein staining was assessed in the CellSearch®

(UKE-9, UKE-14, UKE-17) had detectable nuclear AR-FL protein levels (Table 4). Two of these three
patients (UKE-14, UKE-17) had a mixed CTC population of nuclear and cytoplasmic AR-FL+ CTCs.
Of these three patients, two were ARV7 negative with our assay (UKE-9, UKE-14). Additional five
patients showed cytoplasmic AR-FL protein expression, more than half of these patients were ARV7
positive (3/5).

For the majority of patient samples tested (88.4% or 23/26), the CTC count as measured by the
CellSearch® system was in accordance to K19 detection in parallel samples (Table 4). Detection of
ARV7 was possible in 2/6 patients with only a single CTC detected in the patient’s blood (UKE-12,
UKE-13) confirming the assays sensitivity (Table 4). K19 was detected in 4/6 patients with only a single
CTC indicating careful and effective sample handling (Table 4).
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4. Discussion

The CellSearch® Profile technology allows a reliable, standardized, and automated enrichment of
EpCAM-positive cancer cells. ARV7 expression in CTCs of prostate cancer patients has been linked to
resistance toward AR-targeted therapy, in particular enzalutamide and abiraterone [20,25]. Our novel
approach ensures specific detection of ARV7 transcripts in CTCs isolated by the CellSearch® system
down to the single cell level. The specificity of our assay was indicated as no signals for ARV7 or K19

were seen in 9 blood samples from healthy, male individuals (Tables 1–3). Our protocol ensures specific
detection of tumor cell transcripts in 7.5 mL of blood even after 24 h of sample storage (Table 2). Robust
ARV7 and K19 detection is feasible in as low as 5 ARV7+/K19+ cells (Table 2). Transcript expression
below 5 cells, even down to 1 ARV7+/K19+ cell, was possible (Table 2). The clinical feasibility of
our assay and its high sensitivity (down to a single CTC) was demonstrated in a cohort of 26 mPCa
patients (Table 4).

Antonarakis et al. linked ARV7 mRNA expression on CTCs of mCRPC patients receiving
enzalutamide and/or abiraterone therapy to lower PSA response rates, as well as shorter progression
free and overall survival [20]. Following this initial study, conducted with a combination of bead-based
CTC enrichment and subsequent qPCR multiplexing, the group confirmed their finding in a larger
cohort of 202 CRPC patients [23]. In their study, CTC− patients were found to have the best outcome
(judged by best PSA-response, PSA progression-free survival, progression-free survival, and overall
survival), followed by CTC+/ARV7− and finally CTC+/ARV7+ patients [23]. Additionally, it was
demonstrated that ARV7 status can change in the course of hormone therapy [25,28,29] and that within
one patient ARV7 status on CTCs can be heterogeneous [41].

The CellSearch® system enables validated and automated enrichment of EpCAM-positive
cancer cells [8,42–45]. Ideally, adding a specific and sensitive anti-ARV7 antibody to the fourth
fluorescent channel of the CellSearch® device would therefore represent a valuable alternative to allow
parallel CTC enumeration and the assessment of ARV7 status for each respective CTC. Unfortunately,
detection of ARV7 protein using the CellSearch® technology was dramatically hampered by lacking
specificity of most existing ARV7 antibodies (Figure 1, Figure S1). Recently, a novel commercially
available antibody has been tested and validated for immunohistochemistry on primary tumor tissue,
showing specific ARV7 staining results [32]. Whether this antibody might represent a promising
novel candidate for immunocytochemical analysis and combination with CellSearch® needs to be
investigated in future studies. However, so far most sources of CTC-related ARV7 information stems
from RNA measurements.

The meaningful clinical impact of ARV7 expression of CTCs [20,46] has led to the development
of a multitude of different assays targeting ARV7 protein [25] or ARV7 transcripts [30,31,47,48].
Primarily the developed methods are based on the analysis of pooled lysate of an enriched CTC
fraction [26,30,48], only few perform whole blood gene expression analysis [47]. CTC are enriched
by bead-based approaches [20,48], or the CellSearch® Profile kit and analyzed by subsequent qPCR
or RNA-seq [26,30]. While these approaches effectively asses ARV7 status, they give no additional
information on the abundance of CTCs in a patient at the time point of blood draw. This could,
however, prove to be valuable information allowing more precise interpretation of the qualitative
ARV7+ or ARV7− status of a patient. Without CTC count, an ARV7− status may refer to no available
CTCs within the blood draw or to high amounts of ARV7− CTCs, respectively. The clinical information
to be gained from both results is, however, very different, as no CTCs indicate good and ≥5 CTCs
indicate poor outcome for the patient [8]. Multiplexing of additional genes such as prostate specific
antigen (PSA) or prostate specific membrane antigen (PSMA), as well as epithelial genes is commonly
used as a means of circumventing this issue and attempting to detect ARV7− CTCs [20,26,49]. While
this is a feasible approach, it is limited by heterogeneous expression of these markers [31,41,49–51] and
the required pre-amplification step can introduce bias.
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Using our novel approach (Figure 4) information on both CTC count, AR-FL and ARV7 status
is collected. One could argue that the amount of CTCs present in the blood tube destined for ARV7

assessment is also not directly assessed by our assay. However, studies have shown that CTC counts
determined with the CellSearch® technology do not significantly fluctuate depending on circadian
rhythm or serial blood draws [52,53], thereby indicating that stochastically, similar to equal CTC
amounts would be expected in two sequential blood draws from the same patient at the same time (as
is necessitated by our protocol). The importance of integrated CTC enumeration becomes apparent
when looking at clinical cases such as UKE-23 (Table 4). While this patient had clearly detectable
ARV7 transcripts, he did not show K19 positivity in our assay. Without the additional information
of 22 CTCs being detected via CellSearch® analysis, interpretation of the qPCR results would have
been impaired. This case also highlights the inert limitation of qPCR multiplexing, which lies in the
before mentioned heterogeneity of gene and protein expression in CTCs [41,50,51]. In addition, CTC
detection via the CellSearch® allows for morphological assessment of the CTCs in circulation and
in our case, parallel characterization of AR-FL protein as well as its cellular location. Both represent
important factors in resistance to androgen deprivation therapy [54]. The localization of the full
length AR within the cell has been shown to be associated with disease progression on novel hormone
therapies (e.g., enzalutamide and abiraterone) [55]. Therefore, it was critical for our assay to be able to
distinguish both cytoplasmic and nuclear fractions of AR to support differentiation between “AR-on”
and “AR-off” patients [54]. Apart from the AR-FL targeting antibody (by Janssen Diagnostics) used in
this study, other well-established alternative antibodies have been published for AR-FL detection in
the fourth channel of the CellSearch® [55].

To our knowledge, only two assays have been developed allowing parallel CTC enumeration and
ARV7 protein [24,25] or transcript detection [31] on the same cell so far. El-Heliebi et al. isolated CTCs
via the CellSearch® Profile kit or the size-dependent Parsortix™ platform (ANGLE plc, Guildford,
UK) [56] and subsequently characterized them for ARV7, AR-FL, and PSA expression via in situ padlock
probe technology [31]. This approach allows for absolute transcript quantification while keeping cell
morphology intact and thereby enabling tumor cell enumeration [31]. In regards to CellSearch® Profile
kit pre-enrichment, a single patient with high CTC load was included in this study to demonstrate
general feasibility of the approach [31]. Additional technical validation will therefore be required to
ensure sufficient sensitivity and specificity of this method for future clinical application.

The ARV7 assay most advanced in regards to clinical validation is the EPICs approach [24,25].
Here, the nuclear cell fraction is placed on slides, stained via ICC and automatically screened and
evaluated. The assay focusses on nuclear ARV7 protein expression using the same antibody clone
EPR15656 (Abcam) that we tested in our present study. While the EPICS approach allows for parallel
CTC enumeration and ARV7 protein assessment, it requires sample shipment to a centralized lab in
the US, a costs intensive approach when conducting larger clinical studies or when shipping patient
samples for routine testing. A nuclear ARV7 staining has been postulated to be relevant to predict
therapy outcome of AR-targeted therapies as well as taxanes in a cohort of 161 mCRPC patients, leading
to a favorable coverage recommendation and certification of the approach in the state of California
(USA) [57,58]. However, in our hands, the EPR15656 antibody did not result in specific nuclear staining
signals for tested cancer cell line cells on chamber slides or cytospins (Figure 1, Figure S1).

While the ARV7 detection assay established in this study is highly specific and sensitive, some
limitations require mentioning. The main limitation is the fact that our assay does not allow for
simultaneous morphological and molecular ARV7 characterization of each single CTC. However,
this is somewhat compensated by the use of a clinically validated CTC enrichment method, adding
weight to the clinical relevance of the CTCs analyzed. Additionally, ARV7 and K19 transcript detection
cannot be guaranteed down to a single CTC level in all patient samples. Nevertheless, we can secure
determination of ARV7 status from ≥5 CTCs which is the prognostic cut-off value for patients with
metastatic prostate cancer. Due to the high sensitivity and specificity of our ARV7 detection assay and
the parallel nature of the CellSearch® CTC-enumeration, K19 detection is not a mandatory prerequisite
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for robust ARV7 assessment and result interpretation. However, we believe K19 adds further valuable
information in positive cases and represents an additional confirmation of successful CTC analysis.

Taken together, the use of a FDA-cleared enrichment technology, high assay sensitivity and
specificity, a shipment window of 24 h and comparably low necessity of elaborate additional laboratory
equipment (standard qPCR cycler) corroborate the value of our established method. Inclusion into
prospective clinical trials will be now necessary to demonstrate clinical validity and utility. Furthermore,
additional age-matched healthy donors and other control cohorts (e.g., prostatitis patients) should be
included into future studies to further corroborate assay specificity. Head-to-head comparison with
other ARV7/CTC technologies is desirable to assess to which extent different assays are redundant
or complementary.

5. Conclusions

The novel workflow developed in this study allows for a semi-automated enrichment of CTCs
followed by a qPCR assay measuring the ARV7 status of CTCs. This approach can now be integrated into
future clinical trials assessing treatment responses to antiandrogen therapies in prostate cancer patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/9/1067/s1.
Figure S1: Assessment of ARV7 antibody performance on selected prostate cancer cell lines via Western Blot and
immunocytochemical (ICC) staining; Table S1: Clinical data of 26 mPCa patients.
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Abstract: Diffuse gliomas are the most common primary malignant brain tumor. Although extracranial
metastases are rarely observed, recent studies have shown the presence of circulating tumor cells
(CTCs) in the blood of glioma patients, confirming that a subset of tumor cells are capable of entering
the circulation. The isolation and characterization of CTCs could provide a non-invasive method for
repeated analysis of the mutational and phenotypic state of the tumor during the course of disease.
However, the efficient detection of glioma CTCs has proven to be challenging due to the lack of
consistently expressed tumor markers and high inter- and intra-tumor heterogeneity. Thus, for this
field to progress, an omnipresent but specific marker of glioma CTCs is required. In this article,
we demonstrate how the recombinant malaria VAR2CSA protein (rVAR2) can be used for the capture
and detection of glioma cell lines that are spiked into blood through binding to a cancer-specific
oncofetal chondroitin sulfate (ofCS). When using rVAR2 pull-down from glioma cells, we identified a
panel of proteoglycans, known to be essential for glioma progression. Finally, the clinical feasibility
of this work is supported by the rVAR2-based isolation and detection of CTCs from glioma patient
blood samples, which highlights ofCS as a potential clinical target for CTC isolation.

Keywords: circulating tumor cells (CTCs); glioma; biomarker; rVAR2; malaria; enrichment and
detection technologies

1. Introduction

Diffuse gliomas are the most common primary malignant brain tumors [1]. As the name
implies, a general trait of these tumors is their diffuse invasion into the brain parenchyma,
which impedes complete surgical resection and most likely explains the poor prognosis and frequent
local recurrence [2]. A precise classification of diffuse gliomas is needed for the optimal diagnosis,
stratification, and treatment of patients [3,4]. During the past decades, technologies for biopsy-based
classification of diffuse gliomas have increased in their complexity [5–7]. However, repeated access to
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information regarding tumor progression remains challenging, due to the risk and inconvenience that
are associated with performing patient brain biopsies. Several studies indicate that the cells constituting
the infiltrative and invasive front of gliomas harbor tumor-initiating capacity and may be responsible
for drug resistance and tumor recurrence [8–10]. Most likely, these migrating cells would also be the
ones accessing the blood stream. Therefore, the isolation of circulating tumor cells (CTCs) from a liquid
biopsy, such as blood or cerebrospinal fluid, could provide non-invasive, repeatable access to primary
glioma cells for molecular analysis.

Tumors of the central nervous system were until recently not considered to be metastatic. However,
organ recipients receiving organs from patients who succumbed to glioblastoma multiforme (GBM) have
developed extracranial metastases, which strongly suggests that these organs harbored disseminated
GBM cells [11]. In line with this, a few studies using different isolation and detection methods have
detected CTCs in blood from glioma patients [12–15]. Taken together, these studies provide evidence
that invasive glioma cells successfully intravasate to the blood circulation and may therefore potentially
become an important and easily available source of information on the mutational and phenotypic state
of the primary tumor. Molecular analysis of the circulating glioma cells could provide basis for the
design and monitoring of personalized treatment strategies, as it has been the case with breast, prostate,
and lung cancer [16–18]. However, the high degree of heterogeneity within gliomas constitutes a
hindrance for the effective isolation and detection of such CTCs. The use of antibodies towards one or
few protein surface markers will render the detection fragile to changes in the expression level of the
selected marker. On the other hand, targeting several proteins by using an antibody cocktail increases
the risk of false positives and high background levels due to healthy cells expressing one or more of
the included markers. Hence, a single marker to distinguish a broad repertoire of glioma CTCs from
healthy white blood cells (WBCs) is needed.

Notably, little attention has been given to cancer specific glycosylation patterns on CTCs and
strategies for targeting these. Glycosaminoglycans (GAGs) are carbohydrate structures, which are
added to proteins, called proteoglycans, as secondary modifications. Chondroitin sulfate (CS) is one
type of GAG that is built up by repeated disaccharide units made up of N-acetyl-d-galactosamine and
d-glucuronic acid units [19]. While the CS backbone structure is simple, an immense heterogeneity
is achieved through additional modifications, such as alternate sulfation of component hydroxyl
groups [20]. The long structures of repeated disaccharide units are implicated in the regulation of
many oncogenic processes and CS up-regulation or modifications have been associated with cancer
progression [21]. In the case of glioma, several chondroitin sulfate proteoglycans (CSPGs), including
versican and NG2/CSPG4, have been shown to be up-regulated and involved in tumor cell growth,
migration, and invasion, as well as in promoting angiogenesis [22–24].

We have previously shown that the recombinantly expressed VAR2CSA malarial protein (rVAR2)
specifically binds a distinct CS structure, termed oncofetal chondroitin sulfate (ofCS), which is present
in the placenta and on almost all cancer cells with limited expression in other normal tissues [25].
Although CS is present elsewhere in the vasculature, parasite infected erythrocytes that express
VAR2CSA only bind in the placenta [26]. Thus, the protein has been evolutionary refined to specifically
bind to ofCS and not to CS present in other organs.

We recently published a CTC isolation method demonstrating the use of rVAR2 protein on
magnetic beads for the capture of CTCs from prostate, pancreatic, and hepatic cancer patient blood
samples [27]. However, in terms of CTC detection after enrichment, this assay was still dependent
on antibody staining using the epithelial marker cytokeratin (CK), thus limiting the applicability to
cancers of epithelial origin. In this study, we investigate whether the rVAR2 protein can be applied
in both the capture and detection step and thereby broaden the use of our CTC-isolation platform to
include circulating glioma cells. We show that rVAR2 binds glioma cells of both adult and pediatric
origin. We find that rVAR2 interacts with ofCS on several CSPGs that have shown to be up-regulated in
GBM, including CD44, APLP2, CSPG4, PTPRZ1, versican, and syndecan 1. Furthermore, we confirm
that rVAR2 binding is retained on a low-grade pediatric glioma cell line (Res259) after incubation with
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Transforming Growth Factor beta (TGF-β). We validate that the rVAR2-based CTC capture enables
capture of rare glioma cells spiked into blood, and show proof-of-concept of using rVAR2 for both the
capture and downstream detection of such glioma cells. Importantly, we capture and detect glioma
CTCs from glioma patient blood samples. Finally, CTCs from three patient samples are analyzed by
whole exome sequencing (WES), which confirms the presence of glioma-associated mutations.

2. Materials and Methods

2.1. Production of Proteins

The recombinant DBL1-ID2a subunit or the shorter version, ID1-ID2a, of VAR2CSA (rVAR2) was
expressed in SHuffle T7 Express Competent E. coli (NEB) and purified using affinity chromatography
(HisTrap HP, GE Healthcare, Uppsala, Sweden), followed by cation exchange chromatography (HiTrap
IMAC SP HP, GE Healthcare). Both constructs included a C-terminal 6x His-tag and V5-tag, as well
as an N-terminal SpyTag. For the staining of CTCs, we produced the recombinant ID1-ID2a subunit
of VAR2CSA in S2 insect, which encoded an N-terminal twin-strep affinity tag. Protein that was
expressed in S2 cells was captured from the supernatant by Streptactin XT chromatography (Iba, GmbH,
Germany) and polished by size exclusion (Superdex 200pg, GE).

Subsequently, purified monomeric proteins were identified by SDS-PAGE. All of the proteins were
quality tested by decorin binding in ELISA and by ofCS binding on cancer cells using flow cytometry
to ensure specificity.

The SpyCatcher domain was produced in E. coli BL21 as a soluble poly-HIS tagged protein,
and purified using affinity chromatography (HisTrap, GE Healthcare), followed by anion exchange
(HiTrap IMAC Q HP column, GE Healthcare). Purity was determined by SDS page and quality of
protein was ensured by testing the capacity to form an isopeptide bond to the Spy-tagged rVAR2
protein. The SpyCatcher was biotinylated using NHS-biotin (Sigma-Aldrich, Steinheim, Germany).
NHS-Biotin was dissolved in DMSO and added in 10 molar excess to the SpyCatcher. After a 1-h
incubation at room temperature, the biotinylated SpyCatcher was purified using a zeba spin column
with a 7 kDa cut off.

2.2. Cell Cultures

Janine Erler and Lara Perryman (Biotech Research & Innovation Centre, University of Copenhagen,
Denmark) kindly provided the KNS-42, Res259, U87mg, and U118mg cell lines [28]. The U87mg cells
were grown in EMEM, Res259 and KNS-42 were grown in DMEM/F12, and U118mg were grown in
DMEM GlutaMAX. All culture media were supplemented with 10% fetal bovine serum, penicillin,
streptomycin, and l-glutamine (except DMEM). The primary GBM cell, GBM02, was maintained
as an in vivo model in NOG mice with ethical approval (2012-15-2934-00636). Tumor xenograft
was dissociated using a papain dissociation kit (Worthington). Isolated ex-vivo GBM02 cells were
authenticated by STR profiling and grown as neurospheres in Neurobasal media containing B-27
supplement (Gibco), GlutaMax (Gibco), 10 ng/mL EGF, and 10 ng/mL FGF, as described previously [29].
All of the cell lines were passaged at a regular basis and maintained at 5% CO2 at 37 ◦C.

2.3. Flow Cytometry

The cells were grown to 70–80% confluency in appropriate growth media and then harvested in
an EDTA detachment solution (Cellstripper®, Corning™). 100,000 cancer cells, WBCs from 100 µL
RBC lysed blood, or a mixture of both (according to the description in the Results section) were added
to each well in a 96 well plate. Cells were incubated with rVAR2 (400 nM–25 nM) for 30 min. at
4 ◦C. Subsequently, cells were washed twice and then incubated with FITC-labelled anti-V5 antibody
(Invitrogen, 1:500) for 30 min. at 4 ◦C. Finally, the cells were washed twice and analyzed in a LSR-II (BD
Biosciences) for staining intensity. Geometric mean fluorescent intensity (MFI) values were normalized
to signals that were obtained when only adding the FITC-labelled anti-V5 antibody.
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2.4. TGF-β Treatment of Res259 Cells

Res259 were seeded in a density of 2400–5200 cells/cm2 in DMEM/F12 that was supplemented
with 10% FBS in a T25 culture flask. Cells were allowed to attach for 24 h. After this, cells were treated
with TGF-β (Cat. no. T7039, Sigma-Aldrich) at a concentration of 20 ng/mL or equal volumes of
TGF-β suspension buffer as control (0.2 µm filtered distilled water) for 72 h to induce the mesenchymal
transition. Transition was confirmed by changes in the expression of mesenchymal protein markers
using western blot as well as changes in morphology.

For western blot analysis, the cells were lysed with EBC lysis buffer containing PhosSTOP
(Sigma-Aldrich) and cOmplete EDTA-free Protease Inhibitor Cocktail (Roche) for 30 min. Protein extract
was balanced using Bradford assay. An equal amount of protein lysates were loaded onto a
NuPAGE 4–12% Bis-Tris gel (ThermoFisher Scientific), after which the samples were transferred
to a nitrocellulose membrane (Biorad). Membranes were blocked in 5% skimmed milk powder
in TBS-T. Anti-GAPDH (14C10) antibody (Cell Signaling, 1:1000), and anti-β-catenin (1:500),
anti-N-cadherin (1:500), and anti-vimentin (1:1000) primary antibodies from the EMT Antibody
Sampler Kit (Cell Signaling) were added to the membranes in TBST-T supplemented with 2% skimmed
milk powder and incubated overnight at 4 ◦C. Following three washes in TBS-T, the membranes
were incubated with HRP-linked goat anti-rabbit IgG (Cat. no. P0448, Dako, 1:2000) for 1 h at room
temperature and the reactivity was detected using LumiGlo Reserve Chemiluminescent Substrate
(KPL). Uncropped images of the membranes can be seen in Figure S6.

For fluorescent visualization of changes in morphology, the cells were grown on glass slides
and fixed in 4% paraformaldehyde (PFA), washed three times in PBS, blocked with 1% BSA in PBS,
and stained with Alexa Fluor® 594 Phalloidin (ThermoFisher, 1:40) for 20 min. at room temperature.
Cells were subsequently stained with DAPI (Life Technologies) and mounted using FluorSave Reagent
(Merck Millipore, Darmstadt, Germany). Staining was analyzed using Nikon TE2000-E C1 confocal
microscope with 60× oil immersion objective lens (DIC).

For flow cytometry-based analysis of cells before and after induction with TGF-β, applying the
same procedure as in “2.3. Flow Cytometry”.

2.5. Immunoprecipitation and Proteomics

Membrane proteins were extracted by lysing the cells with EBC lysis buffer supplemented with
a protease inhibitor cocktail (Roche). Biotinylated rVAR2 was added to the lysate and the mix was
incubated overnight at 4 ◦C. The rVAR2 and bound protein was pulled down on streptavidin-coated
dynabeads (MyOne C1, Invitrogen).

The pulled down lysate was dissolved in non-reducing LDS loading buffer (Invitrogen). The protein
was reduced in 1 mM DTT and alkylated with 5.5 mM iodoacetamide. The samples were then run 1 cm
into Bis-Tris gels and stained with coomasie blue. The protein was cut out, washed, and in-gel digested
with trypsin. The resulting peptides were captured and washed using a C18 resin stage-tipping [30].
The peptides were sequenced using a Phusion Orbitrap Mass Spectrometer. Sample analysis and hit
verification was performed using the MaxQuant software. All of the samples were verified against the
control samples of cell lysates without rVAR2.

2.6. Proximity Ligation Assay (PLA)

The PLA protocol was run according to the manufacturer’s instructions (Sigma-Aldrich). U87mg,
U118mg, and KNS-42 cells were seeded on laminin-coated coverslips and fixed in 4% PFA. Unspecific
binding of antibodies was minimized by incubating with a blocking solution with 1% BSA and 5% FBS
in PBS for 1 h at room temperature. The samples were incubated with primary antibodies together
with rVAR2 or rDBL4 over night at 4 ◦C in the following concentrations: rVAR2 (50 nM), rDBL4
(50 nM), anti-NRP1 (Cat. no. ab81321, 1:250), anti-NRP2 (Cat. no. sc-13117, 1:50), anti-PTPRZ1
(Cat. no. HPA015103, 1:61), anti-VCAN (Cat. no. HPA004726, 1:50), anti-CSPG4 (Cat. no. ab20156,
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1:200), anti-DCN (Cat. no. PA5-27370, 1:100), anti-CD44 (Cat. no. BBA10, 1:200), anti-SDC1
(Cat. no. ab34164, 1:50), and anti-SDC4 antibody (Cat. no. HPA005716, 1:80). Between incubations,
the cells were washed in Wash Buffer A (DUO82049, Sigma-Aldrich). An anti-V5 antibody (Invitrogen,
1:500) was used to detect rVAR2. The cells were then stained with Duolink® In Situ PLA® Probe
Anti-Mouse MINUS (DUO92004) and Duolink® In Situ PLA® Probe Anti-Rabbit PLUS (DUO92002)
diluted in Antibody Diluent (DUO82008). The cells were then treated with the ligation solution,
followed by incubation with the amplification solution, which were provided with the kit Duolink® In
Situ Detection Reagents Orange (DUO92007). The cells were washed with Wash Buffer B (DUO82048).
The slides were mounted using Duolink® In Situ Mounting Medium with DAPI (DUO82040), and the
results were then analyzed under a Nikon TE2000-E C1 confocal microscope with a 60× oil objective.
A total of 75–100 cells were imaged per sample. The images were analyzed using the BlobFinder
software (version 3.2.). Negative controls using the recombinant DBL4 domain of VAR2CSA are found
in Figure S1.

2.7. Immunocytochemistry of Cancer Cells Mixed with White Blood Cells (WBCs)

Two mL blood from a healthy donor was drawn in a LBgard® vacutainer (BioMatrica). The blood
sample was diluted 10 times in Red Blood Cell (RBC) lysis buffer resulting in a final concentration of
0.155M ammonium chloride, 0.01M potassium hydrogen carbonate and 0.1 mM EDTA, and incubated
for 13 min. After centrifugation at 400× g for 8 min. the pelleted cells were resuspended in 2 mL
Dulbecco’s PBS (without Ca2+ and Mg2+) supplemented with 2% Fetal Bovine Serum (FBS) (Gibco) and
transferred to eppendorf tubes in aliquots of 0.5 mL. Res529, KNS-42 and U87mg were detached using
1 mL CellStripper (Corning™) and resuspended in their respective media. Approximately 2000 cells
were added to each aliquot of WBCs. The samples were washed once, prior to incubation with a cocktail
of 200 nM rVAR2, CF488-labelled anti-V5 (Cat.no. 20440, Biotium, 1:150), PE-labelled anti-CD45 [5B1]
(Cat.no. 170-078-081, MACS Miltenyi Biotec, 1:40) and PE-labelled anti-CD66b [REA306] antibodies
(Cat.no. 130-104-396, MACS Miltenyi BioTec, 1:40) in Dulbecco’s PBS with 2% FBS for 30 min. at 4 ◦C.
Finally, the cells were fixed with 4% PFA, stained with DAPI (Cat. no. D1306, Life Technologies) and
mounted using Faramount Aquous Mounting Media (Dako). The slides were imaged using the 10×
objective of Cytation 3 Cell Imaging Multi-Mode Reader (BioTek, Europe).

2.8. Preparation of rVAR2-Coated Beads

The Spy-tagged DBL1-ID2a or ID1-ID2a (rVAR2) was mixed with the biotinylated SpyCatcher in
a 1.2:1 ratio and then incubated at room temperature for 1 h. After this step, the biotinylated rVAR2
protein was incubated with CELLection™ Biotin Binder Dynabeads® (4.5 µm) at room temperature for
at least 30 min. resulting in rVAR2-coated beads (0.43 µg biotinylated protein per µL bead suspension).
The remaining protein or antibody was removed by carefully washing the beads in Pierce™ Protein-Free
(PBS) blocking buffer (Cat. no. 37572, ThermoFisher) three times, each time using a neodymium
magnet (10 × 12 mm) for dragging beads into a pellet.

2.9. Spike-In Experiments

Prior to the spike-in experiments, the cancer cells were harvested with CellStripper (Corning™)
or TrypLe (Cat. no. 12604013, Gibco) (only used for GBM02 cells) and resuspended in culture medium.
For spike-in experiments measuring the efficiency of recovery, cancer cells were prestained using
CellTracker™ Green CMFDA Dye (Cat. no. C7025, ThermoFisher), according to manufacturer’s
protocol for cells in suspension. Following staining, the cells were resuspended in complete growth
media and incubated for 30 min. under normal growth conditions in order to recover.

Cell concentration was measured by manually counting the number of viable cells in a 1:1 mixture
with Trypan Blue solution (Sigma-Aldrich). Subsequently, the cells were diluted to 10,000 cells/mL
in Dulbecco’s PBS and the desired number of cells were spiked into 3 mL blood. Triplicates of the
spike-in volume (e.g., 10 µL for 100 cells) were placed on a glass slide and cells were manually counted
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under a light microscope (10× objective) in order to confirm the exact number of cells spiked into the
blood. The average of the cell counts was used when calculating the percentage of recovery. Each of
the spike-in experiments were repeated at least twice with 2–4 replicates per test.

When spiking in low cell numbers (5–10 cells), serial dilutions were made using cell culture media.
The cell suspension was transferred to a 96-well plate and counted under a light microscope (10×
objective) to ensure precise cell count before spike-in. Finally, cells were directly added from the well
to the 3 mL blood sample.

After adding the cancer cells to the blood, the samples were immediately processed, as described
in Section 2.11.

2.10. Patient Samples

Up to 9 mL blood samples from glioma patients were collected under ethical approval (journal
no. H-3-2009-136). Informed written consent was obtained for all of the enrolled subjects. Blood was
received in K2 EDTA-tubes and processed within 2 h of collection.

2.11. CTC Isolation from Blood

Three mL blood samples were lysed in 27 mL RBC lysis buffer reaching a final concentration
of 0.155 M ammonium chloride, 0.01 M potassium hydrogen carbonate, and 0.1 mM EDTA for
13 min. After centrifugation at 400× g for 8 min., the cell pellet was gently washed in Dulbecco’s
PBS. The centrifugation step was repeated, and finally the cells were resuspended in 0.6 mL Pierce™
Protein-Free (PF) PBS blocking buffer (Cat. no. 37572, ThermoFisher) and then transferred to a low
retention microcentrifuge tube (Fisherbrand). Under these conditions, the cells were incubated with
~1.8 million rVAR2-coated magnetic beads at 4 ◦C for 20 min. A neodymium cylinder magnet was used
to drag cells bound to beads towards the side of the tube, enabling removal of supernatant. Cells were
then fixed in 4% PFA for 5 min. and resuspended in Pierce™ Protein-Free (PBS) blocking buffer diluted
1:10 in Dulbecco’s PBS.

2.12. CTC Staining and Enumeration

For spike-in experiments where the cells were prestained with CellTracker Green, cells were
stained with DAPI (Cat. no. D1306, Life Technologies) diluted in Dulbecco’s PBS with 0.5% BSA
and 2 mM EDTA for 5 min. at room temperature. Following one wash, the bead-bound cells were
added to a SensoPlate™ (24-well, glass bottom) (Cat. no. 662892, Greiner Bio-One). Excess liquid
was removed by holding the bead-bound cells in place with a magnet underneath the plate, and the
samples were mounted using Faramount Aqueous Mounting Media (DAKO). The entire well was
scanned for DAPI and CellTracker signal using the Cytation™ 3 Cell Imaging Multi-Mode Reader and
manually enumerated using the Gen5 software (BioTek).

For patient samples and spike-in experiments with non-prestained cells, the isolated cells were
briefly blocked in Dulbecco’s PBS containing 2% FBS, followed by incubation in a non-protein based
blocking solution. The cells were then incubated with a mixture of 200 nM fluorophore-conjugated
(Oregon Green® 488) rVAR2 and PE-labelled anti-CD45 [5B1] (Cat. no. 170-078-081, MACS Miltenyi
Biotec, 1:10) and PE-labelled anti-CD66b [REA306] (Cat. no. 130-104-396, MACS Miltenyi BioTec,
1:20) antibodies for 30 min. at room temperature and then washed once in PBS with 2% FBS to
remove excess staining reagents. Finally, the cells were DAPI-stained and mounted on a Sensoplate.
Duplicates of 3 mL patient blood were imaged using the Cytation™ 3 Cell Imaging Multi-Mode Reader.
Additional 1–2 mL blood was processed according to the above description, except that the exclusion
marker that was used in this setup was APC-labelled anti-CD45 [HI30] antibody (Cat. no. 17-0459-42,
ThermoFisher), and analyzed using the CellCelector™ (Automated Lab Solutions).

For spike-in experiments testing anti-CSPG4 antibody as a staining reagent after rVAR2 bead
pull-down, cells were blocked in 10% Normal Donkey Serum (NDS), 0.5% BSA, and 2 mM EDTA in
Dulbecco’s PBS for 10 min. After this, the cells were incubated with anti-CSPG4 (Cat. no. ab20156,
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Abcam, 1:100) antibody diluted in Dulbecco’s PBS with 1% NDS, 0.5% BSA, and 2 mM EDTA for
30 min. at room temperature. The cells were washed once in Dulbecco’s PBS containing 0.5% BSA and
2 mM EDTA and then incubated with anti-mouse IgG-FITC (Vector, Cat. no. FI-2000, 1:400) for 30 min.
at room temperature. Finally, the cells were washed in Dulbecco’s PBS containing 0.5% BSA and 2 mM
EDTA, DAPI stained, and mounted on a Sensoplate.

2.13. Classification and Enumeration of rVAR2-Stained Cancer Cells or CTCs

The samples were scanned on a 10× objective using the Cytation™ 3 Cell Imaging Multi-Mode
Reader and manually enumerated using the Gen5 software (BioTek). Putative CTCs were defined
as DAPI+, CD45/CD66b−, and rVAR2+. The signal to noise ratios were adjusted according to the
fluoresence of the CELLection Biotin Binder beads, such that a staining was only regarded as positive
if the intensity was above the fluorescence from the beads. Furthermore, all the cells with a DAPI area
below 4 µm were excluded from enumeration.

2.14. Single Cell Picking and Whole Genome Amplification

Cell samples were resuspended in 200 µL PBS and then loaded onto a CellCelector™magnetic
slide (Automated Lab Solutions) to align and preserve the localization of the magnetic beads and cells
during scanning. Employing the CellCelector™, the samples were then screened for coinciding Origon
Green® 488 and DAPI signals as well as absent APC fluorescent signals, thereby detecting potential
CTCs. Single cells were picked by the CellCelector™ and then pooled into PCR tubes containing
5 µL lysis buffer and enzyme from the MALBAC® Single Cell WGA Kit (Yikon Genomics, Cat. no.
EK100101210). Each tube was prepared with 10–20 cells. Whole genome amplification (WGA) was
performed on picked CTCs or WBC controls, according to manufacturer’s instructions. The quality of
the WGA products was verified by agarose gel electrophoresis and concentrations were measured by
Qubit™ dsDNA BR Assay Kit (Cat. no. Q32850, Thermofisher Scientific).

2.15. Whole Exome Sequencing

Whole exome sequencing on whole genome amplified DNA from isolated CTCs and
patient-matched WBCs was performed as previously described [31]. The Exome sequencing data
was aligned against the human reference genome (hg19/GRCh37) using bwa mem 0.7.15 and somatic
SNVs and small indels were called using Mutect2 according to the GATK best practices for somatic
short variant discovery using GATK 4.1.0.0. Variants outside a selected glioblastoma-related target
region containing 95 candidate genes were excluded from the call set. Mutect2 was provided with data
from picked, patient-specific WBCs as a matched reference sample to reduce the amount of germline
variants in the call set, hence obtaining a list of somatic mutations only for the CTC samples. The most
relevant mutations (described in somatic mutation databases or being frameshift/stop-gain) were
further manually inspected by looking at aligned reads sequences. The Integrative Genomics Viewer
(Broad Institute, UK) was used for the visualization of variants (Figure S4) [32].

3. Results

3.1. rVAR2 Binds to ofCS on Glioma Cells

We have previously shown that the rVAR2 protein interacts with ofCS present on cancer cell lines
representing almost all known cancers [25,33,34]. We tested rVAR2 binding to a panel of cell lines,
including low-grade (WHO grade II) diffuse glioma (Res259) as well as high-grade (WHO grade IV)
GBM (U87mg, KNS-42, and U118mg), to test for the presence of ofCS in glioma. All of the cell lines
were positive for rVAR2 binding by flow cytometry, indicating that the glioma lines expressed ofCS
(Figure 1A and Figure S2).

Cell cultures poorly represent the phenotypic plasticity of cancer cells in vivo, where the tumor
cells continuously respond to signals from the microenvironment. TGF-β, for instance, is known
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to enhance the migratory and invasive capability of glioma cells, most likely by pushing these cells
towards a more mesenchymal phenotype [35,36]. Therefore, we evaluated whether TGF-β exposure
of the low-grade Res259 glioma cell line affected the expression of ofCS, as measured by rVAR2
binding. It should be noted that, although glial cells originate from ectodermal tissue, these cells
exhibit a more mesenchymal appearance, such as the expression of vimentin [28]. Thus, the transition
is measured as an increased expression of mesenchymal markers, rather than a down-regulation of
epithelial markers [36]. After incubation with TGF-β, the Res259 cells showed increased expression
of the mesenchymal markers β-catenin and N-cadherin in accordance with a transition towards a
more mesenchymal state (Figure 1B). This was accompanied by a clear change in morphology as cells
tended to become more elongated, which confirms the occurrence of a transition [36,37] (Figure 1C).
Importantly, when testing for rVAR2 binding to Res259 cells in flow cytometry before and after
incubation with TGF-β, rVAR2 binding was not reduced (Figure 1D).

Figure 1. Recombinant malaria VAR2CSA protein (rVAR2) binds to glioma cells and the binding
is unaffected by phenotypic changes. (A) rVAR2 binding to the glioma cell lines KNS-42, Res259,
U87mg and U118mg was measured by flow cytometry using a FITC-conjugated anti-V5 antibody.
Geometric Mean Fluorescence Intensity (MFI) was measured after incubation of cells with various
rVAR2 concentrations. Results are displayed as signal/noise ratio. Figure represents data from one
experiment, replicates are found in Figure S2. (B) Western blot of Res259 cell lysates after 72 h incubation
with Transforming Growth Factor-beta (TGF-β) or buffer control. Membranes were incubated with
anti-β-catenin, anti-N-cadherin, anti-Vimentin or anti-GAPDH antibodies and detected by anti-rabbit
HRP antibody. (C) Representative images of fixed Res259 cells after 72 h incubation with TGF-β or
buffer control. Cells were stained with phalloidin to stain F-actin (red) and DAPI to stain nuclei (blue).
Scale bars, 50 µm. (D) rVAR2 binding to Res259 incubated with TGF-β or buffer control for 72 h
measured by flow cytometry (p < 0.001, generalized least squares regression model). Geometric MFI
was measured after incubation of cells with various rVAR2 concentrations and a FITC-conjugated
anti-V5 antibody. Results are displayed as signal/noise ratio. Bars show standard deviation (n = 3).

3.2. rVAR2 Captures Glioma Cancer Cells Spiked Into Blood

To examine whether rVAR2 can be used for targeting circulating glioma cells, it is pivotal to
ensure the specificity of rVAR2 binding to glioma cells in a background of normal white blood cells
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(WBCs). Therefore, WBCs from 0.5 mL blood were mixed with 2000 U87mg, Res259, or KNS-42 cells
and incubated with rVAR2 and a CF488-labeled anti-V5 antibody. rVAR2 binding showed a clear and
specific membrane staining of all three cancer cell lines with minimal staining of the surrounding
WBCs (Figure 2A). This was further tested by flow cytometry analysis showing specific binding to
U87mg cells when mixed with WBCs (Figure 2B,C).

To examine whether rVAR2 binding to glioma cell lines could support magnetic capture and
isolation of these cells from whole blood, 100 glioma cells were prestained using a CellTracker™ Green
CMFDA Dye and spiked into a 3 mL blood sample from a healthy individual. This strategy allowed
us to directly assess the recovery of spiked cells independent of downstream staining and detection
biases. After lysis of the erythrocytes, cancer cells were isolated using rVAR2-coated magnetic beads
(see Method section for details) [27]. By this procedure, we achieved an average recovery of 76%, 41%,
11%, and 64% for U87mg, Res259, KNS-42, and U118mg cells, respectively (Figure 2D). Furthermore,
we spiked 3 mL blood samples with 100, 50, 10, or 5 U87mg cells to assess the sensitivity of the assay
(Figure 2E). The average recovery ranged between 54–75% with no obvious association to the number
of cells spiked into the blood (p = 0.31, one-way ANOVA). Although the recovery varied between the
different cell lines, this data confirms that rVAR2 can be used as a capture molecule for the isolation of
various glioma cell types.

Figure 2. rVAR2 specifically binds to glioma cells and enables their retrieval from blood. (A) rVAR2
stains glioma cell lines in a background of white blood cells (WBCs). Res529 (left), KNS-42 (middle) and
U87mg (right) cells were mixed with WBCs and stained with V5-tagged rVAR2 in combination with a
CF488-conjugated anti-V5 antibody (green), PE-conjugated anti-CD45 and anti-CD66b antibodies (red),
and DAPI (blue). Scale bar, 50 µm. (B) Flow cytometry analysis showing WBCs (100 µL RBC lysed
blood) mixed with U87mg (50,000) cells and detected with either 200 nM rVAR2 and a FITC-conjugated
anti-V5 antibody or with a FITC-conjugated anti-V5 antibody alone (control). (C) Same as in (B)
but with no U87mg cells added. (D) Recovery of CellTracker Green-stained glioma cells from blood.
100 cells were spiked into 3 mL blood and recovered using rVAR2-coupled beads. Cells were stained
with DAPI and scanned on the Cytation 3 Imager. Each dot represents the percentage of recovered cells
from one sample. Bars represent mean recoveries and error bars show +/− standard deviation (n ≥ 2)
(one-way ANOVA with Bonferroni correction). (E) Recovery of CellTracker Green-stained U87mg cells
from blood. The indicated number of U87mg cells was spiked into 3 mL blood and captured using
rVAR2-coupled beads. Enumeration of cells and data presentation were done as in (D).
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3.3. rVAR2 Interacts with Several GBM-Associated Proteoglycans

We have previously described that single cancer cells simultaneously display the ofCS modification
on several proteoglycans [33]. We analyzed rVAR2-based pull-down of lysates from KNS-42, U118mg,
and U87mg cell lines to investigate the proteoglycan display on glioma cells. The mass spectrometry
results showed the pull-down of multiple key cancer-related proteoglycans (Table 1). Among the hits
were several chondroitin sulfate proteoglycans (CSPGs) that have been described for GBM, such as
CSPG4, CD44, APLP2, and SDC1 [38–41]. To validate these findings, we studied the co-localization of
ofCS and selected protein cores from the pull-down proteomic list by proximity ligation assay (PLA)
(Figure 3A). Indeed, compared to other proteoglycans rVAR2 binding and CD44 showed a strong
co-localization on each evaluated glioma cell line (p < 0.001, one-way ANOVA) (Figure 3B). Despite the
high PLA signal, CD44 was not further examined as a potential CTC marker, as anti-CD44 antibodies are
also found to target a subset of healthy WBCs [42]. Similarly, ofCS and CSPG4 were clearly co-localizing
on U87mg and U188mg cells (p < 0.001, one-way ANOVA) (Figure 3B). Interestingly, anti-CSPG4
antibodies are already being used for the capture and detection of circulating melanoma cells [43–46].
Since CSPG4 is also an emerging target for GBM CAR-T immunotherapy, we examined whether
CSPG4 is still accessible for antibody staining after rVAR2-based capture [47,48]. Indeed, the captured
U87mg cells showed clear and specific CSPG4 staining in a background of WBCs (Figure 3C). Hence,
the capture of glioma CTC might be useful for predicting response to anti-CSPG4 CAR-T therapy.

Table 1. rVAR2-based protein pull-down hits from cell lysates.

Protein Name Gene Peptides Count Seq. Coverage (%) Ratio to Neg

KNS-42

Amyloid-like protein 2 APLP2 17 27 NA
CD44 CD44 9 37.4 41.17

Glypican 1 GPC1 10 23.7 NA
Glypican 4 GPC4 10 23 7.15

Integrin beta 1 ITGB1 11 15.2 7.50
Neuropilin 1 NRP1 12 21.1 NA
Neuropilin 2 NRP2 4 6 NA

Receptor-type tyrosine-protein phosphatase zeta PTPRZ1 17 8.6 NA
Syndecan 1 SDC1 6 14.5 NA
Syndecan 2 SDC2 5 25.5 NA
Testican 1 SPOCK1 8 22.6 NA
Versican VCAN 39 12.8 540.37

U118mg

Amyloid-like protein 2 APLP2 4 5.2 NA
CD44 CD44 8 37.4 17.26

Decorin DCN 8 29.8 41.89
Neuropilin 1 NRP1 9 15.9 16.74

Versican VCAN 13 4 NA

U87mg

Amyloid-like protein 2 APLP2 4 5.1 NA
Amyloid precursor protein APP 3 4.3 NA

Carbonic anhydrase 9 CA9 1 3.3 NA
CD44 CD44 4 6.1 12.92

Chondroitin sulfate proteoglycan 4 CSPG4 7 3.1 NA
HLA class II histocompatibility antigen gamma chain CD74 3 12.2 NA

Sushi repeat-containing protein SRPX SRPX 7 15.7 NA
Syndecan-1 SDC1 3 15.2 9.71
Syndecan-4 SDC4 2 12.6 NA
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Figure 3. Evaluation of protein pull-down hits from mass spectrometry by proximity ligation assay
(PLA). (A) Representative images of PLA assays on U87mg, KNS-42, and U118mg cells showing
co-localization between rVAR2 and a panel of CSPGs as red dots. Cells were counterstained with
DAPI (blue) and analyzed by confocal microscopy. All of the images are shown in same magnification
using a 60× objective. (B) Quantification of the PLA co-localization signals between rVAR2 and each
of the CSPGs analyzed. Data is shown as the number of signals per cell. Red bars represent the
mean number of signals per cell. (C) Representative image showing specific CSPG4 staining (green)
of an rVAR2-captured U87mg cell in a background of WBCs stained for CD45 and CD66b (both red).
Cells were stained with DAPI (blue) and visualized on the Cytation 3 Imager with a 20× objective.
Scale bar, 50 µm.

3.4. rVAR2 Detects Cancer Cells Spiked Into Blood Samples

All of the CTC capture protocols will, even in the best of circumstances, capture some normal
WBCs along with the CTCs. A major challenge associated with the analysis of glioma CTCs is how to
validate which captured cells are indeed cancer cells and not WBCs. With regard to carcinoma-derived
CTCs the most widely used markers are EpCAM or CK. While gliomas are EpCAM negative, the results
regarding CK-positivity are less consistent [12,49–51]. Thus, these markers are not optimal for the
detection of glioma CTCs. Therefore, we established a platform where rVAR2-coupled beads were
used for capturing, while a fluorophore-conjugated rVAR2 was used for microscopic detection of
the captured cells. U87mg, Res259, and KNS-42 cells all showed rVAR2 staining after capture with
rVAR2-coupled beads (Figure 4A and Figure S3). However, it was noticed that rVAR2-staining of
U87mg after magnetic capture was somewhat reduced compared to the Res259 and KNS-42 cells. Next,
we applied the same workflow to U87mg cells that were spiked into 3 mL healthy donor blood in
order to mimic patient blood samples. The rVAR2 staining enabled detection of U87mg cells and their
separation from CD45- and/or CD66b-positive WBCs (Figure 4B). The strategy was also effective with
cells from a primary glioblastoma cell culture, GBM02 (Figure 4B).

77



Cells 2019, 8, 998

Figure 4. Using rVAR2 to stain glioma cells after capture with rVAR2-coupled beads. (A) Glioma cell
lines (U87mg, Res259, and KNS-42) were incubated with rVAR2-coupled beads and stained with a
fluorophore-conjugated rVAR2 (green) and DAPI (blue). Representative images were obtained using
the Cytation 3 Imager with a 10× objective. Scale bars, 20 µm. (B) U87mg cells and GBM02 cells were
spiked into 3 mL blood, retrieved using rVAR2-coupled beads, and stained using fluorescent rVAR2
(green), anti-CD45/CD66b antibodies (red) and DAPI (blue). Scale bars, 20 µm.

3.5. rVAR2 Captures and Detects CTCs in Glioma Patient Blood Samples

We tested for the presence of CTCs in blood samples from glioma patients using the combined
rVAR2 capture and detection protocol. Duplicates of 3 mL blood samples from 10 glioma patients,
suffering from oligodendroglioma (grade II), anaplastaic oligodendroglioma (grade III), or GBM
(grade IV), were processed and visualized for enumeration. CTCs were manually enumerated as
rVAR2+, CD45/CD66b−, and DAPI+ cells. The range of identified CTCs per 3 mL blood was 0.5–42
(Figure 5A). There was no obvious correlation between grade or type of diagnosis and CTC number.
Interestingly, one patient who had progressed from an initial diagnosis of oligodendroglioma (grade II)
to anaplastic oligodendroglioma (grade III) within a time span of 15 years had a relatively high number
of CTCs (22 CTCs per 3 mL blood). In a patient with the reverse clinical history regressing from an initial
diagnosis of anaplastic oligodendroglioma (grade III) to eight years later having oligodendroglioma
(grade II) we detected an average of only 0.5 CTCs per 3 mL. Representative images of rVAR2+ cells
from one of the GBM patients are shown (Figure 5B) and the full list of detected CTCs is found
in Figure S5.

78



Cells 2019, 8, 998

Figure 5. rVAR2 enables capture and detection of glioma circulating tumor cells (CTCs) from patient
blood samples. (A) Average CTC count in blood samples from ten glioma patients. 3 mL blood
samples were processed by using rVAR2-coupled beads followed by staining using a mixture of
fluorophore-conjugated rVAR2 (green), anti-CD45/CD66b antibodies (red) and DAPI (blue). CTCs were
defined as rVAR2+, CD45/CD66b−, DAPI+ cells. Each dot represents the average number of detected
CTCs per 3 mL patient blood sample. The x-axis shows whether the patient was diagnosed with GBM,
Anaplastic Oligodendroglioma (ODG), or Oligodendroglioma (ODG). (B) Representative images of
identified CTCs from a patient diagnosed with GBM. The sample was stained with flurophore-conjugated
rVAR2 (green), anti-CD45 antibody (magenta), and DAPI (blue). Images were obtained using the
CellCelector™ (ALS) with a 40× objective. Scale bars, 20 µm.

3.6. Captured Glioma CTCs Show Cancer-Indicative Mutations

To confirm that the VAR2+, CD45− cells detected in the patient blood samples were indeed
glioma-derived CTCs, we performed targeted whole exome sequencing (WES) searching for
glioma relevant mutations. For three patient samples we single cell picked rVAR2+, CD45− cells,
and patient-matched WBCs as germline controls using an ALS CellCelector™. For each patient,
2–4 CTCs were pooled into one sample and whole genome amplification (WGA) was performed
(Figure 6). However, since WBCs were located close to some of the selected CTCs, the cell picking
procedure resulted in samples containing CTCs together with some WBCs (Table 2). The WGA product
was then used for WES. The WES results were filtered to only include glioma relevant mutations and
each hit was visually confirmed by evaluating the IGV screen shots (Figure S4). Indeed, we identified
genes with cancer-indicative mutations in all CTC samples: RB1, TP53/EPM2AIP1, and TP53/ALK for
patient 1, 3, and 4, respectively (Table 2). Thus, the molecular profiling supports the tumor origin of
the picked patient-derived CTCs.
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4. Discussion

The isolation and characterization of glioma CTCs have proven to be challenging, especially
concerning the detection and validation of the tumor origin of the isolated cells. To date, only a few
studies have shown the presence of circulating glioma cells utilizing either a single antibody marker
or an antibody mixture for CTC detection [13,14]. Here, we present a novel strategy for glioma CTC
capture and detection based on targeting the unique cancer-specific glycosaminoglycan structure ofCS.
We show that rVAR2, which binds ofCS with high affinity, specifically targets a panel of glioma cell
lines in a background of white blood cells (WBCs). Furthermore, we show that rVAR2 can be used
for the capture of glioma cells that are spiked into blood by coupling the protein to magnetic beads.
In addition, the staining of glioma cells with a fluorophore-conjugated rVAR2 after magnetic pull-down
facilitates their detection and separation from WBCs. This workflow was applied to blood samples that
were derived from ten glioma patients and established proof-of-concept for identification of glioma
CTCs. In three of the patients, potential CTCs were picked and molecular analysis supported their
tumor origin.

Flow cytometry analysis showed rVAR2 binding to all tested glioma cell lines. Interestingly,
the cell lines showed varying maximum intensity at saturation indicating different levels of ofCS
display. In all of the experiments, U87mg showed the lowest level of rVAR2-binding. This is interesting,
since U87mg cells had the highest recovery when spiked into blood and isolated with rVAR2-coupled
beads. This could indicate that efficiency of recovery, not only depends on the level of target expression
but is also influenced by other factors, such as the capability of a given cell line to survive through the
experimental workflow. When using spike-in of cancer cells in healthy donor blood, the experimental
procedure, among others, includes detachment from the culture plate and exposure to the various
components of a foreign immune system when spiked into blood. Patient-derived CTCs do indeed
experience dramatic changes in physical conditions upon entering the circulation, such as shear stress
forces and the loss of cell-cell or cell-matrix attachment. However, it could be debated how comparable
this sequence of events is to the in vitro spike-in models, and thus how well cell line spike-in samples
reflect the phenotypes of CTCs in patient-derived liquid biopsies.

Elevated levels of TGF-β in the tumor microenvironment and a mesenchymal phenotype of
the glioma cells have independently been shown to be associated with a poor prognosis in glioma
patients [36]. TGF-β is known to induce increased motility and invasive behavior, which underlines a
potential link between cellular plasticity and intravasation of cancer cells into the bloodstream [52].
Notably, the expression of surface markers might be altered during such phenotypic changes, and this
process should be taken into consideration when deciding on a capture and detection reagent for CTC
capture. In line with other studies, we have previously shown that an EMT-like process can be induced
in U87mg cells by incubating with TGF-β for 72 h [27]. Importantly, we also confirmed that rVAR2
binding to U87mg cells was maintained after the transition. However, several studies indicate that the
EMT-like processes also play a role in the progression from low-grade to high-grade gliomas [53,54].
Here, we confirmed that ofCS display is retained when the Res259 low-grade glioma cell line is pushed
towards a more mesenchymal morphology and protein expression pattern by incubation with TGF-β.
This strengthens the potential of using ofCS as a target, not only for the capture, but also for the
detection of glioma CTCs.

When considering previously published data showing that ofCS is presented by nearly all cancer
cells of epithelial, mesenchymal, and hematopoietic origin, the use of rVAR2 staining reagent for CTC
detection would be beneficial over traditional single-surface markers [25,27,33,34]. Here, we show
that captured glioma CTCs can be identified by an rVAR2 stain. However, one should be cautious
when using the same target for both capture and detection, as the general assumption is that the use of
two independent markers would lead to a better exclusion of false positive hits. Furthermore, as CS
is a common GAG that is displayed on all cell types, including WBCs, an extremely high degree of
ofCS-specificity is needed to successfully capture and distinguish CTCs from WBCs. Interestingly,
the naturally occurring VAR2CSA that is expressed by malaria-infected erythrocytes serves exactly this
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purpose, since binding to normal WBCs would result in parasite clearance [26]. However, the use of
exclusion markers is highly important to exclude potential false positives. In the workflow presented
here, we included CD45 and CD66b as exclusions markers to identify and reject a broad repertoire of
WBCs. The optimized and combined rVAR2 capture and detection workflow enabled us to isolate and
detect circulating glioma cells in glioma patients. In this very limited dataset, the number of CTCs
detected did not correlate with type of diagnosis or WHO grade.

A potential clinical application of rVAR2-based CTC detection could be patient stratification
based on the expression of therapeutically relevant CSPGs on CTC subsets. In this study, we sought to
identify ofCS-modified proteoglycans in glioma by using rVAR2-based protein pull-down of lysates
from KNS-42, U118mg, and U87mg cell lines. Indeed, the subsequent proteomics analysis showed
the pull-down of multiple cancer-related proteoglycans with key roles in the pathogenesis of glioma.
Unlike our previous study showing syndecan 1 to be the main VAR2CSA receptor in the placental
syncytium [55], we found several interesting hits on the glioma cell lines, including syndicans, glypicans,
neuropilins, decorin, versican, CSPG4, and PTPRZ1. The two last mentioned are currently being
explored as potential anti-cancer targets in GBM [56–58]. In this study, we tested the use of anti-CSPG4
antibodies for staining and detection of cancer cells after rVAR2 capture, which could potentially be
of future interest in the monitoring of anti-CSPG4 CAR-T therapies. Finally, CD44 was identified
as a hit on all of the glioma cell lines. High CD44 expression is common in GBM and is used to
identify GBM with particular poor survival chance [59,60]. Along this line, CD44 is expressed by
GBM cancer stem cells, which promotes aggressive GBM growth [61]. Thus, adding a CD44-stain to
rVAR2 captured CTCs could provide additional information regarding predicted outcome if sufficient
exclusion markers are included. Another interesting application of the captured CTCs could be to
culture and further characterize the CTCs in terms of responsiveness to relevant treatments. Liu et al.
has shown proof-of-concept by culturing CTCs that are captured from a mouse GBM model [62]. To our
knowledge, no one has to date been able to culture the sparse number of CTCs found in glioma patient
blood samples.

We picked CTCs and performed WGA followed by WES against a panel of known glioma mutations
to confirm that the detected rVAR2+, CD45−, and DAPI+ cells were actual CTCs derived from the brain
tumors. Patient-matched WBCs were used as germline subtractions. Patient I, which was diagnosed
with anaplastic oligodendroglioma, had CTCs with mutation in the RB1 gene, which results in a
frameshift with premature stop codon. Alterations in genes that are associated with the retinoblastoma
pathway is a predictor of poor chance of survival in gliomas [63]. Interestingly, the somatic mutation
pattern found in the tumor biopsy from this patient showed mutation of the IDH1 gene, a common
feature of lower grade gliomas [64], which was not detected in the CTC sample. However, CTCs could
represent a minority of subclones in the primary tumor, which are not detectable by current standard
NGS methods [65].

A TP53 mutation was found in the CTCs from both patient 3 (GBM) and 4 (anaplastic
oligodendroglioma). TP53 encodes the p53 tumor suppressor protein, and this pathway is often
deregulated in diffuse gliomas [66]. Another detected mutation in patient 3 was a missense mutation
in the EPM2AIP1 gene. The EPM2AIP1 mutations have previously been described in different
gastrointestinal cancers [67,68]. Interestingly, EPM2AIP1 is part of a bidirectional promotor with MLH1

and epimutations causing hypermethylation has been linked to hereditary colorectal cancers [69,70].
However, little is known regarding the functional role of EPM2AIP1 silencing, as research has primarily
focused on MLH1. In patient 4 the WES analysis also detected mutations in the ALK gene, which encodes
a receptor tyrisone kinase. ALK is frequently mutated in neuroblastoma and indeed the detected
NM_004304.4_p.R1275L variant is a described hot spot locus within the kinase domain. This hotspot
mutation hinders the auto-inhibition of ALK and acts transformative. Consequently, neuroblastoma
patients with ALK mutations show poorer overall survival [71]. Importantly, small molecules for
targeted therapy of ALK have been developed and neuroblastoma cell lines harboring p.R1275
mutations show sensitivity towards ALK inhibitors, such as crizotinib [72,73]. Altogether, the specific
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detection of glioma-related mutation patterns in the CTC samples strongly indicates that the detected
cells originate from a glioma site.

In summary, we present a method for enriching and staining CTCs from glioma patients. After a
complete clinical validation the method could provide a powerful tool for non-invasive pheno- and
genotyping of gliomas. Finally, the technology could potentially be used to monitor progression and
recurrence in cancer patients.
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Abstract: Large tumor-derived Extracellular Vesicles (tdEVs) detected in blood of metastatic prostate,
breast, colorectal, and non-small cell lung cancer patients after enrichment for Epithelial Cell
Adhesion Molecule (EpCAM) expression and labeling with 4′,6-diamidino-2-phenylindole (DAPI),
phycoerythrin-conjugated antibodies against Cytokeratins (CK-PE), and allophycocyanin-conjugated
antibody against the cluster of differentiation 45 (CD45-APC), are negatively associated with the
overall survival of patients. Here, we investigated whether, similarly to tdEVs, leukocyte-derived EVs
(ldEVs) could also be detected in EpCAM-enriched blood. Presence of ldEVs and leukocytes in image
data sets of EpCAM-enriched samples of 25 healthy individuals and 75 metastatic cancer patients
was evaluated using the ACCEPT software. Large ldEVs could indeed be detected, but in contrast to
the 20-fold higher frequency of tdEVs as compared to Circulating Tumor Cells (CTCs), ldEVs were
present in a 5-fold lower frequency as compared to leukocytes. To evaluate whether these ldEVs
pre-exist in the blood or are formed during the CellSearch procedure, the blood of healthy individuals
without EpCAM enrichment was labelled with the nuclear dye Hoechst and fluorescently tagged
monoclonal antibodies recognizing the leukocyte-specific CD45, platelet-specific CD61, and red blood
cell-specific CD235a. Fluorescence microscopy imaging using a similar setup as the CellSearch was
performed and demonstrated the presence of a similar population of ldEVs present at a 3-fold lower
frequency as compared to leukocytes.

Keywords: leukocyte-derived extracellular vesicles; immunofluorescence imaging; EpCAM
enrichment; CellSearch; EasyCount slides; ACCEPT

1. Introduction

During the last decades, Extracellular Vesicles (EVs) have emerged as promising disease biomarkers
bearing similar membrane and cargo composition as their originating cells [1–3]. Importantly, for nucleic
acid analysis, the membrane encapsulated nucleic acid cargo is protected from enzymatic degradation,
and consequently, it can circulate for a longer time compared to cell-free DNA (cfDNA) [4,5]. In the case
of cancer, the presence of nucleic acids (DNA, mRNA, and miRNA) within tumor-derived EVs (tdEVs)
and proteins within or on tdEV membranes could provide information of the predisposition of the
tumor to metastasize in specific organs and guide treatment monitoring of patients to block metastasis
and cancer progression [5–9]. It has been demonstrated that EVs in biofluids of cancer patients
are significantly elevated when compared to the respective numbers of healthy individuals [10,11].
However, to our knowledge, there is no data available in regards to the composition of the redundant
EVs in the blood of cancer patients. The recent in vivo studies of Ricklefs et al. using brain tumors
expressing the green fluorescent protein (GFP) in mice showed that less than 0.5% of the total
circulating EVs were GFP+ [10]. That finding implies that more cell types secrete EVs in response to the
present tumor contributing to the final EV pool detected in biofluids of cancer patients. Furthermore,
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the pre-analytical steps of sample processing determine the EV populations to be analyzed and could
lead to biased conclusions. The majority of research groups is only interested in exosomes that
constitute the smallest subclass of EVs as they consider them products of active cell secretion; therefore,
they are using differential centrifugation steps to get rid of other EV subclasses, collect the exosome
fraction as a pellet from the final ultracentrifugation step and label them with antibodies recognizing
generic exosome-enriched biomarkers, mainly tetraspanins, such as the clusters of differentiation CD81,
CD9, and CD63 to identify them [10,12]. Nevertheless, EV subclasses of larger size (microvesicles,
oncosomes, and apoptotic bodies) have been reported to be bioactive with a wide spectrum of
functions depending on their cells of origin [13]. Importantly, Vagner et al. reported the presence of
DNA in large tdEVs reflecting the genetic aberrations of the tumor; a finding that highlights their
promising potential in the liquid biopsy field [9]. Padda et al. also demonstrated that the majority
of prostate-specific membrane antigen (PSMA) expressing EVs in plasma of prostate cancer patients
derive directly from the plasma membrane and have a larger size [14]; hence, these clinically important
populations are missed by solely the exosome analysis. Very few studies have investigated the isolation
and downstream characterization of specific tdEVs from patient samples using immuno-affinity
techniques [15,16]. Recently, we showed that large tdEVs, immunomagnetically isolated based on their
EpCAM expression together with Circulating Tumor Cells (CTCs) by the CellSearch system from the
blood of metastatic prostate, breast, colorectal, and non-small cell lung cancer patients have equivalent
prognostic power to CTCs [16,17]. These observations were enabled through the availability of the
open-source ACCEPT image analysis program, which allows for the exploration and enumeration in
a single level of all different classes of objects detected in the fluorescence images in an automated,
fast and reproducible manner, free of the subjectivity and bias of different operators [18,19]. However,
it is not clear whether our previously reported large tdEVs are a result of the fragmentation of CTCs
during the immunomagnetic EpCAM enrichment and washing steps that the CellSearch system is using
or whether they pre-exist in the blood samples of cancer patients. Their rare frequency in combination
with the abundance of blood cells and EVs of different origins prevent us from addressing that question
by labeling of blood samples without any pre-enrichment steps and subsequent enumeration from
fluorescence images. In this study, we identified in the digitally stored CellSearch images some CD45+,
DAPI-, CK- objects of similar size to tdEVs that we baptized leukocyte-derived Extracellular Vesicles
(ldEVs). We addressed the question of whether large ldEVs pre-exist in the blood of individuals
without EpCAM enrichment or they are by-products of cell fragmentation by the CellSearch procedure.
Towards that direction, we labeled blood samples of healthy individuals with the nuclear dye Hoechst
and fluorophore-conjugated antibodies against the leukocyte-specific CD45, the platelet-specific CD61,
and the red blood cell-specific CD235a without any pre-enrichment or pre-analytical steps. The samples
were imaged using a fluorescence microscope with a 10×/0.45 numerical aperture (NA) objective to
enable fair comparison of the image datasets acquired by the CellTracks Analyzer II of the CellSearch
system [20].

2. Materials and Methods

2.1. Immunofluorescence Image Data Sets of EpCAM-Enriched Cells and Extracellular Vesicles of 25 Healthy
Individuals and 75 Metastatic Cancer Patients

One-hundred digitally stored CellSearch image data sets corresponding to EpCAM-enriched blood
samples of 25 healthy individuals, 25 metastatic prostate (CRPC), 25 colorectal (mCRC), and 25 non-small
cell lung (NSCLC) cancer patients before the initiation of a new therapy, were used for this analysis.
The EpCAM-enriched leukocytes and large leukocyte-derived EVs present in these fluorescence images
were enumerated. The CRPC and mCRC patients had participated in the retrospective IMMC38
(NCT00133900) and CAIRO 2 (NCT00208546) clinical studies, respectively.

Briefly, the EpCAM+ Circulating Tumor Cells (CTCs) and tdEVs were positively selected by
ferrofluids conjugated to an antibody recognizing the extracellular epitope of Epithelial Cell Adhesion
Molecule (EpCAM, clone VU1D9) from 7.5 mL of the blood of cancer patients using the CellSearch
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system (Menarini Silicon Biosystems, Huntingdon Valley PA, USA), as previously described [21].
Following EpCAM immunomagnetic enrichment, the suspension was incubated with the nuclear dye
DAPI and antibodies against the epithelial-specific cytokeratins 8, 18, and 19 (clone C11) conjugated
to phycoerythrin (PE) and an antibody against the leukocyte-specific cluster of differentiation CD45
conjugated to allophycocyanin (APC). The suspension was transferred to a cartridge placed within
a magnest that allowed for a homogeneous distribution of the ferrofluids and the EpCAM-enriched
objects on a focal plane [22]. The cartridges were imaged using a semi-automated 10×/0.45 NA objective
fluorescence microscope, the CellTracks Analyzer II, as previously described [21].

2.2. Blood Samples of 10 Healthy Individuals

Blood samples from 10 anonymous healthy individuals were collected in
ethylenediaminetetraacetic acid (EDTA) tubes after written informed consent from the Experimental
Centre for Technical Medicine (ECTM) donor service (University of Twente, Enschede, The Netherlands).
The frequencies of white blood cells, red blood cells, and platelets were assessed using a hematology
analyzer (Beckman Coulter, Brea, CA, USA). The samples were processed on the same day of
the drawing.

2.3. Immunofluorescence Imaging of Cells and Extracellular Vesicles in Whole Blood Samples

10–20 µL of EDTA blood samples of 10 different healthy individuals were 10× diluted in 0.2 µm
filtered 1% w/v bovine serum albumin (BSA) in phosphate- buffered saline (PBS) solution. Blood was
incubated with the nuclear dye Hoechst 33342 (Invitrogen, cat. # H3570), the fluorescently tagged
monoclonal antibodies CD45-PerCP (clone HI30 Invitrogen, cat. # MHCD4531) recognizing leukocytes,
CD235a-Alexa Fluor® 647 (clone YTH89.1, bio-rad, MCA 506A647) antibodies recognizing erythrocytes
and CD61-Alexa Fluor® 488 (clone Y2.51, bio-rad, cat. # MCA 2588A488) antibodies recognizing
platelets. The final concentrations used were 4.0 µg/mL Hoechst, 0.5 µg/mL CD45-PerCP, 2.5 µg/mL
CD235a-Alexa 647, and 0.6 µg/mL CD61-Alexa 488. The samples were incubated with the antibodies
at 37 ◦C for 1–2 h and stored at 4 ◦C until further processing. Subsequently, the samples were further
diluted to a final dilution of 500×. 10 µL of the diluted sample (corresponding to 0.02 µL of undiluted
blood) were loaded in a well of EasyCountTM Slide-6TM (Immunicon Corp., Huntingdon Valley,
PA, USA). Four–six technical replicates of samples were used to assess the reproducibility of the
measurements. Image data sets of 55–65 frames/channel were acquired to cover the whole surface of
each well using a semi-automated inverted fluorescence microscope (Eclipse Ti-E, Nikon Instruments,
Amsterdam, The Netherlands) equipped with a 10×/0.45 numerical aperture (NA) objective, a camera
(Orca flash 4.0 LT, C11440, Hamamatsu, Almere, The Netherlands) and fluorescence filter cubes
(DAPI, FITC, PerCP, APC filter sets for the detection of Hoechst, CD61-Alexa 488, CD45-PerCP and
CD235a-Alexa 647, respectively). The operator determined three corners of the surface to be scanned
and adjusted the focus at four points distributed throughout each well. The exposure times used for
the imaging were 20 ms for DAPI, 400 ms for PerCP, 500 ms for FITC, 1000 ms for APC, and 500 ms for
brightfield. Few images were obtained using a 60×/0.70 NA objective and the same exposure times
for comparison. However, only the images obtained with the 10× objective were used as an input
for the enumeration of the different populations to allow a fair comparison with the images of the
CellTracks Analyzer II. An example of a frame acquired with the 10× and 60× objectives is shown in
Supplementary Figure S1.

2.4. Automated Enumeration of Objects in Immunofluorescence Images Using the Open-Source
ACCEPT Software

All immunofluorescence image data sets, obtained with the 10×/0.45 NA objective microscopes,
were processed with the open-source software for Automated CTC Classification, Enumeration and
Phenotyping (ACCEPT) (http://github.com/LeonieZ/ACCEPT). The software detects all present objects,
larger than four pixels, and extracts for each of them 10 morphological and fluorescence signal intensity
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measurements per fluorescence channel [18]. The user can design linear gates based on these features to
define the classes of their interest and enumerate the objects falling within them [16,23]. The application
of the same gates for all different samples allows the elimination of inter- and intra- operator variations
leading subsequently, to a more objective consensus [24].

For the CellSearch generated images, gates for the enumeration of leukocyte-derived Extracellular
Vesicles (ldEVs) and leukocytes were applied. The gates are summarized in Table 1. For the image data
sets corresponding to the EasyCount Slides-6, gates for the enumeration of red blood cells, leukocytes,
platelets and ldEVs were used and are summarized in Table 1.

Table 1. ACCEPT gates used for the automated enumeration of leukocytes, leukocyte-derived
Extracellular Vesicles (ldEVs), platelets, and red blood cells in blood A with EpCAM enrichment and B
without EpCAM enrichment.

A. EpCAM Enrichment B. No Enrichment

Leukocytes

DAPI/Hoechst a

Mean Intensity >30 Mean Intensity >30

Max Intensity >50 Max Intensity >50

Size >16 µm2 Size >16 µm2

CD45

Mean Intensity >30 Mean Intensity >30

Max Intensity >50 Max Intensity >50

Size ≤400 µm2

CK Standard Deviation ≤5 n/a b

CD61 n/a b Standard Deviation ≤5

CD235a n/a b Standard Deviation ≤5

Extra channel Standard Deviation ≤5 Standard Deviation ≤5

ldEVs

DAPI/Hoechst a Standard Deviation ≤5 Standard Deviation ≤5

CD45

Mean Intensity >30 Mean Intensity >30

Max Intensity >50 Max Intensity >50

Perimeter >5 pixels Perimeter >5 pixels

Size ≤150 Size ≤150 µm2

Eccentricity ≤0.85 Eccentricity ≤0.85

CK Standard Deviation ≤5 n/a b

CD61 n/a b Standard Deviation ≤5

CD235a n/a b Standard Deviation ≤5

Extra channel Standard Deviation ≤5 Standard Deviation ≤5

Platelets

CD45

n/a b

Standard Deviation ≤5

CD61

Mean Intensity >30

Max Intensity >50

Perimeter >5 pixels

Size ≤150 µm2

Eccentricity ≤0.85

CD235a
Standard Deviation ≤5

Standard Deviation ≤5

Extra Channel Standard Deviation ≤5

Red blood cells

Hoechst

n/a b

Standard Deviation ≤5

CD45 Standard Deviation ≤5

CD61 Standard Deviation ≤5

CD235a

Mean Intensity >30

Max Intensity >50

Perimeter >5 pixels

Extra Channel Standard Deviation ≤5
a DAPI was used in EpCAM-enriched blood and Hoechst in the blood without pre-enrichment, b n/a: not applicable.
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3. Results

3.1. Detection of ldEVs in EpCAM-Enriched Blood Samples of Healthy Individuals and Metastatic
Cancer Patients

After careful examination of the immunofluorescence images of the CellSearch cartridges, CD45+,
DAPI-, CK- objects, that resemble in size our previously reported CD45-, DAPI-, CK+ tdEVs [16,25],
could be observed. We baptized these objects leukocyte-derived Extracellular Vesicles (ldEVs).
Examples of single ldEV events in EpCAM-enriched samples by the CellSearch system are shown
in Figure 1 next to some examples of leukocytes as a reference to their size and CD45 phenotype.
The observation of the presence of these ldEVs in the CellSearch cartridges raised questions about
their formation: are they fragments of leukocytes formed during the CellSearch procedure or do they
pre-exist in the blood circulation?

Figure 1. Thumbnails of I. leukocytes and II. Leukocyte-derived Extracellular Vesicles (ldEVs) detected
in EpCAM-enriched blood samples. The red color represents CD45 and blue represents DAPI. Scale bars
indicate 6.4 µm.

3.2. Detection of Cell and Extracellular Vesicle Classes in the Blood Of Healthy Individuals without
EpCAM Enrichment

In order to address the aforementioned question, blood samples of healthy individuals were
labeled with Hoechst, CD45-PerCP, CD61-Alexa 488, and CD235a-Alexa 647 and were imaged with a
similar fluorescence microscope as the CellTracks Analyzer II. No pre-enrichment or washing steps were
used in order to minimize the cell fragmentation or activation. The inclusion of the aforementioned
antibodies allowed the detection of four different classes of objects in the whole blood of healthy
individuals, namely leukocytes, platelets, red blood cells, and ldEVs, as shown in Figure 2. Leukocytes
are defined as nucleated CD45+, CD61-, CD235a- cells of a size between 7 and 20 µm (Panel A);
leukocyte-derived Extracellular Vesicles (ldEVs) as CD45+, CD61-, CD235- objects without a nucleus
and of undefined size as shown in the respective brightfield image (Panel B); platelets as CD45-, CD61+,
CD235a- objects without a nucleus of size between 2 and 5 µm (Panel C) and red blood cells as CD45-,
CD61-, CD235a+ cells without a nucleus and a size range between 6 and 10 µm (Panel D). In Panel C,
three platelets are shown, of which the middle one is clearly smaller and with a lower expression of
CD61; examination at higher magnification would allow for better identification of the smaller size
platelets, but no discrimination could be made between small platelets and larger platelet-derived EVs.
The presence of ldEVs in blood samples without pre-enrichment (Panel B) confirmed their pre-existence
in whole blood.
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Figure 2. Bright field and immunofluorescence (IF) images of leukocytes, ldEVs, platelets and red
blood cells in blood samples without EpCAM enrichment. Scale bars in the merged IF images indicate
10 µm.

3.3. ACCEPT Gates for the Automated Enumeration of Different Classes in the Blood with and without
EpCAM Enrichment.

In order to acquire the absolute counts of the different classes from each data set of the healthy
individuals in a fast and unbiased manner, we processed all data sets with the open-source ACCEPT
software. Based on the aforementioned characteristics of the different classes, we developed linear
gates to enumerate the objects falling within each class automatically. The gates are summarized in
Table 1. Three examples of objects per class are shown in Figure 3 (Panel A). The objects that fall
into each class are depicted in blue dots in the scatter plots (Panel B) showing the mean Hoechst
intensity versus the mean CD45-PerCP intensity and the mean CD61-Alexa 488 intensity versus the
mean CD235a-Alexa 647 intensity. Objects falling in the “leukocyte” gate are double-positive for CD45
and Hoechst and negative for CD61 and CD235a, (Panel B1); ldEVs are positive only for CD45 (Panel
B2); platelets are only positive for CD61 (Panel B3) and red blood cells are only positive for CD235a
(Panel B4).

In order to achieve a fair comparison between the leukocyte and ldEV counts detected in the
blood with and without EpCAM enrichment, very similar ACCEPT gates were developed for the
automated enumeration of the two classes applied in the different image data sets. The gates can be
found in Table 1.

The size threshold of 20 × 20 µm2 in the case of the “leukocyte” gate that was applied in blood
samples with no enrichment was removed in the respective gate of EpCAM-enriched samples because
within the CellSearch cartridges, there are many leukocytes present in close proximity to each other,
as shown in Figure 1, that are segmented as one object by the ACCEPT software. Therefore, the inclusion
of such a parameter in the EpCAM-enriched samples would lead to an even higher underestimation of
this population compared to the underestimation already introduced by cell clusters counted as one
object. On the other hand, the removal of that parameter in case of blood samples with no enrichment
(Figure 3), where it is very rare to find two or more leukocytes in close proximity, leads to the inclusion
of artefacts and an overestimation of leukocytes.
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Figure 3. Examples of objects detected in the immunofluorescence image data sets of blood samples
without EpCAM enrichment. The objects fall in the ACCEPT gates, the names of which are indicated
vertically. Panel (A) shows examples of ACCEPT thumbnails. Scale bars indicate 6.4 µm. Panel (B)
shows scatter plots of the mean intensity of the Hoechst versus the mean intensity of CD45-PerCP
and the mean intensity of CD61-Alexa 488 versus the mean intensity of CD235a-Alexa 647. Blue dots
represent single events falling in the respective gate.

For the acquisition of the fluorescence images of cells and EVs in blood without any pre-enrichment,
the focus was set on four points distributed throughout each well to achieve optimal visualization of
the cells, and the surface was afterwards automatically scanned. Since the objects were in suspension
and not attached on a surface, most ldEVs and platelets, were out-of-focus with their blurring pattern
influencing their perceived size, that seems much larger in the respective fluorescence images than
it actually is. Hence, the size of ldEVs cannot be accurately derived using the immunofluorescence
images (Figure 2). In case of EpCAM enriched samples, EVs are aligned on the same focal plane as the
cells due to the design of the CellSearch magnets that result in a homogeneous cell distribution along
the applied magnetic field [22]. Even in that case; however, the use of immunofluorescence images
could lead to erroneous conclusions about the size of the EVs. That is even more profound when
low magnification objectives are used in the fluorescence microscopes as in our case (10×/0.45 NA)
limiting the determination of the size of EVs with confidence since each pixel of the acquired images
corresponds to 0.64 × 0.64 µm2. More examples of correlated bright field and immunofluorescence
images of ldEVs in whole blood samples could be found in Supplementary Figure S2.
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3.4. Absolute and Relative Frequencies of Leukocytes and ldEVs in 7.5 mL of EpCA- Enriched Blood of Healthy
Individuals and Metastatic Cancer Patients.

The numbers of ldEVs and leukocytes in EpCAM-enriched 7.5 mL blood samples of 25 healthy
individuals, 25 metastatic prostates, 25 colorectal, and 25 non-small cell lung cancer patients were
determined and are presented in box plots (Figure 4). In addition, the number of ldEVs and leukocytes
present in 0.02 µL of the blood of 10 healthy individuals with no enrichment was determined and
extrapolated to 7.5 mL of blood for comparison (Figure 4). As it was expected, the leukocyte and ldEV
frequencies are significantly depleted in the EpCAM-enriched blood samples of individuals, since
EpCAM is an epithelial marker that is not expected to be expressed on the surface of leukocytes and
ldEVs; therefore, leukocytes and ldEVs are not positively selected by the EpCAM ferrofluid. For each
sample (with or without EpCAM enrichment), the relative frequencies of ldEVs over leukocytes were
calculated. In the blood of healthy individuals with no enrichment, one ldEV was detected for every
three leukocytes. In the EpCAM-enriched blood of both healthy individuals and metastatic cancer
patients, the relative frequencies of ldEVs over leukocytes was found to be approximately half, with
one ldEV being detected for every five (in case of samples from healthy individuals, prostate cancer,
and non-small cell lung cancer patients) to six (in case of samples from colorectal cancer patients)
leukocytes. The presence of ldEVs in higher relative frequencies in the the whole blood of individuals
compared to EpCAM-enriched samples could be attributed to three reasons. Firstly, the blood samples
are centrifuged at 800× g for 10 min, and the plasma fraction containing the majority of extracellular
vesicles is not processed by the CellSearch system implying that half of the ldEVs detected in the blood
samples without EpCAM enrichment end up in the plasma fraction. Secondly, the Fcγ receptors of
leukocytes and ldEVs are expected to bind to the heavy chains rather than the antigen-binding sites of
the antibodies against EpCAM that are conjugated to the ferrofluid. As ldEVs have fewer receptors
due to their smaller surface, their carryover in the EpCAM-enriched sample should be lower than
leukocytes. The third reason for that observation might be the lower CD45 signal of leukocytes and
ldEVs in the images of the CellTracks Analyzer II compared to the imaging setup used in the case
of the blood samples without EpCAM enrichment; the CellTracks Analyzer II uses a mercury arc
lamp that results in a suboptimal excitation of the APC-conjugated antibody against CD45 in contrast
to the other imaging setup that uses a light-emitting diode (LED) source. In combination with the
smaller size of ldEVs, this could lead to ldEVs with a CD45 signal close to the background intensity
not being considered as true events; thereby, underestimating the ldEV frequencies. In any case,
the relative frequencies of ldEVs to leukocytes in blood samples with and without EpCAM enrichment
are of a similar order of magnitude (1:3 and 1:5, respectively) supporting their pre-existence in the
blood circulation of individuals and rejecting a possible hypothesis for their formation during the
CellSearch procedure.
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Figure 4. Absolute frequencies of leukocytes and large ldEVs in 7.5 mL of the blood of individuals with
and without EpCAM enrichment. The interquartile range of the absolute frequencies of leukocytes
(data in black dots) and ldEVs (data in grey dots) in whole blood of 10 healthy individuals and EpCAM
enriched blood samples of 25 healthy individuals (HDs) and 75 EpCAM-enriched blood samples
of metastatic prostate (CRPC), colorectal (mCRC) and non-small cell lung (NSCLC) cancer patients
are shown in box plots. Whiskers indicate max and min values as estimated by Q3 + 1.5*IQR and
Q1—1.5*IQR, respectively, where Q1: lower quartile, Q3: upper quartile and IQR: interquartile range.
Each dot in the case of the blood of healthy individuals without EpCAM-enrichment corresponds to
the mean values of 4–6 technical replicates.

3.5. The Reproducibility of Measurements by Fluorescence Imaging and the Correlation with the Frequencies of
Blood Cells by Hematology Analyzer

The technical variability (N = 4–6 technical replicates) of measuring cell populations in 0.02 µL of
blood of healthy individuals without any pre-enrichment was assessed by performing 4–6 replicates
of 0.02 µL blood from 10 healthy individuals. An average standard error of 25%, 18%, and 23% was
obtained for leukocytes, red blood cells, and platelets, respectively. The respective standard error for
ldEVs from the technical replicates was found to be 50% because of the very low frequency of ldEVs in
0.02 µL of blood processed, that was found to be 18 ± 5 (mean value ± SD). We expect that processing
larger blood volumes would lead to lower technical variations.

The averaged counts of the blood cell classes as estimated by the immunofluorescence imaging were
extrapolated to 1 µL of blood and compared to the respective frequencies obtained by the hematology
analyzer. The measurements of the fluorescence imaging were moderately correlated (R2 = 0.7) with
the counts from the hematology analyzer, as shown in Figure 5. However, all cell populations were
underestimated by the fluorescence imaging approach when compared to the hematology analyzer.
That can be justified by the low CD45 expression of neutrophils that comprise 60–70% of the whole
leukocyte population, the overlap and aggregation of red blood cells (Supplementary Figure S1)
that are considered as one when enumerated using the ACCEPT software and the detection limit of
fluorescence imaging in case of smaller size platelets.
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Figure 5. Scatter plots of leukocyte (Panel A), platelet (Panel B), and red blood cell frequencies (Panel
C) in 1 µL of whole blood of 10 healthy individuals as estimated by fluorescence imaging and ACCEPT
enumeration (x-axis) and by the hematology analyzer (y-axis). Correlation between the measurements
of the two techniques was found as indicated by the R2. The mean counts of each population of
4–6 technical replicates were used in the case of the fluorescence imaging approach.

4. Discussion

The Extracellular Vesicle field has focused so far on the biogenesis and functions of EVs with a
size smaller than 1 µm secreted by various cells [26], including platelets [27], neutrophils [28], T and
B lymphocytes [29], red blood cells [30], endothelial cells [31,32], and tumor cells [33]. However,
the existing literature on the formation and frequencies of EVs larger than 1 µm in healthy individuals
is very sparse, as they are considered to be apoptotic bodies, and as such not actively contributing in
the intercellular communication. Nevertheless, recent findings in the cancer field shows the promising
potential of large tdEVs as their load associated with clinical outcome in metastatic cancer patients [16,25]
and their molecular cargo represents the mutational status of the tumor [9]. Our previous research on
scanning electron microscopy imaging of CellSearch cartridges of castration-resistant prostate cancer
patient samples after EpCAM enrichment [34] and the development of the open-source ACCEPT
software for the automated enumeration of all fluorescently labeled objects from image data sets led to
our first observations of the presence of DAPI-, CD45+, CK- objects [19]. We baptized these objects
leukocyte-derived Extracellular Vesicles (ldEVs) and investigated their presence in digitally stored
fluorescence images of CellSearch cartridges. The ldEVs had a similar size range to our previously
reported DAPI-, CD45-, CK+ tumor-derived Extracellular Vesicles (tdEVs), that were detected after
EpCAM enrichment in metastatic cancer patients [16,17]. Their detection raised questions regarding the
pre-existence of these large ldEVs and tdEVs in the blood circulation of individuals or their formation
as fragmentation by-products of leukocytes and CTCs, respectively during the CellSearch procedure.

Therefore, we decided to address the question of whether these EVs pre-exist in the blood
circulation of individuals. Towards that direction, we enumerated ldEVs in blood samples of 10 healthy
individuals without any pre-analytical or pre-enrichment steps and compared the frequencies of
ldEVs and leukocytes in the whole blood to the frequency in EpCAM-enriched blood samples of
25 healthy individuals and 75 metastatic cancer patients. ldEVs and leukocytes were detected in a
ratio of 1:3 in the blood of healthy individuals without any pre-enrichment and in 1:5 to 1:6 in the
EpCAM-enriched blood of healthy individuals and metastatic cancer patients (Figure 4), supporting
the pre-existence of these ldEVs in the blood circulation instead of their formation during the EpCAM
enrichment. The lower relative frequencies of ldEVs to leukocytes in the EpCAM-enriched blood
samples compared to the samples without EpCAM enrichment could be mainly explained by the blood
fraction that is processed by the CellSearch system: blood samples are centrifuged at 800× g for 10 min,
and the plasma fraction is discarded and not processed by the system. Using that centrifugation
force, only EVs with a diameter above 1 µm will be in the blood fraction and will have the chance
to come into contact with the EpCAM ferrofluid [35]. The measurements in the blood of healthy
donors without EpCAM enrichment were reproducible, as confirmed by the standard deviations of the
technical replicates, with a mean ± SD of 900 ± 254 ldEVs in 1 µL of the blood of healthy individuals.
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These results do not deviate a lot from the previously reported ldEV frequencies (median value: 356,
interquartile range: 268–529) of Simak et al. in the plasma of healthy donors; ldEVs were larger than
200 nm and were defined as CD45+, CD105-, CD235a- by flow cytometry [36]. The use of solely one
specific but weakly expressed inclusion marker, namely CD45 to define them using either approaches
results in the underestimation of the whole circulating ldEV population; a point also stressed out
by Lacroix et al. [37]. Further investigation of ldEVs in terms of their size distribution and surface
marker expression using established techniques in the EV field, such as nanoparticle tracking analysis,
electron microscopy, flow cytometry, and surface plasmon resonance imaging, would lead to their
better profiling [10,38,39]. Eventually, a similar test to the hematology analyzer having as an output the
EV populations (of platelet, erythrocyte, leukocyte, endothelial, and epithelial origin) in the biofluids
of individuals could serve as an important diagnostic tool in clinical practice, since EVs have been
associated with numerous pathophysiological conditions, such as thrombogenicity, inflammation,
angiogenesis, and cancer [26,40–44].

Our study has several limitations. Although the extrapolated counts of leukocytes, platelets,
and red blood cells per µL of blood correlated to the respective values of the hematology analyzer
(Figure 5), the detected frequencies of all the cell populations were consistently lower as compared
to the respective ones measured by the hematology analyzer. The particularly lower detection of
red blood cells could be explained by the overlap and aggregation of more than one red blood cell
segmented as one object by the open-source ACCEPT software and the large range in the distribution
of the fluorescence intensity of CD235-APC in the fluorescence images (Supplementary Figure S1,
Panel A) through which part of the red blood cells fall outside the applied gate. The underestimation
of the leukocytes could be explained by the lower expression of CD45 by the granulocytes that
consist to 60–70% of white blood cells. The detection of the smaller platelet population and their
secreted EVs is limited by our approach, because of the use of a 0.45 NA objective that results in
a resolution of 0.64 µm/pixel. The abundance and high signal of the red blood cells prevented us
from the detection and enumeration of low signal-to-background ratio red blood cell-derived EVs.
Importantly, the Hoechst 33342 labeled nucleic acids in platelets could be detected by flow cytometry
but not with our microscopy set-up. This observation implies that the zero DAPI signal detected
with ACCEPT inside our previously reported tdEVs does not rule out the presence of nucleic acids
within them. This is an important finding encouraging the further characterization of tdEVs that are
immunomagnetically isolated based on their EpCAM expression [16,17,25]. That would come into
agreement with the findings of Vagner et al. that the DNA cargo of large EVs reflect the genotype of
prostate cancer patients [9]. The use of a membrane permeable dye, binding to both DNA and RNA,
with a higher sensitivity, like SYTO13 [45] could also facilitate the detection of nucleic acids within the
isolated EVs.

Interestingly, platelets have a similar size to ldEVs based on the immunofluorescence images of
CD61 and CD45, respectively, with a minimum area of the detected objects being 9 µm2 based on
our observations from the ACCEPT scatter plots. That area corresponds to a circular object of an
approximate radius of 1.7 µm. However, it was not possible to confirm the size of ldEVs from the
respective bright field images, because opposite to platelets, the contrast between the background and
ldEV intensity was inadequate to detect them (Figure 2 and Supplementary Figure S2) suggesting that
their physical properties (absorption coefficient, scattering coefficient, scattering anisotropy, refractive
index) differ from the ones of platelets.

It is worth mentioning that ldEVs were found in 5–6 lower frequencies compared to leukocytes
in EpCAM enriched samples, whereas tdEVs in our previous studies were detected in 10–20 times
higher frequencies compared to CTCs [16]. That observation could be explained after taking into
consideration some technical and biological facts. From a technical perspective, our study was limited
by the resolution of a 10×/0.45 NA objective fluorescence microscope, implying that only the larger
EVs with a larger than 1 µm diameter or the ones with a high expression of inclusion markers could be
detected. CK is the inclusion marker used for the detection of tdEVs, whereas the detection of ldEVs is
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accomplished by the inclusion of CD45. Since the CK expression is intracellular and proportional to the
volume instead of the surface, as in the case of the CD45 expression of ldEVs, CK is easier to detect in
smaller tdEVs than CD45 in similar size ldEVs. Consequently, the CD45 expression may be present in
more particles in blood samples but not exceeding the detection limit to be considered positive. Further
characterization of the size distribution and the surface marker expression profile could elaborate on
the detection limits of our technique. From a biological perspective, tdEVs could be found in higher
frequencies either because of the increased apoptosis and fragmentation of CTCs in the blood circulation
or because of different EV secretion pattern between normal and cancerous cells. Regarding the first
hypothesis, the lifespan of neutrophils is around 24 h [46], whereas the circulation lifetime of CTCs has
been estimated to be 1 to 2.4 h [47]; that; however, does not imply that CTCs are fragmented and cleared
by the blood. On the contrary, in vivo animal studies showed the trap of more than 80% of viable CTCs
by the liver and lung, that serve as “filter” organs, and the survival of CTCs for the prolonged time
in a dormant state [48,49]. The survival of CTCs in the bloodstream is further supported by studies
on their mechanical phenotype. Atomic force microscopy studies on cell lines suggest that cells with
increased metastatic potential are more deformable (as expressed by Young’s modulus), compared
to less metastatic or non-malignant cells [50,51]. These results were further confirmed in clinical
samples from pleural effusions, where metastatic cells had lower stiffness compared to benign cells
from the same effusions and leukocytes [52,53]. Interestingly, Sun et al. demonstrated that deformable
cancer cells engulf neighboring ones with higher stiffness via entosis further encouraging the increased
survivorship of CTCs [54]. Regarding the second hypothesis of different EV secretion pattern of CTCs
and leukocytes, it is well known that cancer cells have reprogrammed metabolism and acquired traits
that promote their survival and growth [55,56]. Recent findings of independent research groups
converge into the survival of tumor cells regardless of their phenotypic characteristics of possible
apoptosis, such as caspases activation, amoeboid phenotype and membrane blebbing [57,58]. Instead
of undergoing apoptosis, cells with such traits have a more tumorigenic and invasive phenotype [59].
Hence, tumor cells may actively secrete EVs similar in size to apoptotic bodies, but without special
receptors on their surface to be recognized and ingested by macrophages for their clearance as in case
of healthy cells (e.g., white blood cells).

5. Conclusions

In conclusion, the relative frequencies of large (above 1 µm) leukocyte-derived Extracellular
Vesicles (ldEVs) to leukocytes are similar in EpCAM-enriched blood samples of healthy individuals
and cancer patients (1:6 to 1:5) as in the blood of healthy individuals without EpCAM enrichment
(1:3), implying their pre-existence in the blood circulation rather than their formation from activated
or apoptotic leukocytes using the CellSearch system. Furthermore, the Hoechst signal of platelets
could not be detected using a similar fluorescence microscope as the CellTracks Analyzer II. These two
findings have important implications for our previously reported tumor-derived Extracellular Vesicles
(tdEVs), that were immunomagnetically co-isolated with CTCs based on their EpCAM expression from
metastatic cancer patients [17]. Firstly, tdEVs are most likely not a result of CTC fragmentation during
the CellSearch procedure and secondly, the presence of undetectable nucleic acids within ldEVs and
tdEVs should not be excluded but instead further investigated. No conclusions could be drawn in
regards to the smaller ldEV population, namely exosomes, since they are not expected to be detected
with our imaging setup. Last but not least, our results do not allow for comparison of ldEVs between
healthy individuals and cancer patients since the available image data sets of patients corresponded to
only EpCAM enriched samples.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/8/937/s1,
Supplementary Figure S1: Examples of composite immunofluorescence images of blood samples without EpCAM
enrichment, obtained with an inverted scanning fluorescence microscope using a 10×/0.45 NA (Panel A) and
a 60×/0.7 NA objective (Panel B). Supplementary Figure S2: Examples of brightfield and immunofluorescence
images of leukocyte- derived Extracellular Vesicles, enclosed within circles.
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Abstract: At initial diagnosis, most patients with small-cell lung cancer (SCLC) present with
metastatic disease with a high number of tumor cells (CTCs) circulating in the blood. We analyzed
RNA transcripts specific for neuroendocrine and for epithelial cell lineages, and Notch pathway
delta-like 3 ligand (DLL3), the actionable target of rovalpituzumab tesirine (Rova-T) in CTC samples.
Peripheral blood samples from 48 SCLC patients were processed using the microfluidic Parsortix™
technology to enrich the CTCs. Blood samples from 26 healthy donors processed in the same way
served as negative controls. The isolated cells were analyzed for the presence of above-mentioned
transcripts using quantitative PCR. In total, 16/51 (31.4%) samples were CTC-positive as determined
by the expression of epithelial cell adhesion molecule 1 (EpCAM), cytokeratin 19 (CK19), chromogranin
A (CHGA), and/or synaptophysis (SYP). The epithelial cell lineage-specific EpCAM and/or CK19 gene
expression was observed in 11 (21.6%) samples, and positivity was not associated with impaired
survival. The neuroendocrine cell lineage-specific CHGA and/or SYP were positive in 13 (25.5%)
samples, and positivity was associated with poor overall survival. DLL3 transcripts were observed
in four (7.8%) SCLC blood samples and DLL3-positivity was similarly associated with poor overall
survival (OS). CTCs in SCLC patients can be assessed using epithelial and neuroendocrine cell
lineage markers at the molecular level. Thus, the implementation of liquid biopsy may improve
the management of lung cancer patients, in terms of a faster diagnosis, patient stratification, and
on-treatment therapy monitoring.

Keywords: small-cell lung carcinoma; circulating tumor cells; microfluidics; gene expression analysis;
synaptophysin; chromogranin A; rovalpituzumab tesirine

1. Introduction

Lung cancer is the most common cancer worldwide. In 2018, a total of 2.1 million new cases were
estimated, accounting for 11.6% of all new cancer diagnoses [1,2]. In general, two major types of lung
cancer exist: non-small-cell lung cancer (NSCLC), which accounts for about 85% of all lung cancer
cases, and small-cell lung cancer (SCLC), which is diagnosed in approximately 15% of all lung cancers.
For patients with early-stage NSCLC, a surgical resection offers the best opportunity for cure, while in
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advanced cases a systemic therapy is the standard of care. SCLC, however, is usually diagnosed rather
late when the cancer has already disseminated. In this case a multimodal therapy which includes
chemotherapy and radiotherapy is considered the gold standard [3]. Due to these different therapeutic
approaches, it is of utmost importance to have a reliable diagnostic platform to differentiate between
SCLC and NSCLC.

SCLC belongs to the group of neuroendocrine tumors of the lung. It is diagnosed using hematoxylin
and eosin stained sections of the biopsied tissue. However, the histopathological diagnosis of SCLC
based on its distinctive morphology may be difficult due to limited material supply from biopsied
tissue or aspirated cytological specimens [4]. In some cases the diagnosis of SCLC may be further
confirmed by immunohistochemistry using the neuroendocrine markers chromogranin (CHGA),
synaptophysin (SYP), and neural cell adhesion molecule 1 (NCAM1) [5,6]. In recent years, the Notch
pathway delta-like 3 ligand (DLL3) has gradually gained more interest since it is frequently and
selectively expressed on tumorous tissue in SCLC patients and hence it has been associated with
neuroendocrine tumorigenesis. Most importantly it is the therapeutic target of the antibody-drug
conjugate rovalpituzumab tesirine (Rova-T) [7].

In contrast to conventional tissue biopsies or cytological preparations, liquid biopsies that
contain circulating tumor cells (CTCs) and/or circulating tumor DNA, represent a novel approach
that illuminates the whole molecular profile of a tumor at the time of sampling [8,9]. Liquid biopsies
are taken by a simple blood draw and, thus, are less stressful for the patient, more conventionally
used and less expensive than tissue biopsies. For this reason, liquid biopsies can be taken several
times to monitor the temporal heterogeneity of the tumor. Especially in lung cancer, liquid biopsies
may outperform tissue biopsies with respect to the tumor’s accessibility at resection. In addition,
small tissue samples are often already exhausted after routine histological staining and hence no
longer available for advanced analysis. Furthermore, longitudinal sampling for monitoring of any
development of therapy resistance is almost impossible with tissue biopsies [10].

The presence and clinical significance of CTCs has already been shown in many types of
malignancies, among them e.g., breast, colorectal, prostate, and lung cancer. In contrast to most other
cancer types, SCLC is characterized by a large number of CTCs in the circulation [11]. Several studies
have shown the prognostic value of CTC counts in SCLC, most of them using the US Food and Drug
Administration (FDA) cleared CellSearch test [11–17]. In addition to the number of CTCs found,
their molecular characterization may be a part of a more comprehensive approach providing further
information on e.g., downregulation of epithelial markers or presence of druggable targets. Recently,
we have demonstrated that processing blood samples using the microfluidic Parsortix™ technology
considerably improved the molecular analysis of the enriched CTCs [18].

Considering the abundance of CTCs and the ease of obtaining/performing liquid biopsies extends
the possibilities for differential diagnosis and patient stratification. For these reasons we believe
that the molecular characterization of CTCs in SCLC may be of uppermost importance for this type
of lung cancer. In the present study we applied a recently developed workflow which combines a
microfluidic enrichment of CTCs and a qPCR-based analysis for evaluating the gene expression levels
of markers of the epithelial (epithelial cell adhesion molecule 1, EpCAM and cytokeratin 19, CK19)
and neuroendocrine (CHGA, SYP, NCAM1 and enolase 2 ENO2) cell lineage origin, in addition to the
druggable target DLL3.

2. Materials and Methods

Blood samples were taken from patients with SCLC at the Department of Respiratory and Critical
Care Medicine at Sozialmedizinisches Zentrum Baumgartner Höhe, Vienna, Austria. Control blood
samples came from healthy donors without a history of cancer. All donors signed an informed consent.
The study was approved by the Ethics Committee of the Medical University of Vienna, Austria
(EK366/2003 and EK2266/2018).
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The blood was collected in Vacuette EDTA tubes (Greiner Bio-One) and processed on the same
day in accordance with a recently published protocol employing the label-free microfluidic Parsortix™
technology (Angle plc., UK) [18]. The key component of the device is a microscope slide sized
disposable separation cassette, which contains a series of steps with a precisely defined height. Rare
cells (e.g., CTCs) are captured within the separation cassette based on their less deformable nature
and usually larger size compared to blood cells. Before separation, the blood was diluted with an
equal volume of phosphate buffered saline (PBS) and directly processed using a Parsortix™ technology.
In this study a separation cassette with a critical step size of 6.5 µm was used, and the separation was
performed at 99 mbar pressure. After the separation was completed the captured cells were recovered
using a back-flush cycle and immediately lysed by adding 350 µl RLT lysis buffer (Qiagen). The lysates
were stored at −80 ◦ C until RNA extraction.

Total RNA was extracted from the cell lysates using the RNeasy Micro Kit (Qiagen) without DNase
treatment. The total amount of RNA was converted into cDNA using the SuperScript VILO Mastermix
(Invitrogen). qPCR was done in duplicates in a 10 µL total reaction volume on the ViiA7 Real-Time
PCR System using the TaqMan® Universal Mastermix II and exon spanning TaqMan® assays specific
for EpCAM, NCAM1, CHGA, SYP, DLL3, ENO2, and CDKN1B (Life Technologies) with thermal cycling
parameters (50 ◦C for 2 min; 95 ◦C for 10 min followed by 40 cycles at 95 ◦C for 15 s and 60 ◦C for 1
min). A qPCR specific for CK19 was performed at 65 ◦C annealing/extension with forward and reverse
primers that correspond to published primer sequences and with a FAM™ labeled hydrolysis probe
(5’-TgTCCTgCAgATCgACAACgCCC-3’) [19]. Raw data were analyzed using the ViiA7 Software v1.1
with automatic threshold setting and baseline correction. If the fluorescent signal did not reach the
threshold in both duplicate reactions, the sample was regarded as negative.

The SCLC CTC lines used for the spiking experiments were derived from patients’ blood
samples [20]. They were trypsinized at about 70% confluence and stained with CellTrace Violet
(Invitrogen) according to the manufacturer’s protocol. Subsequently, 100 stained cells were added
manually to a 10 mL control blood sample, which was then processed using the Parsortix™ technology
as described above. The tumor cells captured in the separation cassette were counted using a
fluorescence microscope (Olympus BX50).

The Pearson’s chi-square and Fisher’s exact test were used to assess the relationship between
clinicopathological characteristics of the patients and the presence or absence of the respective gene
transcripts. Overall survival (OS) was defined as the period of time in months between blood draw and
either death or the last date the patient was seen alive. Kaplan–Meier survival analyses and log-rank
testing were used to compare survival outcomes [21]. Cox proportional-hazards regression was used
to determine univariate and multiple hazards ratios (HR) for OS [7]. The included covariates were the
stage of disease at blood draw (primary vs. progressive disease) and the presence vs. absence of the
respective transcripts. The model was built using a forward stepwise method by entering all variables
at a p value of less than 0.05 and removing them at a p value of greater than 0.10. The statistical analysis
was performed with SPSS version 19.0 (SPSS Inc., Chicago, IL). The level of significance was set at p <

0.05. Graphs were done using GraphPad Prism version 6.01.

3. Results

3.1. Patients and Samples

The characteristics of 48 patients with a histopathologically confirmed diagnosis of SCLC are
shown in Table 1. The SCLC patients were 51 to 78 years old (mean/median age at 64.6/63.5 years), and
all patients but one were former or current smokers, with a median of 60 pack years (range 20 to 150).
Thirty-four patients died within the observation period, with a median overall survival of 7 months
(range 0 to 14 months). The 14 patients who were still alive at study completion were surveyed over a
median period of 14 months (range 0 to 19 months). All blood samples were taken before treatment,
either at primary diagnosis (n = 27), or when progression or recurrence of the disease was observed (n
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= 24). In total, 51 blood samples were available, as blood samples from three patients with progressive
disease were taken at two serial time points. The volume of blood was 18 mL in 58.8% of the samples,
17 mL to 14 mL in 33.3%, and 10 mL to 8 mL in 7.8% of the samples. In the control group, 18 mL of
blood was taken from 26 healthy donors.

Table 1. Characteristics of 48 small-cell lung cancer (SCLC) patients included in the study.

Characteristics n (%)

Age
Mean (median)

Range
63.5 y (64.6 y)

51.0–78.0 y

Gender
Male

Female
30 (62.5%)
18 (37.5%)

Tobacco abuse
Current smokers
Former smokers
Never smokers

Unknown

13 (27.1%)
26 (54.2%)
1 (2.1%)

8 (16.7%)

UICC 8th edition TNM stage at diagnosis1

III
IV

Unknown

4 (11.4%)
31 (88.6%)
13 (27.1%)

Outcome at study completion
Dead
Alive

34 (70.8%)
14 (29.2%)

Blood draw for CTCs
At primary diagnosis

At progression/recurrence
27 (56.3%)
21 (43.8%)

1 UICC, International Union for Cancer Control.

3.2. Spiking Experiments

The efficiency of the microfluidic Parsortix™ system for capturing cultivated SCLC cells derived
from four CTC lines [20] in a separation cassette with a critical gap size of 6.5 µm is shown in
Figure 1. The overall mean capture efficiency of all four cell lines was 27.8% (SD 16.4%). The gene
expression levels of the epithelial (EpCAM and CK19) and neuroendocrine (CHGA and SYP) cell lineage
origins were assessed in the same four CTC lines using qPCR, showing a wide-ranging pattern of
gene expression.

(a) (b)

Figure 1. Characteristics of the microfluidic enrichment procedure and of the tumor cell lines used for the
spiking experiments are illustrated. (a) Four SCLC tumor cell lines (BHGc26, BHGc10, BHGc16, and BHGc7)
were fluorescently labeled and spiked into blood (100 cells per 10 mL) in triplicates. The graph depicts the
mean percentage and the standard deviation of tumor cells captured in the Parsortix™microfluidic cassette.
(b) The gene expression levels of the epithelial and neuroendocrine cell lineage specific markers of the same
cell lines are shown relative to the expression level of cyclin dependent kinase inhibitor 1B as reference gene.
The graphs depict the means and the standard deviation from duplicate qPCRs amplifications.
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3.3. Epithelial and Neuroendocrine Markers in Controls and SCLC Blood Samples

EpCAM, CK19, and CHGA transcripts were not detected in any of the control blood samples
(Figure 2a–c). In contrast, SYP levels above the detection limit of qPCR were observed in 1/26 (3.8%),
and ENO2 and NCAM1 transcripts in 24/26 (92.3%) and 19/26 (73.1%) controls, respectively (Figure 2d–f).
Due to the high number of ENO2- and NCAM1-positive healthy donor samples, these markers were
considered as less appropriate for CTC detection and thus excluded from further analyses.

(a) EpCAM (b) CK19

(c) CHGA (d) SYP

(e) ENO2 (f) NCAM1

(g) DLL3

Figure 2. Mean cycle threshold (Ct-) values of the respective transcripts in blood samples taken from
26 healthy donors (HD) and 48 patients with small-cell lung cancer (SCLC). (a) EpCAM, epithelial
cell adhesion molecule; (b) CK19, cytokeratin 19; (c) CHGA, chromogranin A; (d) SYP, synaptophysin;
(e) ENO2, enolase 2; (f) NCAM1, neural cell adhesion molecule 1; (g) DLL3, Notch pathway delta-like
3 ligand.
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In contrast, EpCAM-, CK19-, or CHGA-positivity above the detection limit of qPCR was observed in
10 (19.6%), 4 (7.8%), and 6 (11.8%) of the 51 samples obtained from SCLC patients. Due to the observed
SYP gene expression in a single control blood sample, the threshold for SYP-positivity in the patients’
samples was set at Ct = 37.0. Thus, SYP transcript levels below that threshold were observed in 40
(78.4%), and above that threshold in 11 (21.6%) of the 51 SCLC samples. These 11 samples were assigned
as SYP-positive. In none of the gene transcripts did (EpCAM, CK19, CHGA, and SYP)-positivity differ
significantly between the blood samples taken at diagnosis and disease progression.

In total, 16/51 (31.4%) samples were CTC-positive due to the expression of at least one of EpCAM,
CK19, CHGA, and SYP markers (Figure 3). The expression of epithelial markers (EpCAM and/or CK19)
was observed in 11 (21.6%), and of neuroendocrine markers (CHGA and/or SYP) in 13 (25.5%) samples.
Among the 16 CTC-positive blood samples, three (18.8%) and five (31.3%) were characterized by the
presence of just epithelial or neuroendocrine markers, respectively, and eight samples (50.0%) by
both types.

Figure 3. Heat map for EpCAM, CK19, CHGA, and SYP in the 51 microfluidic enriched blood samples of
patients with small-cell lung cancer. (a) Twenty-seven samples were taken at diagnosis, (b) 18 samples
were taken at progression/recurrence, and (c) displays serial blood draws taken from three patients
during disease progression. Red and green squares indicate positive and negative gene expression per
tested sample, respectively.

3.4. Alterations of Transcript Levels during Disease Progression

From three patients with progressive disease two serial blood samples were taken at the start
of the consecutive lines of treatment. In two cases the second blood was taken two months after the
first blood draw (patients 19 and 20 in Figure 3c), and in one case after three months (patient 21 in
Figure 3c). At the first blood draw all patients were negative in all markers tested; however, at the
second blood draw all patients were PCR-positive for at least SYP (see Figure 3c). All patients died
within 1.5 months of the second blood draw.

3.5. Epithelial and Neuroendocrine Specific Markers and Patient Outcome

The blood samples were stratified on the basis of the epithelial cell lineage-specific gene transcripts
EpCAM and CK19 into the epi-positive (n = 11) and the epi-negative group (n = 40), and on the basis of
neuroendocrine-specific transcripts SYP and CHGA into the nec-positive (n = 13) and nec-negative (n
= 38) group. The presence of EpCAM and/or CK19 transcripts in the epi-positive group at primary
diagnosis may be associated with a shorter OS of the patients (Figure 4a); future studies with larger
sample sizes may prove whether or not this difference is statistically significant. Similarly, the presence
of EpCAM and/or CK19 transcripts at disease progression was not related to OS (Figure 4b). In contrast,
nec-positive patients had a significantly shorter OS than nec-negative patients, both at primary
diagnosis and at disease progression. That association of SYP and/or CHGA transcripts with OS was
observed with the presence of these neuroendocrine markers both at primary diagnosis (median OS 4
vs. 11 months, log-rank p = 0.007; Figure 4c), as well as at progression (median OS 1 vs. 5 months,
log-rank p = 0.014; Figure 4d). Irrespective of whether the sample was taken at primary diagnosis
or at disease progression, nec-positive patients had a high-risk of an early death (HR 3.475, 95% CI
1.685–7.164; p = 0.001).
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patients at risk

epi positive 5 4 4 3 2 1

epi negative 22 21 17 12 7 2

(a)

patients at risk

epi positive 6 4 4 4 2 1 1

epi negative 18 11 5 4 3 2 2

(b)

patients at risk

nec positive 5 4 2 2 1 1

nec negative 22 21 18 13 7 2

(c)

patients at risk

nec positive 8 4 2 2 1 1 1

nec negative 16 11 6 5 4 3 1

(d)

Figure 4. Overall survival of small-cell lung cancer patients according to presence (red) or absence
(green) of epithelial (EpCAM, CK19) and neuroendocrine markers (SYP, CHGA). The figures (a) and
(c) display samples taken at primary diagnosis, whereas the figures (b) and (d) display samples
taken at progression. Log-rank testing was used to compare survival outcomes. epi, epithelial;
nec, neuroendocrine.

3.6. DLL3 in Controls and SCLC Blood Samples

DLL3 transcripts were observed in 4/51 (7.8%) of the SCLC blood samples and in none of the 26
control blood samples (Figure 2g). Three DLL3-positive blood samples were taken at primary diagnosis,
and one was taken from patient 19 at the second blood draw (see Figure 3c). Due to the small number
of DLL3-positive patients, we did not stratify the patients into two groups depending on the time-point
of blood draw. All four DLL3-positive patients had a significantly shorter OS than DLL3-negative
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patients (median OS 2 vs. 7 months, log-rank p = 0.003; Figure 5). The risk of dying earlier was 3.793
(95% CI 2.803–115.6) higher in the DLL3-positive group compared to the DLL3-negative group.

patients at risk

DLL3 positive 4 2 1 1 1 1 1

DLL3 negative 46 34 25 18 10 3 2

Figure 5. Overall survival according to presence (red) or absence (green) of DLL3. Log-rank testing
was used to compare survival outcomes.

4. Discussion

We have applied a recently established workflow for molecular detection of CTCs [18] in blood
samples taken from patients with SCLC, which is a highly aggressive neuroendocrine tumor of the
lung. The enrichment of the CTCs was achieved with the microfluidic Parsortix™ technology, and the
molecular analysis of the harvested cells was performed using markers that are specific to epithelial
(EpCAM and CK19) and to neuroendocrine cell lineages (SYP, CHGA, ENO2, NCAM1), and to DLL3,
an actionable target of antibody-drug conjugate rovalpituzumab tesirine (Rova-T). To the best of our
knowledge, this is the first study that investigates neuroendocrine markers and DLL3 in CTCs of SCLC
patients at a molecular level.

We detected EpCAM and/or CK19 transcripts in 21.6%, and neuroendocrine CHGA and/or SYP

transcripts in 25.5% of the 51 SCLC blood samples. Interestingly, five of the 16 (31.3%) qPCR-positive
samples were identified by the presence of neuroendocrine-specific transcripts alone. Similarly, three
(18.8%) CTC-positive samples expressed the epithelial markers alone.

The percentage of CTC-positive samples due to the expression of epithelial markers of 21.6% in our
cohort is smaller than reported by others in SCLC [22]. Applying the FDA approved CellSearch-based
approach for the detection and enumeration of CTCs, positive findings were observed in 50% to 86% of
the patients by other investigators [12,23,24]. The reason for the low detection rate of CTCs in our study
may be the low overall sensitivity of our approach reflecting the need to split the sample into aliquots
to analyze the expression of multiple genes individually. Improved sensitivity could be achieved by
multi-plexing the gene expression analysis to avoid splitting the sample. A further improvement of the
overall approach may also be achieved by employing a gene-specific pre-amplification of the respective
targets prior to qPCR. In a recent study we have demonstrated that targeted pre-amplification in
Parsortix™-enriched blood samples is feasible [18].

Another clear limitation of our study is the possibly low efficiency of the enrichment procedure
to isolate CTCs from SCLC blood samples. The spiking experiments showed only moderate capture
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rates of SCLC CTC lines (mean capture efficiency 27.8%, SD 16.4%). These capture rates are lower
than reported for the breast cancer cell line MCF-7 using the same type of separation cassette (average
63% [25]). In line with our observations, the capture rates varied depending on the type of cell line
used from 30% to 87% in renal carcinoma [26]. The four cell lines used in the present study had
been established from patients’ CTCs [20]. Their diverse gene expression pattern (see Figure 1b) may
reflect the initial heterogeneity of their provenance and might contribute to varying capture efficiencies.
In the present study we did not check the number of tumor cells after harvesting; however, results
from a recent study imply that the recovery rate may vary depending on the type of cell line from
62%–84% [27]. The number of harvested tumor cells can be increased by intensifying the back-flush
cycle; however a higher recovery will only be achieved at the cost of a lower purity of the tumor cells.

Using larger volumes of blood may be a further attempt to increase the sensitivity of the assay in
future studies. In our study all four samples with a volume of 10 mL blood or less were negative for all
gene markers investigated. We did not exclude these few blood samples from the survival analyses
shown in Figures 4 and 5, as that would not alter the significance of the analyses.

There is a single study applying the Parsortix™ technology for the enrichment of blood samples
from SCLC patients. In that study, Chudziak et al. found CTCs in all 12 patients, as assessed by
immune-fluorescent cytokeratin-specific staining of the enriched cells [16]. In contrast to our approach
that group used blood collection tubes containing a preservative which is known to increase the rigidity
of the cell, and thereby increasing the number of cells captured in the microfluidic cassette. This fact,
along with the more advanced stage of disease in their study population may be the reason for the
divergent CTC-positivity rate obtained in that study as compared to ours.

Another weakness of our study may be the limited sample size. Because of that and the low
overall sensitivity we had very few positive samples. Thus we were not able to investigate association
of the patients’ prognosis and the respective gene expression levels, and the interplay of epithelial and
neuroendocrine markers in a more detailed way.

High numbers of CTCs at diagnosis, as assessed by CellSearch, were associated with a poor
prognosis (reviewed by [10]), yet the investigators reported divergent CTC numbers as a threshold
for defining a group of patients with poor prognosis. [14,23]. However, we did not observe any
significant impact of the expression of the epithelial markers on the OS. Nonetheless, patients who
were epi-positive at primary diagnosis died earlier than epi-negative patients. A statistical significance
may be reached by increasing the number of patients in future studies.

Studies investigating CTCs in other neuroendocrine tumors, such as those originating from
the prostate, thyroid gland, or the intestine, mainly applied epithelial cell lineage-specific markers
and protein-based technologies for the enrichment and analysis of CTCs [28]. However, CTCs
may be missed when epithelial markers, such as EpCAM, are downregulated in the tumor tissue,
as was shown in neuroendocrine tumors of the lung [29]. In addition, tumor cells can undergo
epithelial-to-mesenchymal transition and lose their epithelial phenotype [24]. In the present study
we detected CHGA and/or SYP transcripts in 13 samples; this absolute number corresponds to 25.5%
of all 51 SCLC blood samples, and to 81.3% of all 16 CTC-positive samples. That the percentage
is still not 100% may be because of low numbers of CTCs in some samples. Furthermore, Guinee
et al. demonstrated the absence of neuroendocrine markers in just about 20% of the specimen by
immunohistochemical staining [6]. The fact that one third of the qPCR-positive samples was identified
by the presence of these neuroendocrine transcripts already indicates that epithelial markers alone
may not be sufficient to detect CTCs in neuroendocrine tumors such as SCLC. One observation in this
respect is of particular interest. The presence of selected neuroendocrine markers was associated with
a worse outcome and not the presence of used epithelial markers. This even applies irrespective of the
time the markers were detected—be it prior to treatment at initial diagnosis or when the disease has
already progressed.

To the best of our knowledge there is just a single study investigating the clinical relevance
of neuroendocrine markers in CTCs: Recently, Pal and colleagues quantified the percentage of
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SYP-positive CTCs in blood samples taken from castration-resistant prostate cancer patients using
the open fluorescent channel of the CellSearch platform [30]. They observed an increasing number
of SYP-positive CTCs with the onset of resistance to androgen-receptor targeting drugs, which are
assumed to stimulate the transition to the neuroendocrine phenotype [31].

5. Conclusions

Besides the neuroendocrine markers SYP and CHGA, our study also clearly shows that DLL3

can be detected in CTC-enriched blood samples. Traditional patient stratification for personalized
treatment options, such as Rova-T, is based the analysis of tissue samples that were taken long before
the disease progression occurred. In contrast, liquid biopsy samples can be taken right before the
start of treatment, and may thus provide a snapshot analysis of promising targets for personalized
treatments, such as DLL3. Apart from treatment stratification, liquid biopsies can be taken at several
consecutive points in time to assess the response to treatment. Despite the promising results of our
study, the findings need to be validated in larger studies of SCLC patients. In conclusion, the molecular
analysis of CTCs may add relevant information to traditional tissue biopsies or cytological specimens
in small-cell lung cancer patients, especially in treatment selection and patient monitoring.
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Abstract: Metastatic melanoma is one of the most aggressive and drug-resistant cancers with very poor
overall survival. Circulating melanoma cells (CMCs) were first described in 1991. However, there is
no general consensus on the clinical utility of CMC detection, largely due to conflicting results linked
to the use of heterogeneous patient populations and different detection methods. Here, we developed
a new EPithelial ImmunoSPOT (EPISPOT) assay to detect viable CMCs based on their secretion of
the S100 protein (S100-EPISPOT). Then, we compared the results obtained with the S100-EPISPOT
assay and the CellSearch® CMC kit using blood samples from a homogeneous population of patients
with metastatic melanoma. We found that S100-EPISPOT sensitivity was significantly higher than
that of CellSearch®. Specifically, the percentage of patients with ≥2 CMCs was significantly higher
using S100-EPISPOT than CellSearch® (48% and 21%, respectively; p = 0.0114). Concerning CMC
prognostic value, only the CellSearch® results showed a significant association with overall survival
(p = 0.006). However, due to the higher sensitivity of the new S100-EPISPOT assay, it would be
interesting to determine whether this functional test could be used in patients with non-metastatic
melanoma for the early detection of tumor relapse and for monitoring the treatment response.

Keywords: circulating tumor cells; melanoma; liquid biopsy; EPISPOT; CellSearch®

1. Introduction

Melanoma is the most malignant skin cancer, and its incidence rate is increasing worldwide.
Early stage and localized melanoma can be cured by surgical resection. Conversely, metastatic
melanoma is one of the most aggressive and drug-resistant cancers with very poor overall survival
(OS) (six to nine months). Melanoma management has recently undergone revolutionary changes with
the discovery of predictive tumor biomarkers (BRAF mutations and immune checkpoint inhibitors
such as programmed cell death protein 1 (PD-1), its ligand (PD-L1), and cytotoxic T-lymphocyte
antigen 4 (CTLA-4)) and the development of the associated treatments. These new treatments, alone
or in combination, have dramatically improved the outcome of patients with metastatic melanoma.
For example, the anti-PD-1 drug pembrolizumab has demonstrated benefits to progression-free survival
(34–38%) and objective responses (21–25%) at six months compared with chemotherapy (16% and 4%;
p < 0.0001) [1]. However, despite the good response rates, immunotherapy results in systemic toxicity,
and it is not effective in all patients.
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Circulating tumor cells (CTCs) are cancer cells that are shed from the primary and metastatic
tumor(s). They can be detected in peripheral blood samples using different technologies, but their
identification and characterization require extremely sensitive and specific analytical methods [2–6].
Their analysis is considered as a real-time liquid biopsy for patients with cancer [7–10]. In 2011, the U.S.
Food and Drug Administration (FDA) cleared the CellSearch® system (Menarini Silicon Biosystems)
for CTC analysis to monitor patients with metastatic breast, colorectal and prostate cancer [11–13].
The CellSearch® epithelial cell-based assay has clearly demonstrated its clinical significance and is
now used as the gold standard in clinical studies evaluating different cancer types. Even though a
very limited number of studies have evaluated melanoma CTCs using the CellSearch® Circulating
Melanoma Cell Kit, they all provided similar results, reflecting the robustness and reproducibility of
this assay. The detection of circulating melanoma cells (CMCs) was described for the first time in 1991.
Since then, the many studies on CMCs from patients with melanoma at different stages and using
different detection approaches have reported conflicting results [14]. Indeed, metastatic melanoma is a
highly heterogeneous tumor and CMCs may display different phenotypes and functional states.

Moreover, CMC analysis with the CellSearch® detection kit does not allow discriminating between
dead and viable CMCs, the only CMCs involved in metastatic development [15]. The functional
EPithelial ImmunoSPOT (EPISPOT) assay was described in 2005 and allows the identification of
viable CTCs in peripheral blood samples of patients with cancer (e.g., breast, prostate, and colon
cancer) [16–20] by detecting proteins secreted/released/shed by single viable epithelial cancer cells [21].

The aim of this study was to compare CMC detection using the CellSearch® system and a
new EPISPOT assay (S100-EPISPOT assay) designed to identify viable CMCs that secrete S100,
a protein expressed and secreted by melanoma cells [22], in blood samples from patients with
metastatic melanoma.

2. Materials and Methods

2.1. Patient Cohort

A prospective controlled observational comparative study (Circulating Tumor Cells and Melanoma:
Comparing the EPISPOT and CellSearch Techniques; NCT01558349) was conducted at the Nîmes
University Hospital, Nîmes, France, between June 2013 and June 2017. The main objective was to
determine if we can observe more positive patients with the EPISPOT assay than the CellSearch®

system. All patients with melanoma signed a written informed consent before enrolment in the
CELLCIRC study and treatment initiation. The study was carried out in accordance with the World
Medical Association Declaration of Helsinki. The experimental protocol was approved by the French
bioethical committee “Sud Méditerranée III” (Approval reference No. 2012.06.10). Blood samples
from healthy volunteers (n = 38) and patients with metastatic malignant melanoma (n = 50; before any
treatment) were collected in the morning and processed within 24 h.

2.2. Melanoma Cell Lines

The melanoma cancer cell lines WM-266-4 (ATCC® CRL-1676™) and MV3 (kindly provided
by Klaus Pantel, University of Tumor Biology, Hamburg, Germany) were used for optimizing the
S100-EPISPOT assay. WM-266-4 cells were maintained in αMEM medium (22571, Gibco, Grand
Island, USA) supplemented with 10% fetal calf serum (FCS), and MV3 cells in RPMI 1640 medium
(L0501, Dominique Dutscher, Brumath, France), supplemented with 5mM L-glutamine (25030, Gibco,
Grand Island, USA) and 10% FCS.

2.3. Flow Cytometry Experiments

Intracellular expression of the S100 protein in WM-266-4 and MV3 cells was determined by flow
cytometry using a Cyan cytometer (Beckman-Coulter, Villepinte, France) and a fixation/permeabilization
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kit (Beckman Coulter, Brea, USA). The two anti-S100 antibodies (clones 8B10 and 6G1) used in the
EPISPOT assay were tested to confirm S100 expression in these melanoma cell lines.

2.4. Immunofluorescence Assay

Melanoma cell lines were immunostained with the two anti-S100 antibodies (8B10 and 6G1), as
described for the flow cytometry experiments. Then, cells were seeded on glass slides using a Cytospin
4 centrifuge (Shandon, Runcorn, England) and mounted with ProLong Gold Antifade reagent with
4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen). S100 expression was analyzed with a fluorescent
microscope (Axio Imager M1, Carl Zeiss Vision, Halbermoos, Germany).

2.5. S100-EPISPOT Assay

As CMCs are rare in peripheral blood, a pre-enrichment step was performed before the EPISPOT
assay. To separate erythrocytes and leukocytes from CMCs, the RosettSepTM reagent (20 µL/mL)
was added to 13–15 mL of blood collected in EDTA tubes, and enrichment was performed following
the manufacturer’s instructions (RosetteSepTM CTC Enrichment Cocktail containing Anti-CD36,
STEMCELL Technologies). During the S100-EPISPOT assay, enriched CMCs were cultured on a
membrane coated with the anti-S100 8B10 antibody (10 ng/µL; Abcam) for 2 days. Then, secreted S100
captured by the 8B10 antibody was detected by incubation with another antibody against S100 (6G1:
3 ng/µL; Abcam) conjugated to AlexaFluor 488. Single fluorescent S100 immunospots were counted
under a fluorescent microscope equipped with a camera and computer-assisted analysis (KS ELISPOT,
Carl Zeiss Vision). The detailed procedure of the EPISPOT assay has been described by Soler et al. [21].
Results were corrected as “number of cells per 7.5 mL of blood” to be comparable with those obtained
with the CellSearch system.

2.6. Cell Search® System

Patient blood samples were collected in special CellSave® tubes and the analysis was performed
using the Circulating Melanoma Cell Kit (9594V, Menarini, Bologna, Italy), according to the
manufacturer’s instructions, as previously described [23]. Reagents consisted of ferrofluids coated
with anti-CD146 antibodies to enrich melanoma cells and endothelial cells, a phycoerythrin-conjugated
antibody that binds to high molecular weight melanoma-associated antigen (HMW-MAA) to identify
melanoma cells, a mixture of two allophycocyanin-conjugated antibodies against CD45 to identify
leukocytes and against CD34 to identify endothelial cells, and the nuclear dye DAPI to identify nucleated
cells. The criteria to identify an object as a melanoma cell included: round to oval morphology, visible
(DAPI-positive) nucleus, positive staining for HMW-MAA, and negative staining for CD45 and CD34.
Results were expressed as number of cells per 7.5 mL of blood.

2.7. Statistical Analysis

The sensitivity and specificity of each technology (S100-EPISPOT and CellSearch®) were assessed
by comparing the true positive/negative and false positive/negative results for healthy donors and
patients with melanoma using the McNemar’s test and the McNemar’s test with continuity correction.

Patients’ characteristics were described using medians and ranges (quantitative variables).
The Fisher’s test was used to evaluate the association between categorical clinical characteristics and
CMC detection. The association between lactate dehydrogenase (LDH) value and CMC number was
assessed using Spearman and Kendall rank correlation coefficients.

The median OS was analyzed using the Kaplan–Meier method. The end point was death by any
cause. Survival curves were compared with the non-parametric log rank test (p ≤ 0.05 considered as
significant). The univariate Cox proportional hazard regression model was used to estimate the hazard
ratio and 95% confidence intervals (CI) for the CellSearch® assay, and the risk of death in function of
the CMC number (<2 vs. ≥2) after verifying the hazard proportional test.
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Statistical analyses were performed using SAS, version 9.4 (SAS Institute).

3. Results

3.1. S100 Expression in Melanoma Cell Lines

To develop a new EPISPOT assay for CMC detection, two different melanoma cell lines (WM-266-4
and MV3), derived from metastatic sites, were used. Analysis of S100 protein expression by flow
cytometry (FC) showed that both cell lines expressed S100, but at different levels (one log difference
between cell lines) (Figure 1a). These results were confirmed by immunofluorescence (IF) experiments
(Figure 1b). Both cell lines expressed S100, but the signal intensity was higher in WM-266-4 than in
MV3 cells (same exposure time). Similar results were obtained with the two anti-S100 antibodies (8B10
and 6G1) used in the S100-EPISPOT assay. These findings indicated that both melanoma cell lines
could be used to optimize the S100-EPISPOT assay.

Figure 1. S100 protein expression in WM-266-4 and MV3 cells by (a) flow cytometry and (b)
immunofluorescence analysis using the anti-S100 antibody 6G1 conjugated to AlexaFluor 488.

3.2. S100-EPISPOT Assay

Then, the two melanoma cell lines were used to evaluate the feasibility and detection threshold of
the S100-EPISPOT assay. No immunospots (indicative of S100 secretion) could be detected when using
MV3 cells, possibly due to their very weak S100 expression, as observed by FC and IF. Conversely,
on average, 20–47% of WM-266-4 cells secreted S100 (Figure 2). This detection rate is considered
normal for cell lines analyzed with the EPISPOT assay because of variations in cell cycle and protein
productivity. In parallel, enriched peripheral blood mononuclear cells (PBMCs) from healthy donors
were tested (n = 3) to confirm that S100 was not secreted by PBMCs (data not show) and validate this
assay for CMC detection after blood enrichment.
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Figure 2. Melanoma cell detection using the S100-EPISPOT assay. Representative images of
immunospots using WM-266-4 cells (upper panels) and percentage (n = 3) of S100-secreting cells
recovered from serial dilutions of WM-266-4 cells (lower panels). SD = standard deviation.

Surprisingly, the detection rate was higher with smaller numbers of tested cells (Figure 2).
These data demonstrate that the new S100-EPISPOT assay could be used to detect rare CMCs in
peripheral blood. Previous studies also reported a better recovery rate for small number of cancer cells
spiked in samples of healthy donors (1–20 cancer cells/10 mL) [24,25].

3.3. Specificity of the S100-EPISPOT Assay

Among the 38 healthy donors enrolled, six and four donors could not be evaluated by EPISPOT
and CellSearch, respectively, for reasons listed in Figure 3a. The specificity of the S100-EPISPOT and
CellSearch® assays were compared using blood samples from 38 healthy donors and two detection
thresholds (≥1 and ≥2 CMCs) (Table 1a). The CellSearch® system gave similar results with both
thresholds: 94% and 97%. The S100-EPISPOT assay specificity was lower for the ≥1 CMC threshold
(78%), but reached 97%, as for CellSearch®, for the ≥2 CMC threshold. These results are consistent with
previous reports and allowed for choosing a cut-off of 2 CMCs for the positive CMC detection [23,26].
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Figure 3. Study flowchart showing the number of included healthy donors and patients and the
number of patients and healthy donors who underwent circulating melanoma cell (CMC) analysis
using the S100- EPISPOT assay and CellSearch® system.

Table 1. (a) Specificity of the S100-EPISPOT and CellSearch CMC assays in healthy donors using two
different CMC cut-offs. (b) Sensitivity and specificity of the two assays with the cut-off ≥2 CMCs
(healthy donors: n = 28; patients with metastatic melanoma: n = 29).

a.

S100-EPISPOT (n = 32) CellSearch CMC (n = 34)

<1 25 (78%) 32 (94%)
≥1 7 (22%) 2 (6%)
<2 31 (97%) 33 (97%)
≥2 1 (3%) 1

b.

S100 EPISPOT CellSearch CMC p value (Mac Nemar) p value (corrected Mac Nemar)

Sensitivity (n = 29) 48% 21% 0.0114 0.0269

Specificity (n = 28) 100% 96% 0.3173 1

3.4. Circulating Melanoma Cell Detection in Patients with Metastatic Melanoma

Among the 50 patients enrolled, 16 and 6 could not be evaluated by EPISPOT and CellSearch,
respectively, for reasons listed in Figure 3b. The patients included in this study (26 men and 24 women
with a mean age of 64, range, 29–89) had metastatic melanoma, with a median survival of 6.72 months
(95% CI = 4.24–12.16). CMCs were detected using the CellSearch® system and the S100-EPISPOT assay
in blood samples from 44 and 34 patients, respectively. Using the cut-off of ≥2 CMCs per 7.5 mL of
blood, 10/44 (23%) patients were positive for CMCs with the CellSearch® system, and 15/34 (44%)
with the S100-EPISPOT assay (Table 2). The S100-EPISPOT assay gave a higher number of positive
patients than the CellSearch® system, but with a smaller range: EPISPOT (0–450) and CellSearch®

(0–4937). Analysis of the specificity and sensitivity using the results obtained for samples from healthy
donors (n = 28) and patients with metastatic melanoma (n = 29) tested with both assays, showed that
sensitivity was 48% for S100-EPISPOT and 21% for CellSearch® (p = 0.0114, corrected p = 0.0269), and
specificity was 100% for S100-EPISPOT and 96% for CellSearch® (Table 1b). The correlation between
both technologies was assessed using the Spearman (rs = 0.49, p = 0.0070) and Kendall (τ = 0.44,
p = 0.0055) tests.
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Table 2. Description of CMC detection for the S100-EPISPOT and CellSearch® assays in (a) all patients
included in the study and (b) the subpopulation of patients tested with both assays.

a.

Nb Patients Assay Total Failed Mean Standard Deviation Median Min Max Lower quartile Upper quartile

50
S100-EPISPOT 34 16 21.59 80.35 1.00 0.00 450.00 0.00 3.00

CellSearch® 44 6 142.57 752.01 0.00 0.00 4937.00 0.00 1.00

b.

Nb Patients Assay Total Failed Mean Standard Deviation Median Min Max Lower quartile Upper quartile

29
S100-EPISPOT 29 0 25.24 86.68 1.00 0.00 450.00 0.00 4.00

CellSearch® 29 0 206.10 924.77 0.00 0.00 4937.00 0.00 1.00

3.5. Clinical Relevance of CMC Detection

No significant association between the patients’ clinical characteristics and CMC detection with
EPISPOT and CellSearch® was observed (Table 3), except for high LDH level (2-fold higher than
normal) and CMC detection using CellSearch® (p = 0.0315). The correlation between LDH level and
CTC detection by CellSearch® was significant using the Spearman (rs = 0.39, p = 0.0138) and Kendall
(τ = 0.30, p = 0.0132) tests.

Table 3. Clinical characteristic of patients with metastatic melanoma in function of CTC detection with
the S100-EPISPOT and CellSearch® assays.

EPISPOT CellSearch®

< 2 ≥ 2 p value
(Fisher)

< 2 ≥ 2 p value
(Fisher)n = 19 n = 15 n = 34 n = 10

Sex

Men
8 9

0.4905
18 4

0.7205(42.11%) (60.00%) (52.94%) (40.00%)

Women
11 6 16 6

(57.89%) (40.00%) (47.06%) (60.00%)

BRAF mutation

No
8 6

1.0000
15 2

0.4267(47.06%) (54.55%) (48.39%) (28.57%)

Yes
9 5 16 5

(52.94%) (45.45%) (51.61%) (71.43%)

Ulceration

Absence
4 6

0.0656
11 4

0.6618(36.36%) (85.71%) (52.38%) (66.67%)

Presence
7 1 10 2

(63.64%) (14.29%) (47.62%) (33.33%)

Metastatic sites

Nb ≤ 2
10 7

1.0000
22 3

0.0738(52.63%) (46.67%) (64.71%) (30.00%)

Nb > 2
9 8 12 7

(47.37%) (53.33%) (35.29%) (70.00%)

LDH value

Normal
6 5

0.2909
10 1

0.0315(42.86%) (35.71%) (34.48%) (10.00%)

> Normal
7 4 16 4

(50.00%) (28.57%) (55.17%) (40.00%)

2x > Normal
1 5 3 5

(7.14%) (35.71%) (10.34%) (50.00%)
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Table 3. Cont.

EPISPOT CellSearch®

< 2 ≥ 2 p value
(Fisher)

< 2 ≥ 2 p value
(Fisher)n = 19 n = 15 n = 34 n = 10

Primary tumor localization

Other
1 6

0.0106
6 3

0.2017(2.94%) (17.65%) (13.95%) (6.98%)

Face
1 0 0 1

(2.94%) (0.00%) (0.00%) (2.33%)

Lower limb
8 2 12 1

(23.53%) (5.88%) (27.91%) (2.33%)

Upper limb 6 1 7 1
(17.65%) (2.94%) (16.28%) (2.33%)

Torso
3 6 9 3

(8.82%) (17.65%) (20.93%) (6.98%)

In univariate Kaplan–Meier analyses, OS was associated only with CMC detection by CellSearch®

(CS) (p = 0.0006) (Figure 4a). Hazard ratio for death was 3.57 (95% CI 1.64–7.77; Cox regression
analysis with CMC <2 vs. ≥2). No association was detected between OS and the classical clinical
variables (age, sex, Breslow depth, Clark stage, LDH, BRAF mutation, and number of metastatic sites)
(Table S1). Moreover, no significant association was observed for the S100-EPISPOT assay (EPI) alone
(Figure S1). Analysis of the potential synergistic effect of combining both assays indicated that the
“double negative” (EPI and CS < 2 CMCs) group was not associated with OS (p = 0.3419) compared
with the “double and/or simple positive” (EPI and/or CS ≥2) group. Conversely, analysis of the “double
positive” (EPI and CS ≥ 2 CMCs), “simple positive” (EPI or CS ≥2 CMCs) and “double negative”
(EPI and CS < 2 CMCs) groups highlighted the association of the “double positive” group with OS
(p = 0.0081) (Figure 4b).

Figure 4. Kaplan–Meier survival curves of patients with metastatic melanoma according to the detection
cut-off of 2 CMCs using the (a) CellSearch® system, and (b) when combining the S100-EPISPOT (EPI)
and CellSearch® (CS) assay results.
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4. Discussion

The cancer metastatic cascade is a complex process characterized by several events, including
cell migration, local invasion, intravasation of tumor cells into the circulation and extravasation at
distant sites to form detectable metastases [27]. The mechanisms involved in this multistep process
are largely unknown, but recent studies suggested that some CTCs could be at the origin of distant
metastases [28,29]. For this reason, CTC detection has become a great challenge for the personalized
treatment of patients with cancer.

In the literature, the number of techniques used for CTC detection in patients with melanoma
is almost equal to the number of studies published on this topic. These methods are based on the
physical or phenotypical properties of melanoma cells [3,30,31]. Up to now, none of them has been
validated because of the lack of reproducible results. Nestin, CD133 [32], receptor activator of NF-k B
(RANK) [33], ATP-binding cassette sub-family B member 5 (ABCB5) [34], CD20 [35], and CD271 [36]
have been identified as potential candidates for the identification of melanoma-initiating cells.

Compared with CTC detection techniques based only on the expression of surface markers, assays
that identify viable/functional cells could be more interesting and more relevant for monitoring the
response to treatment. Functional CTC analysis also offers the possibility to determine the biological
properties of metastatic cells, including the identification of metastasis-initiating cells [37]. Currently,
the EPISPOT assay is the only functional assay to detect viable, prognostically relevant CTCs at the
single-cell level after enrichment by leukocyte depletion. This system has been used to test blood
samples from hundreds of patients with different tumor types [17–19]. As this technique could be
considered to be a protein secretion-profiling assay, the analyzed proteins should be specific and
significantly produced and released by tumor cells. Among the proteins expressed and released
by melanoma cells, the S100 family is the most studied [22,38]. S100B expression is increased in
melanoma cells compared with melanocytes and can be used for the diagnosis of metastatic malignant
melanoma by immunohistochemistry. Moreover, serum S100B level increases in patients with melanoma,
independently of the cancer stage. Its expression is clearly correlated with the presence of metastases,
tumor burden, prognosis, and survival [39,40]. Recent data demonstrated that isolated CMCs obtained
from patients with metastatic melanoma uniformly express S100 [41].

In this study, we first described the new S100-EPISPOT assay to detect viable CMCs, and then
compared its results with those obtained with the CellSearch® system (Circulating Melanoma Cell
Kit). In two melanoma cell lines, we found that S100 expression and secretion were heterogeneous.
Consequently, only the cell line that strongly expresses S100 (WM-266-4 cells) secreted enough protein
to be detected by the S100-EPIPSOT assay at the single-cell level. The subpopulation of cancer
cells that weakly express S100 are missed using this assay. Moreover, WM-266-4 cell detection by
the S100-EPISPOT system was more efficient when only a few cells were present in the sample.
These experimental observations were confirmed by data obtained from blood samples from a
homogeneous group of patients with metastatic melanoma, indicating that the S100-EPISPOT assay
sensitivity is significantly higher than that of the CellSearch®system. Specifically, the percentage of
patients with ≥2 CMCs was 48% with the S100-EPISPOT assay and 21% with the CellSearch® system
(corrected p = 0.0269).

CMC detection (both methods) was not associated with Breslow depth and BRAF mutation status.
Only LDH value was significantly correlated with CMC detection (CellSearch® method) in Spearman
(rs = 0.39, p = 0.0138) and Kendall (k = 0.30, p = 0.0132) tests.

Analysis of the prognostic value of CMC detection (both assays) indicated that only CMC ≥ 2
with CellSearch® was significantly associated with the OS (p = 0.006), as previously reported for the
CellSearch® CMC detection system. By using this CellSearch® system, Rao et al. [23] detected at least
two CMCs in 23% (18/79) of blood samples from 44 patients with metastatic melanoma. They also
found that OS was shorter in patients with ≥2 CMCs per 7.5 mL of whole blood compared with the <2
CMC group. Similarly, Khoja et al. [26] showed that 26% of patients with metastatic skin melanoma
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had more than two CMCs per 7.5 mL of blood, and that the median OS was significantly shorter in
this group.

In our patient cohort, no other clinical features, such as number of metastatic sites, Breslow depth,
BRAF mutational status and even LDH level (routinely measured in the clinical practice) provided
prognostic information. The S100-EPISPOT assay results alone did not predict the patients’ clinical
outcome, although this test was more sensitive than the CellSearch® system. Conversely, by combining
the data obtained by both methods, OS was significantly associated (p = 0.0005) with “double positive
results” (CellSearch® and S100-EPISPOT) compared with “simple positive result” (CellSearch® or
EPISPOT) and “double negative result” (CellSearch® and S100-EPISPOT). This suggests that OS is
shorter in patients in whom CMCs are detected with both methods.

However, in our patients with advanced disease and short survival probability (0.38, 95% CI
0.25–0.51 after 12 months and 0.16, 95% CI 0.07–0.27 after 24 months), measuring OS is not of clinical
interest. The crucial aim of liquid biopsy is to obtain reliable and “real-time” information before, during,
and after treatment to monitor the patient response. This is especially important for melanoma because
currently no melanoma-specific blood-based biomarker is available for routine use in clinical practice.
Another circulating biomarker of interest in advanced melanoma is ctDNA. The majority of studies
have been applied to patients treated with BRAF inhibitors, via monitoring of the singular BRAFV600
mutation, predicting response to therapy and prognosis in metastatic melanoma [42]. Nevertheless,
clinical trials that look at patient outcome as a result of ctDNA-guided clinical decisions are required
before ctDNA can be successfully established as a melanoma-specific biomarker in clinical practice.

Finally, the main interest of our study is the finding that the new S100-EPISPOT assay has a good
sensitivity (48%) for CMC detection and an acceptable specificity. It would be interesting to determine
whether the S100-EPISPOT functional assay could be used for the early detection of tumor relapse or
for monitoring therapy response in patients with non-metastatic melanoma.

Moreover, a completely new optimized EPISPOT assay, named EPIDROP (EPISPOT in a
DROP) [43], is currently under development. This innovative micro-droplet technology allows not
only the detection of viable S100-secreting CMCs at the single-cell level, but also the immunostaining
of all CMCs before their encapsulation, for instance for the identification of tumor cells that could be
targeted by immunotherapy (e.g., PD-L1-positive). This technology represents a new combination of
standard CMC detection by IF, like the CellSearch® system, with a functional assay to identify the
subset of functional and potentially metastasis-competent CMCs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/7/755/s1.
Table S1: Univariate analysis of overall survival in patients with metastatic melanoma using the Kaplan–Meier
method, Figure S1: Kaplan–Meier survival curves of patients with metastatic melanoma according to the detection
cut-off of two CMCs using the S100-EPISPOT (EPI).
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Abstract: Hematogenous dissemination may occur early in breast cancer (BC). Experimental models
could clarify mechanisms, but in their development, the heterogeneity of this neoplasia must be
considered. Here, we describe circulating tumor cells (CTCs) and the metastatic behavior of several BC
cell lines in xenografts. MDA-MB-231, BT-474, MDA-MB-453 and MDA-MB-468 cells were injected at
the orthotopic level in immunocompromised mice. CTCs were isolated using a size-based method and
identified by cytomorphological criteria. Metastases were detected by COX IV immunohistochemistry.
CTCs were detected in 90% of animals in each model. In MDA-MB-231, CTCs were observed after
5 weeks from the injection and step wisely increased at later time points. In animals injected with less
aggressive cell lines, the load of single CTCs (mean ± SD CTCs/mL: 1.8 ± 1.3 in BT-474, 122.2 ± 278.5 in
MDA-MB-453, 3.4 ± 2.5 in MDA-MB-468) and the frequency of CTC clusters (overall 38%) were lower
compared to MDA-MB-231 (946.9 ± 2882.1; 73%). All models had lung metastases, MDA-MB-453 and
MDA-MB-468 had ovarian foci too, whereas lymph nodal involvement was observed in MDA-MB-231
and MDA-MB-468 only. Interestingly, CTCs showed morphological heterogeneity and were rarely
associated to host cells. Orthotopic xenograft of BC cell lines offers valid models of hematogenous
dissemination and a possible experimental setting to study CTC-blood microenvironment interactions.

Keywords: circulating tumor cells; metastasis; xenograft models; breast cancer

1. Introduction

Metastasis is definitely a hallmark of cancer [1] and represents the main cause of cancer-related
deaths [2] due to ineffective therapies. Unraveling the molecular mechanisms of tumor progression
would help to anticipate disease outcome and to point the way for selecting personalized treatments.
In breast cancer (BC), in particular, the timing of cancer cell dissemination has been largely discussed [3]
and has proven to represent an early step in tumor progression [4,5]. In accordance with this, circulating
tumor cells (CTCs) can be detected in patients without clinical evidence of secondary lesions [6–8]
and, in several studies, the presence of dormant cells has been also reported even in the bone marrow
of patients with ductal carcinoma in situ [9–11]. In addition to this grim scenario, BC is, in fact,
a group of heterogeneous tumors [12–15], with cancer cells cross-talking with normal cells from the
microenvironment [16,17]. More recently, based on copy number and gene expression data from over
2000 tumors, BCs were re-classified into ten clusters associated with distinct clinical outcomes [18,19],
with implications for patient management. As the development of drug resistance is often interpreted
as an inevitable consequence of tumor heterogeneity [20,21], efforts to address such interrelated themes
are urgently needed, especially in non-operable and advanced-stage clinical settings.
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At present, the biological events and molecular mechanisms that orchestrate the metastatic
process are still not fully understood due to their complexity [22–24]. Functional assays to elucidate
the biological meaning of a gene in tumor dissemination or the effect of a compound on metastasis
outgrowth have to be necessarily set in organisms. In this field, scientists have largely based their
studies on metastasis modeling on laboratory animals, including drosophila, zebrafish, mice, rats
and, more rarely, rabbits, companion pets and monkeys with spontaneous onset of cancer [25].
Xenotransplantation of BC cell lines in mice with a compromised immune system is commonly used
as a model for metastasis studies. In particular, direct injection into the systemic circulation of the
MDA-MB-231 cell line and its derivatives generated several models of metastasis [26–30], either
in basal conditions or after selection of organ-specific metastatic variants upon several rounds of
transplantation [31,32], providing valuable knowledge on the genetic determinants of metastasis in BC.
However, although forced hematogenous dissemination does enable to finely dissect the late steps of
the metastatic cascade [31], this strategy is not adequate to recapitulate the initial events of the process
as in spontaneous metastasis models, where cells are implanted at the orthotopic level. Moreover,
the research mainly focused on a single model type might fail in addressing the heterogeneity issue in
BC, thus limiting possible applications to the clinical context [33].

Since the molecular classification of BC has been established, researchers have paid attention
to the similarities between cell lines and clinical samples. Studies have shown that the luminal,
basal, HER2 and claudin-low clusters identified in BC are mirrored in BC cell lines [34–36]. However,
the claudin-low and basal subtypes are over-represented among the BC cell lines used for xenograft
models [37]. Indeed, spontaneous metastasis is a rare event when using cell lines belonging to
less aggressive subtypes, and only a few models with variable frequencies of metastasis have been
described in recent years for MCF7, BT-474 and MDA-MB-453 [38,39]. Not dissimilar from BC cell lines,
which however ensure a high tumor take in mice, is the behavior of xenotransplanted BC specimens
(PDXs, patient-derived xenografts), whose both development and metastatic organotropism in mice
are variable and dependent on the aggressiveness of the tumor of origin. Indeed, despite PDXs
representing important preclinical tools since proven to retain over serial passages histopathology,
behavior and genomic features of the tumor of origin [40–45], in BC the tumor take efficiency of the
luminal subtype in mice is low [46,47], thus generating a bias towards aggressive triple-negative
BCs models.

On the basis of these considerations, we have reconsidered the use of xenograft models from
BC cell lines for basic metastasis research studies. To this aim, we have (i) transplanted BC cell lines
belonging to different molecular subtypes in the mammary fat pad of immunocompromised mice,
(ii) set up a method to detect CTCs and small foci of metastatic cells in such xenograft models, and (iii)
described the morphological features of BC cell line derived CTCs and host-derived circulating cells.

2. Materials and Methods

2.1. Cell Lines

Cell lines were purchased from the American Type Culture Collection organization and verified for
identity via short tandem repeat (STR) profile analysis using the StemElite™ ID System kit (Promega,
Madison, WI, USA), which yielded a 100% match on 9 STR loci, and on amelogenin for gender
identification, in all cases.

BT-474, MDA-MB-453 and MDA-MB-468 BC cell lines were cultured in Dulbecco’s Modified
Eagles’ Medium (DMEM)/F-12 medium (Lonza, Switzerland) supplemented with 10% South America
Fetal Bovine Serum (FBS, Lonza). The MDA-MB-231 BC cell line was cultured in DMEM/F-12 medium
supplemented with 5% FBS. Cells were grown at 37 ◦C in a 95% humidified 5% pCO2 atmosphere.

All experiments were performed using cells from the second to the eighth in vitro passage
from thawing, and showing at least 95% viability by 0.4% Trypan Blue solution exclusion test. Cell
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culture supernatants were regularly tested for Mycoplasma contamination using the MycoAlertTM

Mycoplasma Detection Kit (Lonza) before each injection in mice.

2.2. Animal Models

Animal experiments were performed according to the Italian law D.L. 116/92, and the following
additions, which enforced the 2010/63/EU Directive. The study protocols were approved by the Ethical
Committee for Animal Experimentation at Fondazione IRCCS Istituto Nazionale dei Tumori (INT),
in Milan, (INT_08/2012, and INT_01/2017, which was also approved by Italian Ministry of Health with
approval number 452/2017-PR, following the receipt of the D.L. 26/2014). All efforts were deployed
to minimize animal suffering [48], following the most recently published version of recommended
ARRIVE guidelines [49]. Female NOD.CB17-Prkdcscid/J (NOD scid) and NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ
(NSG) mice were purchased from Charles River (Wilmington, MA, USA) and The Jackson Laboratory
(Sacramento, CA, USA), respectively, and bred by the qualified personnel at INT Animal House Facility
in individually ventilated cages, 3 to 5 animals per cage. Animals were anesthetized by intraperitoneal
injection of a ketamine (100 mg/kg) and xylazine (5 mg/kg) cocktail before orthotopic injection of cancer
cells and before animal sacrifice. Sacrifice procedure was cervical dislocation, performed at a priori set
experimental time points or immediately upon signs of moderate suffering (e.g., decrease in activity,
hunched appearance, ruffled hair coat, respiratory distress).

The tumor implant was performed under sterile conditions on healthy and normal-weight 7- to
16-week-old anesthetized mice using a 30G needle syringe. Eighty to ninety µL of Dulbecco’s Phosphate
Buffered Saline (DPBS, Lonza) cell suspensions mixed with 50% ECM Gel from Engelbreth-Holm-Swarm
murine sarcoma (Sigma-Aldrich, St. Louis, MO, USA) Matrigel matrix (final concentration 4 mg/mL)
were injected in the mammary fat pad (m.f.p.) of the axillary and/or the inguinal mammary gland,
according to the scheme reported in Table 1:

Table 1. Scheme of breast cancer cell line xenotransplantation in immunocompromised mice.

Cell Line Mouse Model Number of Cells per Injection Injection Sites (m.f.p.)

BT-474 NSG 5 × 106 4th left

MDA-MB-453 NSG 107 4th left

MDA-MB-468 NSG 5 × 106 2nd right and 4th left

MDA-MB-231 NOD scid 5 × 106 2nd right and 4th left

BT-474 cell injection was performed after 24–48 h from subcutaneous implantation of a 0.72 mg
90-day release 17-β-estradiol pellet (Innovative Research of America, Sarasota, FL, USA), performed
on the neck lateral side using a trocar. The overall tumor take rate was 100%.

For the time-course experiments with MDA-MB-231 cells, 4 groups of 6 animals each were injected
with cells according to the standard scheme. Animals were randomized before sacrifice at the defined
time points (day 35, 50, 65 and 80) according to the tumor growth rate and the cage where they had
been bred. Tumor take was obtained in 23/24 mice.

Tumor growth was monitored every week using a caliper and the tumor mass (g) was estimated
by the (D × d2)/2 formula, where D and d represent the longest and the shortest diameter, respectively,
of the nodule. The tumor load was lower than 10% of the body mass (range: 0.4–9.5%), except for two
animals (10.2% and 15.7%) in which tumors had increased rapidly during the latest week.

An intravenous injection was performed using suspensions of 106 or 2 × 106 cells in 400 µL
of DPBS.

Splenic leukocytes from BALB/c Nude mice were kindly provided by Dr. Claudia Chiodoni from
the Molecular Immunology Unit at INT.
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2.3. Collection of Tissues and Organs

Blood samples were drawn from anesthetized mice by cardiac puncture, using a 1 mL 26G
needle EDTA conditioned syringe (1.8 mg/mL final concentration), stored at 4 ◦C and processed for
CTC isolation within 30 min. Mice were immediately sacrificed and primary tumor nodules and
organs (lung, axillary, inguinal subclavian or peritoneal lymph-nodes, ovaries, liver, kidneys, brain,
and spleen) were collected and fixed in a 10% neutral buffered formalin solution (Bio-Optica, Milan,
Italy) for 18–24 h; samples were then washed with distilled water and stored in 70% ethanol until
paraffin embedding.

2.4. Circulating Tumor Cell Isolation and Detection

CTCs were isolated using the ScreenCell®Cyto kit (ScreenCell, Sarcelles, France), according to the
manufacturer instructions. Briefly, blood was diluted in DPBS to reach 3 mL and subsequently mixed
with 4 mL of the ScreenCell®FC2 proprietary buffer for red blood cell osmotic lysis and cell fixation.
When the flux rate decreased due to a microcoagulation phenomenon or the presence of numerous
CTCs, the residual blood was filtered on further devices. After filtration, the isolation supports (IS)
were stained with Hematoxylin Solution S (Merck, Darmstadt, Germany) for 1 min and a Shandon
Eosin Y Aqueous Solution (Thermo Fisher Scientific Inc., Waltham, MA, USA) for 30 s, or with a pure
May-Grünwald solution for 2.5 min, followed by a 2.5-min incubation step with a May-Grünwald
solution diluted 1:2 with pH 7-adjusted distilled water, and a 10-min incubation step with a Giemsa
solution (Merck) 1:10 diluted with pH 7-adjusted distilled water. All samples were analyzed by a
referral pathologist at ScreenCell. The cytomorphological analysis and CTC count were performed
on the basis of the criteria of malignancy reported by Hofman et al. [50]. Major criteria for CTC
identification were a high nucleus-to-cell ratio (i.e., cytoplasm area/whole cell area, ≥0.5) and large
nuclear size (≥20 µm diameter), whereas minor criteria included irregular nuclear contours and nuclear
hyperchromatism. CTC clusters were defined as groups of two or more CTCs, sometimes mixed
with platelets and various leukocytes (i.e., circulating tumor microemboli, CTM), showing criteria of
malignancy like those described for single CTCs. The nucleus-to-cell ratios in CTC aggregates are
similar to those in single CTCs in [51]. Platelets appear as small, round eosinophilic or grayish particles,
and can be found isolated or grouped in plaques, sometimes mixed with deposits of fibrin. Like CTCs,
lymphocytes have a high nucleus-to-cell ratio, but they are smaller (7–8 µm diameter). Circulating
atypical giant cells were defined as large cells (20–300 µm diameter), with generally voluminous and
filamentary cytoplasm, various morphology (e.g., amorphous, round, elongated) and nucleus to cell
ratio lower than that of CTCs [52,53]. Samples were defined as CTC-positive (+ve) when at least one
single CTC and/or CTC cluster and/or CTM were observed in at least one stained IS.

2.5. Immunofluorescence and Immunohistochemical Staining

Immunofluorescence was performed on unstained ISs upon storage at −20 ◦C. ISs were incubated
in an oven at 37 ◦C for 1 h, rehydrated in Tris Buffered Saline (TBS) 1× pH 7.4 (Bio-Optica) and blocked
for 30 min with 5% bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA) in TBS 1X. Tumor
cells were stained overnight at 4 ◦C using a rabbit monoclonal Alexa Fluor®488 conjugated antibody
against human cytochrome c oxidase subunit IV (COX IV, clone 3E11, isotype IgG; Cell Signaling
Technology, Danvers, MA, USA), diluted 1:100 in 5% BSA in TBS 1×. Nuclei were stained with a
5 µg/mL 4′,6-Diamidino-2-phenylindole (DAPI) dilactate solution (Sigma-Aldrich, St. Louis, MO, USA).
ISs were mounted on glass slides and covered with a round coverslip using the Fluoroshield Mounting
Medium (Abcam, Cambridge, UK). Images were acquired by Nikon Eclipse TE2000-S fluorescence
(Nikon, Tokyo, Japan) microscope.

Four-micron thick formalin-fixed paraffin-embedded (FFPE) sections from tumor nodules and
organs were deparaffinized by standard protocols and stained using a rabbit monoclonal antibody
against human COX IV (clone 3E11, isotype IgG, Cell Signaling Technology, Danvers, MA, USA).
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Antigen retrieval was performed at 95 ◦C for 30 min in a Sodium Citrate Buffer (10 mM Sodium Citrate,
0.05% Tween 20, pH 6.0). Endogenous biotin blocking was performed for liver sections only using the
Dako Cytomation Biotin Blocking System (Dako, Troy, MI, USA). Samples were incubated with a 1:1000
diluted (Antibody Diluent, Dako) primary antibody at 4 ◦C overnight. Antibody visualization was
obtained using the EnVision®+ System-HRP Labelled Polymer (Dako). Nuclei were counterstained
with a Mayer’s Hematoxylin Solution (Bio-Optica). Sections were observed and images acquired by a
Nikon Eclipse E600 microscope.

For COX IV specificity verification, 4 consecutive sections from different organs of 3
non-tumor-bearing NOD scid mice were analyzed. For the MDA-MB-231 time-course experiment,
4 sections per lymph-node and 10 sections per lung sample were analyzed. Macroscopic inspection of
organs at sacrifice and microscopic analysis by IHC on a series of non-adjacent FFPE sections (series
of 4 consecutive stained and 8 consecutive unstained sections), for a total of 24 or 48, according to
positivity, were performed for the preliminary assessment of metastasis formation in all kind of models
(Experiment 1). For the quantitation of metastasis-positive (+ve) sections (Experiment 2), systematic IHC
analysis was focused on a series of 24 or 48 non-adjacent FFPE sections (a series of 8 consecutive stained
and 8 consecutive unstained sections) from lung, lymph-nodes and ovary samples. For the artificial
metastasis experiment by tail-vein injection, 4 FFPE consecutive sections per lung sample were analyzed.

2.6. Statistical Analysis

Statistical analyses and graph constructions were performed using Graph Pad Prism v5. Differences
in tumor mass between axillary and inguinal nodules were assessed using the point by point multiple
Student’s t-test, assuming that all time points were samples from populations with the same standard
deviation, and the false discovery rate was set at 1% and determined using the two-stage linear step-up
procedure of Benjamini, Krieger and Yekutieli [54].

3. Results

3.1. Technical Protocol for CTC Isolation and Species-Specificity-Based Detection of Tumor Cells in Xenograft Models

For CTC isolation, blood samples were drawn from anesthetized mice by cardiac puncture, which
was proven to ensure the highest CTC yield compared to other approaches, according to Eliane et al. [55],
and processed with the size-based CTC isolation device provided by ScreenCell®(Figure 1, Panel A;
details are reported in Materials and Methods).

CTCs were identified on the basis of the cytomorphological criteria of malignancy already
described for cancer patients [50]: in xenograft models, CTCs showed (i) a larger nucleus (generally 13
to 15 µm in diameter) compared to leukocytes, whose nuclei instead appeared slightly larger (about
7–8 µm in diameter) than membrane pores (6.5 ± 0.33 µm), (ii) a high nucleus-to-cell ratio (>0.5 for cell
lines, rather than 0.75, cut-off used for clinical samples), (iii) a dense basophilic and irregularly outlined
nucleus and (iv) a pale-bluish ring of cytoplasm, which generally appears as a thin rim encircling
the nucleus.

Such a blood sampling approach coupled with filtration showed high efficiency in terms of
sensitivity, as described in the following paragraphs, and adaptability to murine blood sample
processing and cytological analysis for CTC detection, since the sample quality in terms of cellularity
was adequate and the cell morphology was well preserved in about 80% (58/71) of samples.

Furthermore, a technical protocol was developed to effectively isolate and unambiguously
identify tumor cells in tissues from xenograft mouse models, taking advantage of the
human-murine species-specificity.

Given the weak metastatic ability expected in some models, an antibody-based staining protocol
was set up in order to facilitate both the quantitation of rare CTCs and to enable screening for
metastases in FFPE tissue sections from samples with microscopic and scattered metastatic foci.
Immunofluorescence (for CTCs) and immunohistochemistry (IHC) analyses (for tissue sections) were
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performed using a commercially available antibody specific for the human mitochondrial marker
cytochrome c oxidase subunit IV (COX IV). The non-cross-reactivity of the antibody with the murine
counterpart has been preliminarily verified by immunofluorescence on peripheral blood mononuclear
cells from a BALB/c nude mouse used as the control (Figure S1), and by IHC on FFPE sections of
several organs from non-tumor-bearing NOD scid mice (Figure 1, Panel C), thus proving to be a reliable
method to detect tumor cells in mouse xenografts.

Figure 1. The methodology for the detection of circulating tumor cells (CTCs) and metastases in
xenograft models. (A) The scheme illustrates a CTC isolation and detection technical approach
for application in xenograft mouse models. Briefly, blood was drawn by cardiac puncture and
cells were isolated by filtration on a porous membrane and identified by the morphological criteria
(or immunostaining). Images represent (B) a cluster of CTCs (left) and a cluster of leukocytes (right)
isolated from MDA-MB-231 xenografts, acquired by the 4′,6-Diamidino-2-phenylindole (DAPI) and
the Fluorescein isothiocyanate (FITC) filters (60× oil immersion objective) and showing COX IV
positive and negative staining, respectively; (C) COX IV immunohistochemistry stained formalin-fixed
paraffin-embedded sections of (i) primary tumor nodule (20× objective) and (ii) lung metastases (40×
objective) from MDA-MB-231 xenograft, and of (iii) brain, (iv) kidney, (v) lung, and (vi) liver (10×
objective) collected from a non-tumor-bearing mouse.

CTCs were detectable by immunofluorescence and distinguished from leukocytes by the nucleus
size and the typical staining pattern, as depicted in Figure 1, Panel B: CTCs organized in clusters
have intense cytoplasmic-specific staining and are larger compared to the cluster of leukocytes, which
instead have smaller nuclei and show negative staining for COX IV.
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3.2. Cancer Cell Dissemination Can Be Monitored from the Early to Late Stages of Tumor Progression in the
MDA-MB-231 Xenograft Model

The dynamics of dissemination in the MDA-MB-231 model was investigated in a time-course
experiment, where the CTC load and the frequency of lymph-nodal and pulmonary metastases
were measured at different time points after tumor cell injection. Overall, the load of single CTCs
(mean ± SD: 0.40 ± 0.89; 0.33 ± 0.58; 79.33 ± 181.7; 1,993 ± 4,269; Figure 2, Panel B) and CTC clusters
(mean ± SD: 2.33 ± 4.04; 1.75 ± 1.50; 62.00 ± 137.20; 1,229 ± 2,653; Figure 2, Panel C) showed a stepwise
increase during progression, which mirrored the primary tumor growth (Figure 2, Panel A). Following
a similar trend, the frequency of metastasis +ve cases, assessed in lymph-nodes (axillary, inguinal,
subclavian or peritoneal) and lungs, increased during time, although, differently than lungs, metastases
at lymph-nodes were detectable since the earliest phases from tumor injection (Figure 2, Panel D).
At day 35 CTCs were found in 1 out of 5 assessable cases (2 CTCs, Figure 2, Panel B), consistently with
the detection of few metastatic cells at lung in the same animal (Figure 2, Panel D). At day 50 lung
metastases were found in 1 out of 3 CTC +ve cases only. On the contrary, 5 out of 6 cases at day 65 and
5 out of 5 cases at day 80 had both CTCs and pulmonary metastases.

Figure 2. The detection of CTCs and metastases at the early and late stages of tumor progression in the
MDA-MB-231 xenograft model. Box and whiskers plots and dot plots represent the distribution of
(A) the total tumor mass, (B) single CTC (sCTC) and (C) CTC cluster or tumor microemboli (cCTC)
numbers per milliliter of blood (horizontal line representing the median value), at different experimental
time points. (D) the scheme represents the frequency of CTC-positive (+ve) and of lymph-nodal or
pulmonary metastasis-positive (+ve) animals per group, at each experimental time point.
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MDA-MB-231 cells were also injected in the tail vein of five animals and their presence in blood was
monitored during time. Blood samples collected from two animals, injected with 106 or 2 × 106 cells, 1 h
after injection contained 1 and 7 sCTCs per milliliter, respectively, thus indicating that the vast majority
of cells had reached peripheral districts in short time from forced blood dissemination. The remaining
three animals, two injected with 106 and one injected with 2 × 106 cells, were sacrificed after 78 days
and were all CTC +ve and lung metastasis +ve. cCTCs were detected in all cases and ranged from 1
to 31 per milliliter, while sCTCs (about 280) were found in one animal only, injected with 106 cells.
Lymph-nodes, ovaries and spleen were all negative for metastases by macroscopic examination and
IHC analysis.

3.3. Breast Cancer Cell Lines with Different Subtypes Disseminate in Blood and Show Distinct Organotropism
in Xenograft Models

CTC models were obtained by the orthotopic injection of BT-474, MDA-MB-453, MDA-MB-468
and MDA-MB-231 BC cell lines, performed in two independent experiments. The tumor take rate
was 100% in all models and the growth rate of nodules was faster in MDA-MB-231 xenografts, where
the total mass reached 500 mg after about 50 days from the cell injection, compared to the other
models, which reached comparable masses over longer times (Figure S2), thus mirroring the expected
level of aggressiveness according to the molecular subtype of each cell line. A significant difference
(adjusted p-value <0.01) between the tumor mass of axillary and inguinal nodules was also observed in
MDA-MB-468 (axillary versus inguinal mean ± SD tumor mass (g): 0.89 ± 0.22 versus 0.62 ± 0.27 and
1.00 ± 0.31 versus 0.69 ± 0.30, after 92 and 98 days from tumor implant, respectively) and MDA-MB-231
xenografts (axillary versus inguinal mean± SD tumor mass (g): 1.02± 0.38 versus 0.69± 0.27, 1.12 ± 0.40
versus 0.77 ± 0.21, and 1.53 ± 0.64 versus 0.83 ± 0.27, after 75, 78, and 83 days from the tumor implant,
respectively), with a general trend towards a faster growth rate in the axillary compared to the inguinal
mammary fat pad injection site (Figure S2). Interestingly, MDA-MB-231 and the less aggressive BC
cell lines were both able to disseminate in blood as sCTCs, (Figure 3, Panel A) found in about 90% of
cases, and as cCTCs (both tumor cell clusters and microemboli, Figure 3, Panel B), detected at variable
frequency according to the specific xenograft model. Overall, in both experiments, the sCTC and cCTC
load per milliliter of blood was higher in the MDA-MB-231 (median(range): 2(0–9625) and 2(0–5973),
respectively) compared to the other CTC models (Table S1), in keeping with the aggressiveness and
high proliferation rate of these cells.

Among the weakly metastagenic models, MDA-MB-453 showed the highest numbers of sCTC/mL
(median(range): 4.5(0–800)), while overall sCTC numbers for BT-474 and MDA-MB-468 ranged from 0
to 8. Moreover, cCTC positivity was approximately 2-fold lower in the less aggressive models (overall
10/26 cases) compared to the highly metastatic MDA-MB-231 xenografts (8/11 cases). Representative
images of sCTCs and cCTCs from each model are reported in Figure 3, Panel C.

The metastatic potential of BC cell lines was also assessed in a preliminary exploratory experiment
by macroscopic inspection and IHC analysis. Overall, organs presenting with metastasis were lung,
lymph-nodes and ovaries, and those without metastasis +ve sections were the liver, brain and spleen.
In a second experiment, systematic IHC analysis (Table 2) confirmed that ovarian metastases were
detectable in 2 out of 7 MDA-MB-468 and the majority of MDA-MB-453 xenografts, but not in the
BT-474, and likely MDA-MB-231 models, since they did not show ovary enlargement at macroscopic
inspection. Lymph-nodal involvement was already macroscopically assessable in the MDA-MB-468 and
MDA-MB-231 models in 100% of cases, as also confirmed by the IHC analysis, whereas lymph-nodes
in BT-474 and MDA-MB-453 models were hardly detectable and collectible, suggesting the absence of
massive dissemination via the lymphatic system. Instead, lungs were the metastatic site showing the
highest tropism and frequency in all xenograft models. Consistently with CTC numbers, metastatic
foci in weakly aggressive models consisted of single scattered cells or small foci of 3–30 cells each
compared to the larger clusters, and macroscopic nodules in a few cases, observed in MDA-MB-231
xenografts (Figure S3).
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Figure 3. The single CTC (sCTC) and CTC cluster (cCTC) numbers in breast cancer xenograft models.
Dot plots represent the distribution (horizontal line corresponding to the median value) of (A) sCTCs
and (B) cCTCs per milliliter of blood. Images (C) represent May-Grünwald-Giemsa stained sCTC (40×
objective) from BT-474, sCTC (60× oil immersion objective) from MDA-MB-453, cCTC consisting of four
cells from MDA-MB-468 (circle, 40×), numerous sCTCs and a cCTC consisting of 4-to-5 cells (arrows,
20× objective) from MDA-MB-231 xenografts.
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3.4. Circulating Tumor Cells in Breast Cancer Xenograft Models are Pleomorphic and Circulate with Cells of
the Host

Cytological blood samples from different CTC models were analyzed and compared in order
to highlight intra-sample and inter-model differences on the basis of morphological criteria (details
reported in Materials and Methods). The identified cell subpopulations are hereafter described.
As already appreciable in the MDA-MB-231 model (Figure 3, Panel C), single CTCs show a certain
degree of morphological heterogeneity (i.e., pleomorphism), each cell with a more or less irregularly
outlined nucleus of various sizes and shapes, in addition to the heterogeneity in the whole cell size
and morphology (Figure 4, Panel A). The difference in sizes is particularly evident in the two BT-474-
and the two MDA-MB-453-derived CTCs depicted in Figure 4, one of them smaller than the other.
While in the BT-474 CTC model, the cells display an irregular nucleus, the MDA-MB-453-derived CTCs
have a clearly round-shaped nucleus and, besides the larger size, the bigger cell also displays a higher
nucleus-to-cell ratio (>0.90) compared to the other, as also indicated by the thinner cytoplasmic rim.
sCTCs with low (<0.75) or high (>0.90) nucleus-to-cell ratios were also observed in MDA-MB-468, a few
of them also presenting with a multilobulated nucleus. CTCs in the MDA-MB-231 model may present
as either round-shaped or polygonal physically interacting cells and may have a widely variable whole
size. Interestingly, CTC clusters intermingled with or surrounded by platelets were rarely detected
in all models, sporadically also in direct contact with leukocytes, as observed in MDA-MB-453 and
MDA-MB-231 (Figure 4, Panel B). Few numbers of cytological figures appearing like atypical giant
cells with several shapes (morphological details reported in Materials and Methods), were detected
in 13%, 30% and 17% of CTC positive cases from MDA-MB-453, MDA-MB-468 and MDA-MB-231
models, respectively. Despite being present in a minority of CTC +ve cases, atypical giant cells were
never found in samples called CTC-negative. Images depicting all cell types described in cytological
blood samples from xenograft models is reported in Figure S4. Additionally, a complete list of data
describing the presence of circulating cells and metastases in all the analyzed animals for each model is
reported in Table S2.

Figure 4. Cont.
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Figure 4. The morphological heterogeneity of CTCs and circulating host cells in BC xenograft models.
(A) Images are representative of CTC pleomorphism: sCTCs (arrows) with different sizes from (i) BT-474
(40× objective) and from (ii) MDA-MB-453 (60× oil immersion); (iii) sCTCs (arrows) with low (top
images) and high (bottom images) nucleus-to-cell ratios, and cCTC (circle) from MDA-MB-468 (40×);
(iv) the cluster of two CTCs with multilobulated nucleus from MDA-MB-468 (60× oil immersion);
(v) cCTC from MDA-MB-231 (60× oil immersion); (vi) sCTCs and CTCs in clusters (arrows) with
different sizes from MDA-MB-231 (40×). (B) Images are representative of CTCs and circulating host
cells: (i) a cluster of four CTCs (circle) and platelets (arrowheads) from BT-474 (40×); (ii) sCTC (orange
arrow) in cluster with platelets (arrowhead) and one leukocyte (blue arrow) from MDA-MB-453 (40×);
(iii) atypical giant cells cell from MDA-MB-453 (green arrow, 40×); (iv,v,vi) three atypical giant cells
from MDA-MB-468 (green arrow, 40×); (vii) cCTC and platelets (arrowheads) from MDA-MB-231 (60×
oil immersion); (viii) an atypical giant cell from MDA-MB-231 (green arrow, 40×); (ix) a cluster (circle)
of CTCs (arrows showing clearly distinguishable tumor cells) combined with leukocytes (40×).

4. Discussion

Our study demonstrates the reliability of a technical protocol for CTC and metastasis detection
in BC xenograft models based on the classical morphological features of malignancy and relying on
the advantage of the species-specificity barrier for the identification of cells of human origin in both
cytological blood samples and tissues compared to the host counterpart. The described methodology
can be, in principle, applied to every kind of xenograft model for CTC and metastasis biology studies,
thanks to its sensitivity and specificity in detecting rare circulating cells and also small metastatic foci in
weakly metastatic models. Assessment of metastasis formation using a species-specific antibody was
proven a reliable method to identify small and rare metastases, especially in weakly metastatic models.

As such, a preliminary validation test with the metastatic MDA-MB-231 BC cell line showed that
hematogenous dissemination and metastases may occur even at the earliest stages upon tumor nodule
appearances at the orthotopic site, and can be monitored in a time-course experiment. Here, studies
were also performed to model BC metastases using BT-474, MDA-MB-453 and MDA-MB-468 cells,
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providing a comparative analysis, for the first time, of the hematogenous dissemination potential among
BC cell lines belonging to different molecular subtypes, in addition to MDA-MB-231, upon injection at
the orthotopic level rather than forced metastasis formation assays. Consistently with the growth rate
of the primary tumors, xenografts in the murine model, generated using the HER2 positive BT-474 and
MDA-MB-453 and the basal A MDA-MB-468 cell lines, according to Neve et al. [34], determined a lower
CTC load compared to the numbers of CTCs generated by MDA-MB-231 xenografts. Interestingly, BC
cell line xenografts can generate a pleomorphic CTC population, consisting of markedly heterogeneous
cells in terms of the whole cellular and/or nuclear size and morphology, as also nucleus to cell ratio,
and which also includes clusters of CTCs, released in blood at a reduced frequency compared to the
sCTC subset. Intra-clonal size heterogeneity has been already reported in MDA-MB-231-derived clonal
subpopulations in vitro [56], suggesting that upon injection in mice cells with different metastatic
abilities and morphological features underwent clonal selection and that such clones might be more
easily identifiable in the CTC population in xenografts. However, variable sizes and nuclear-cytoplasmic
ratios have been also described in CTCs from prostate cancer patients compared to cultured prostate
cancer cell lines [57], again indicating that a clonal selection process takes place at the primary or
secondary sites during tumor progression. Therefore, CTC morphological heterogeneity might be
interpreted as a hallmark of tumor cells which is likely to be more easily assessable among clones of
the blood disseminating population.

We have also demonstrated that not only MDA-MB-231 but also other models may represent
experimental tools suitable for CTC characterization and metastasis biology studies. Indeed, each cell
line was shown to follow preferential dissemination routes, i.e., through blood or lymphatic vessels, as
also distinct colonization patterns at distant sites. Lastly, despite the species-barrier, it was surprising
to find, for the first time, circulating cells from the murine host in physical contact with tumor cells of
human origin, as also atypical cytological figures.

MDA-MB-231 cells were already proven to induce lung metastases when injected in the tail vein
of nude mice [58], and the success of transplantation experiments in the m.f.p. ranked them among
the most aggressive BC cell lines [59,60]. Since the first reports, studies employing such a cell line
have started to proliferate, and even nowadays they represent a large fraction of the literature on
BC metastasis biology. On the contrary, ER-positive cell lines such as MCF7, T47D, and BT-474 are
able to form tumors only in the presence of an exogenous source of estrogen. However, despite the
metastatic origin of these cell lines, they have a limited ability to invade and metastasize [37], unless
subjected to a selection of hormone-resistant variants or genetically modified [61]. More recently,
severely immunocompromised mice, such as NSG and Rag2-/- γc-/- models, which exhibit T cell, B cell
and natural killer cell immunodeficiency, were also explored to generate new metastatic models. This
time, MCF7 were able to give rise to metastases at the lymph-node, lung, spleen and, sporadically,
even at the renal level when injected in the m.f.p. of NSG mice [38]. BT-474 cells were instead less
metastatic in these mice, generating macro-metastases in only a few cases (axillary lymph node in 17%
of mice and the spleen in 8%. of mice). The latter result is in contrast with our model where, although
no macrometastases were found, small foci were detected in all animals and in all FFPE sections we
have analyzed. In another study, bioimaging analysis enabled the detection of multi-organ metastases
in Rag2-/- γc-/- mice injected at the orthotopic level with the MDA-MB-453 and BT-474 cell lines [39].

Attempts to explore hematogenous dissemination in BC experimental models were made only
recently. In a technical paper published in 2008 [55], different approaches for blood collection were
tested to isolate CTCs from tumor-bearing mice, finally demonstrating that the cardiac puncture
represents the most suitable approach to reach high yields without interference from contaminating
normal murine epithelial cells. The authors also validated a method to enumerate CTCs by applying
a modified version of an in vitro diagnostic system for quantifying CTCs in patients, obtaining
numbers of CTCs ranging from ∼100 to 1000 per milliliter of blood. In line with our results, the
reported CTC concentration in the blood of MDA-MB-231 xenograft models was highly variable among
different animals. Concerning CTC variability, despite the wide range of cells detected in this model,
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we have observed a correlation between CTC load and tumor burden, whereas the literature data
from experiments with GFP-expressing MDA-MB-231 cells suggested that the primary tumor size
is not a strong indicator of CTC load [62]. Hence, such a variability in CTC load in experimental
models could also be the result of fluctuations in CTC release, as also suggested by results obtained in a
melanoma CTC-model [62]. Here, the authors performed real-time continuous monitoring of CTCs and
could estimate a release of 0 to 54 CTCs every 5 min, alternated to CTC-free phases. Differently from
data obtained in the MDA-MB-231 CTC model [62], this peak in CTC level mirrored the increase in
tumor growth at the same time point, suggesting again that the number of CTCs may indeed correlate
with tumor size. In our MDA-MB-231 model, probably due to its pronounced aggressiveness, we
had no possibility to define an optimal time point to isolate CTCs before they were able to colonize
distant organs since in the time-course experiment CTC release and increase during time mirrored
the onset, frequency and extent of pulmonary metastases in matched FFPE sections. On the contrary,
dissemination via the lymphatic system was observed at the earliest time points (after 35 days from
injection), suggesting that different molecular mechanisms are required to enter the lymphatic system
compared to blood vessels. In agreement with this observation, Juratli and colleagues [62] also reported
that metastatic foci at lymph nodes can be observed just two weeks after orthotopic inoculation. More
recently, two seminal works demonstrated that in experimental models, tumor cells invading lymph
nodes are able to enter local blood vessels and exit from them to invade distant organs [63,64]. However,
commonalities in clinical tumors need to be demonstrated. The results of our dynamic studies with
the MDA-MB-231 model also show that CTCs can be actively released from pulmonary metastases.
At the same time, once in the bloodstream, MDA-MB-231 cells were able to rapidly reach peripheral
districts and colonize the lung as CTC numbers rapidly dropped out upon intravenous injection and
their presence was generally associated to the presence of lymph-node and lung metastases, even at
early time points. Different results were observed in a MDA-MB-468 CTC-model already described
by Bonnomet and colleagues [65], where CTCs were detectable as early as 8 days after injection and
increased 36 days later, after which their levels remained quite constant. Indeed, Bonnomet and
colleagues also found lung metastases at later time point only, despite CTC recovery was possible even
a few days after cell injection in a time-course experiment [65].

An interesting result emerging from our study is the detection of clusters of CTCs in all the
examined BC models. Overall, to our knowledge, the presence of cCTCs has been reported for the
triple-negative LM2 MDA-MB-231 [66] and MDA-MB-435 [67] BC cell lines only. We were able to
monitor the presence of CTCs using size-based isolation support also in xenograft models obtained
from BC cells with different molecular subtypes. Consistently with the demonstration that cCTCs are
endowed with higher efficiency in initiating metastasis [66,68], the frequency of cCTCs was 2-fold
lower in models with weak metastatic potential compared to MDA-MB-231. Moreover, CTCs generated
upon xenograft of BC cell lines were heterogeneous in morphology, even within the same cluster, thus
suggesting further heterogeneity at the molecular level, probably as a result of a selection process
of cells which are committed to disseminate in blood according to their functionality and ability to
cooperate and survive in a foreign microenvironment. Unexpectedly, some clusters of tumor cells
also presented with physically interacting platelets and/or leukocytes. CTCs in contact with blood
or stromal cells were already described both in experimental models and clinical samples and some
cell types, such as platelets, neutrophils and monocytes/macrophages, were also demonstrated to
promote epithelial-to-mesenchymal transition and the pre-metastatic niche formation [69–72], even at
early BC stages [73], or to assist CTCs during their transit in blood and organ colonization, increasing
their metastatic ability [74]. However, to our knowledge, interactions between circulating tumor and
host cells in xenografts have not been reported at present. Platelet depletion in a nude mouse model
transplanted subcutaneously with SKOV3 ovarian cancer cells provided evidence that platelets are
involved in cancer cell growth [75], hence suggesting that even cells from the murine compartment can
be actively recruited to cooperate with human tumor cells in xenograft models. With reference to our
data, the growth rate of matched axillary and inguinal m.f.p. nodules generally showed a different trend
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in both MDA-MB-468 and MDA-MB-231 models, with a higher tumor mass at the axillary compared
to the inguinal site, even statistically significant during the latest time point measurements. Such data
are consistent with the hypothesis that, despite the species specificity barrier, tumor cells can interact
and possibly cross-talk with the murine microenvironment in xenograft models. Finally, atypical
giant cells, presenting without features of malignancy and, therefore, expected to originate from the
host, were also observed in our models. Similarly to clinical samples [52], such a cell type has been
generally associated with the presence of CTCs and never found in CTC-negative samples. The origin
of circulating atypical giant cells in xenografts has not been investigated here. Our hypothesis is that
cells displaying not all the classical features of malignancy and presenting with unusual morphological
patterns, which resemble those described for cancer-associated macrophage-like cells by Adams and
colleagues [52], might derive from the interaction between tumor and host cells. Fusion hybrids,
i.e., hybrid cells derived from fusion events between tumor cells and macrophages, were already
described in murine experimental models [76]. If such cells originate in response to the attack from the
immune system towards tumor cells, or as a strategy to increase the tumor cell viability and metastatic
potential, is yet to be established. Literature data reported that murine peritoneal macrophages
can phagocytize apoptotic BC tumor cells from cell lines in vitro, and acquire stem-like features in
the following steps [77]. With reference to the xenograft milieu, another study reported the host
macrophage invasion and the presence of multinuclear giant cells or foreign body giant cells at the
implant site upon the injection of human mesenchymal stem cells with biopolymers in NOD scid mice,
thus indicating that severely immunocompromised mice are able to retain a certain level of innate
immune responsiveness [78]. On the other hand, cell fusion has been associated with the acquisition of
increased metastatic capacity or enhanced drug resistance [79], and the presence of circulating hybrid
cells was shown to correlate with the disease stage and patient survival [76]. Overall, we are aware
that beside the identification based on morphological criteria although performed by a pathologist
experienced in CTC detection in clinical samples, only a molecular characterization of such atypical
populations of cells, including leukocytes interacting with CTCs, e.g., with species-specific antibodies
and gene expression analyses, would definitely elucidate their nature and confirm the validity of
xenograft models for new research lines.

5. Conclusions

In the end, CTCs and metastases can be in vivo modeled from BC cell lines with different subtypes
and disseminating potential. In xenografts, several subpopulations of cells circulating in the blood
can be identified by applying the classical morphological criteria, thus offering experimental models
alternative to MDA-MB-231, as unusual and intriguing tools to investigate tumor-host interactions in
the blood microenvironment.
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Abstract: Detection of androgen receptor (AR) variant 7 (AR-V7) is emerging as a clinically important
biomarker in castrate resistant prostate cancer (CRPC). Detection is possible from tumor tissue,
which is often inaccessible in the advanced disease setting. With recent progress in detecting AR-V7
in circulating tumor cells (CTCs), circulating tumor RNA (ctRNA) and exosomes from prostate cancer
patients, liquid biopsies have emerged as an alternative to tumor biopsy. Therefore, it is important to
clarify whether these approaches differ in sensitivity in order to achieve the best possible biomarker
characterization for the patient. In this study, blood samples from 44 prostate cancer patients were
processed for CTCs and ctRNA with subsequent AR-V7 testing, while exosomal RNA was isolated
from 16 samples and tested. Detection of AR and AR-V7 was performed using a highly sensitive
droplet digital PCR-based assay. AR and AR-V7 RNA were detectable in CTCs, ctRNA and exosome
samples. AR-V7 detection from CTCs showed higher sensitivity and has proven specificity compared
to detection from ctRNA and exosomes. Considering that CTCs are almost always present in the
advanced prostate cancer setting, CTC samples should be considered the liquid biopsy of choice for
the detection of this clinically important biomarker.

Keywords: prostate cancer; CTC; AR; AR-V7; ctRNA; exosome

1. Introduction

Advanced prostate cancer (PC) tends to be initially hormone sensitive and is treated with
androgen deprivation therapy (ADT). However, resistance to first line therapy usually develops
in approximately 20–40% of patients, referred to as castrate resistant prostate cancer (CRPC) [1].
Most commonly, PC cells become resistant through molecular changes of the androgen receptor (AR),
such as mutations, gene amplification, and, more recently reported, the expression of transcript AR
variants [2]. In particular, the expression of AR variant 7 (AR-V7), the most abundant and clinically
relevant of all variants, has been implicated as a cause of CRPC [3,4]. The translated AR-V7 protein is
truncated and lacks the ligand binding domain as well as sequences important for stability and maybe
cellular localization [5,6]. Importantly, intracellular AR-V7 predominantly localizes to the nucleus and
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displays ligand independent transcriptional activity, which is thought to be fundamental in its ability
to promote ADT resistance [3,6,7].

Due to its role in ADT resistance several therapies, such as Galeterone and EPI-506 have been
developed to effectively target and reduce AR-V7 levels as shown in cell line studies, with clinical
trials underway [3]. Consequently, expression of AR-V7 together with that of full-length AR (AR-FL)
have emerged as clinically relevant molecular biomarkers for CRPC [8,9]. AR-V7 is detectable in
tissue at the RNA and protein levels, and can be evaluated using RNA hybridization techniques
and immunohistology [10,11]. AR-V7 expression is rare in hormone-sensitive PC but correlates
with CRPC [12]. However, in the advanced PC setting, tissue biopsies are generally unavailable for
biomarker testing and diagnostic decision making. Liquid biopsies have in recent years emerged as an
alternative tumor source for biomarker testing [13]. To date, AR-V7 has been detectable in circulating
tumor cells (CTCs) isolated from blood samples, whole blood mRNA, from ctRNA, tumor arisen
cellular vesicles, so-called exosomes found in plasma or serum and even urine [14–19]. Significantly,
AR-V7 detection in CTCs has been associated with non-response to novel anti-androgens such as
abiraterone and enzalutamide [14,20]. In contrast, the response rates to taxane-based chemotherapy
showed no significant difference between AR-V7-positive versus-negative CRPC patients [14]. As such,
this has positioned AR-V7 as a potential predictive biomarker that can discriminate between the use of
an anti-androgen therapy and taxane chemotherapy.

With AR-V7 emerging as a molecular biomarker of clinical importance, it is essential to determine
the best strategy to detect this biomarker for predictive and prognostic purposes. Moreover, with blood
biopsies emerging as a potential source to determine AR-V7 status, it is imperative to define which
blood-based approach is the most sensitive and reliable. Herein we analyzed AR-V7 and AR-FL
detectability in 44 PC patients using parallel blood samples for CTC isolation and ctRNA isolation.
For 16 patients, parallel evaluation of AR-V7 and AR-FL status from exosomes was also possible (see
Figure 1). Our data suggest that AR-V7 and AR-FL, while detectable from ctRNA and exosomal RNA,
are most sensitively detected from CTC samples.

Figure 1. Work flow of the study. PC: prostate cancer, PBMC: peripheral blood mononuclear
cells, ctRNA: circulating tumor ribonucleic acid, CTC: circulating tumor cell, cDNA: complementary
deoxyribonucleic acid.

2. Materials and Methods

2.1. Patients

The study was undertaken in accordance with the Declaration of Helsinki with human ethics
approval, HREC/13/LPOOL/158, from the South Western Sydney Local Health District Ethics Committee
(approval Sep 2013, extension July 2018). A total of 44 patients with prostate cancer were recruited at
Liverpool Public and St George Private Hospitals in Australia. Patient information is summarized in
Table 1. Per patient, 3 × 9 mL blood draws into 9 mL EDTA vacutubes (BD, Franklin Lakes, NJ, USA)
were collected, 2 for CTC isolation and 1 for plasma preparation.
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Table 1. Patient Characteristics.

Patient n = 44

Mean age (years) 77 (55–94)
Gleason score (%)
≥7 34 (77%)
<7 4 (9%)
N.A. 6 (14%)

Metastatic status (%) 41 (93%)
Bone metastases 35 (79%)
Lymph metastases 22 (50%)
Visceral metastases 13 (29%)

Definitive therapy (%)
Radical Prostatectomy 12 (27%)
Radiotherapy 12 (27%)

Both 2 (4%)
None 22 (50%)

Past systemic therapy (%)
None 2 (4%)
ADT 42 (95%)
Chemotherapy 17 (38%)

Novel antiandrogens
Enzalutamide 14 (31%)
Abiraterone 9 (20%)
Both 4 (9%)

N.A.: data not available, ADT: androgen deprivation therapy.

2.2. CTC Isolation

Peripheral blood mononuclear cells (PBMCs) including CTCs were isolated in parallel from two
blood samples using Lymphoprep™ with SepMate™ tube-based gradient centrifugation (STEMCELL
Technologies, Vancouver, BC, Canada) as per the manufacturer’s protocol. PBMCs were recovered and
washed once with 5 mL phosphate-buffered saline (PBS) (Lonza, Basel, Switzerland), resuspended in
800 µL binding buffer with 40 µL FC buffer and 40 µL anti-EpCAM antibody coupled beads (IsoFlux
CTC Enrichment kit, Fluxion Bioscience, San Francisco, CA, USA) and incubated for 90 min at 4 ◦C
under gentle rotation. CTCs were then enriched using the standard IsoFlux CTC isolation protocol
(Fluxion Bioscience, CA, USA). One CTC isolate underwent CTC enumeration and the other was
immediately frozen at −80 ◦C until RNA extraction and gene expression analysis.

2.3. CTC Enumeration

IsoFlux enriched CTCs were enumerated with an IsoFlux CTC enumeration kit containing all
the staining antibodies (Fluxion Bioscience, Alameda, CA, USA). Briefly, after 10 min fixation with
fixation buffer, cells were blocked for 10 min with 10% normal donkey serum (NDS) and probed with
rabbit anti-human CD45 antibody (1:100) followed by detection with tetramethylrhodamine (TRITC)
conjugated donkey-anti rabbit IgG (1:200). Cells were then washed twice with binding buffer and
permeabilized using 0.2% Trition 100 before probing with fluorescein (FITC) conjugated anti-human
Pan-cytokeratin antibody (1:10). After two further washes, cells were transferred to SensoPlate™
24-well glass bottom plates (Greiner Bio-one, Kremsmünster, Austria) with Hoechst dye included in
the mounting media. Fluorescent microscopy (ALS CellCelector™, ALS, Jena, Germany) was used for
CTC enumeration.

2.4. Plasma Processing

All plasma was processed within 4 h of blood draw. Whole blood was spun at 280× g for 10 min
and the supernatant spun again using a microfuge at 16,000× g for 10 min at 4 ◦C. The supernatant
was transferred and frozen at −80 ◦C until RNA extraction.
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2.5. RNA Extraction and cDNA Synthesis

RNA from CTC samples was extracted with Total RNA Purification Micro Kit (Norgen Biotek,
Thorold, ON, Canada) and eluted in 30 µL elution buffer. RNA from plasma was extracted with
QIAamp circulating nucleic acid kit (QIAGEN, Hilden, Germany) and eluted in 65 µL elution buffer.
Samples processed with this kit are referred to as ctRNA even for healthy controls that would only
have normal cell free RNA. RNA from exosomes was extracted with Qiagen exoRNeasy serum/plasma
Midi kit (QIAGEN, Hilden, Germany) and eluted in 30 µL. A total of 15 µL eluted RNA was reverse
transcribed using SensiFAST cDNA synthesis kit (Bioline, Alexandria, Australia).

2.6. Droplet Digital PCR (ddPCR)

A total of 7 µL of cDNA of either CTC, ctRNA or exosomal samples was used for detection of
AR-FL and AR-V7 transcripts by ddPCR as previously described [15]. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) transcript abundance was similarly evaluated (see Table 2 for primers,
probes) and the optimized annealing temperature of 55 ◦C using the Bio-Rad QX200 ddPCR instrument
(Bio-Rad, Hercules, CA, USA). Positive (cDNA from 22RV1 prostate cancer cells) and negative controls
(DNase and RNase free H2O) were included in all ddPCR experiments.

Table 2. GAPDH ddPCR primers and probe.

Name Sequence

GAPDH-fwrd CGGGAAGCTTGTCATCAATGG
GAPDH-rev CTCCACGACGTACTCAGCG
GAPDH-probe FAM-5′-TCTTCCAGGAGCGAGATCCCT-3-BQ1

2.7. Statistics

Data were analyzed with GraphPad Prism8 (GraphPad Software, San Diego, CA, USA). As a
normal distribution was not assumed, non-parametric statistics was utilized. A Fisher exact test
was used to test the significance between two categorical variables; p < 0.05 represents statistical
significance. Unpaired comparison of CTC numbers between hormone sensitive prostate cancer (HSPC)
and CRPC and AR copy numbers between healthy controls and patient samples was performed with
the non-parametric Mann–Whitney test.

3. Results

3.1. Patients

Twelve HSPC and 32 CRPC patients at various stages of treatment were recruited, all patients had
been originally diagnosed with subtype adenocarcinoma PC. Patient baseline characteristics are listed
in Table 1. CTCs were enumerated and the expression levels of AR-FL and AR-V7 transcripts were
detected in enriched CTC samples using our previously established ddPCR assay [15]. Extracted ctRNA
and exosomal RNA were also tested by ddPCR for AR-FL and AR-V7 transcripts. To verify the quality
of extracted RNA the reference gene GAPDH was tested for and detected in all samples (median
GAPDH: 13212 copies/ml plasma, 2920-120606).

3.2. Prevalence of CTCs

CTCs were detected in 97.7% (43/44) of patients. CTC counts varied from 0 to 184 per 9 mL blood
with no significant difference in CTC counts between HSCP and CRPC patients (Figure 2).
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Figure 2. Circulating tumor cells (CTC) counts. CTCs were isolated using the IsoFlux CTC platform
and enumerated. The range of CTC counts/9 mL blood for 12 HSPC and 32 CRPC patients is depicted.
There is no significant difference of CTC numbers between HSPC and CRPC patients (p value = 0.59).

3.3. AR-V7 and AR-FL in CTC RNA and Plasma ctRNA

As expected, AR-FL and AR-V7 was only found in CTC processed blood samples with detectable
CTCs. AR-FL was detected in 22 out of 44 patient CTC samples (50%). AR-FL copy number detected
for CTC samples ranged from 0 to 13,714 copies/mL blood. A 62.5% share (20/32) of CRPC samples
had AR-FL positive CTC samples, and only 2 HSPC patients, 16.7%, had low copy numbers of AR-FL
(Figure 3, Supplementary Table S1). For AR-V7, 47.7% (21/44) of patient CTC samples tested positive
with 0–146 copies/ml blood. A share of 53.1% (17/32) of CRPC patients had detectable AR-V7 (range
0–146 copies/mL blood), while AR-V7 was also identified in 4 HSPC patient CTC samples, at generally
lower levels (range 0–4 copies/mL blood).

Interestingly, AR-FL detection from plasma-derived ctRNA was higher, with 70.5% (31/44) patients
testing positive, although detection frequency was not significantly different from CTC samples
(Fisher exact, p = 0.13). The detected AR-FL copy numbers found in ctRNA ranged from 0 to 180 per
ml plasma and were overall less abundant compared to CTC samples. Detection of AR-FL in ctRNA
samples was similarly common in HSPC patients at 66.7% (8/12) compared to CRPC patients at 71.9%
(23/32), although copy numbers tended to be higher in CRPC samples ranging between 0 and 15.2 vs.
0–180, for HSPC and CRPC patients, respectively.

In contrast, AR-V7 detection in ctRNA was lower in comparison to CTC samples with only 15.9%
(7/44) of patient ctRNA samples testing positive. The difference in AR-V7 detectability in CTCs vs.
ctRNA was significant (p = 0.003). AR-V7 tends to be more frequently found in CRPC patient ctRNA
18.8% (6/32) vs. 8.3% (1/12) in HSPC patient ctRNA, but detectability and copy numbers are generally
low for both CRPC and HSPC patients (range 0–8 per mL plasma). This data indicates that both AR-FL
and AR-V7 are more readily detectable in CTC samples.

In the 44-patient cohort, AR-FL detection in CTCs correlated with CRPC (p = 0.02) while AR-V7
detection did not reach a significant correlation with CRPC (p = 0.32). In contrast, no correlation was
found for AR-FL in ctRNA (p = 0.73) or AR-V7 (p = 0.65) (Supplementary Table S1).

The concordance of AR-FL positivity between CTC and ctRNA was 41% (18/44) while concordance
of AR-V7 positivity was only 9.1% (4/44), indicating lack of sensitivity and possibly specificity for
AR-V7 detection in ctRNA.

3.4. AR-V7 and AR-FL in Exosomal RNA, ctRNA and CTCs

From 16 of the analyzed patient samples, enough plasma was available to additionally extract
exosomal RNA and analyze for AR-FL and AR-V7 transcripts.

Overall, 12.5% (2/16) of patients were positive for AR-V7 when analyzed using exosomal RNA,
compared to 6.3% (1/16) being considered AR-V7 positive according to ctRNA analysis in that patient
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sub-cohort. AR-V7 was also detectable in all CTC samples from the 16 patient cohort that were found
to have detectable AR-V7 either by ctRNA or exosomal. Importantly however, overall more (43.8%,
7/16) patients tested positive for AR-V7 by CTC RNA analysis. In contrast, AR-FL was detected in
68.8% (11/16) ctRNA samples, in 50% (8/16) CTC samples and 37.5% (6/16) of exosomal RNA samples
(Table 3).

Figure 3. Detection of AR-FL (left) and AR-V7 (right) transcripts. Comparison of AR-FL and AR-V7
detection in CTC RNA and ctRNA from the same blood draw illustrated by mirrored scatter blot for
the 44 patient samples (sorted in relation to detection in CTCs); summarized data are tabled below.
*, ** indicate significance p-value ≤ 0.5 and ≤ 0.01, respectively.

Table 3. AR-FL/AR-V7 status in 16 patients tested from CTC, ctRNA and exosomal samples.

Patient Status
AR-FL
CTCs

AR-V7
CTCs

AR-FL
ctRNA

AR-V7
ctRNA

AR-FL
Exosomal

AR-V7
Exosomal

1 CRPC − − − − + −

2 CRPC + − + − − −

3 CRPC + − + − − −

4 CRPC + + + − − −

5 CRPC − + + − + +

6 CRPC − + − − + −

7 CRPC + + + − + +

8 CRPC + + − − − −

9 CRPC + − + − − −

10 HSPC + − − − + −

11 HSPC + − + − − −

12 HSPC − − + − − −

13 HSPC − + + − − −

14 HSPC − + − + − −

15 HSPC − − + − + −

16 HSPC − − + − − −

AR-V7 positive patients by CTC analysis are highlighted in grey.
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3.5. Healthy Control Analysis and Implications for Assay Specificity

We previously have demonstrated that AR-FL and AR-V7 detection from CTC samples is not
only highly sensitive but also highly specific. When establishing the ddPCR assay we found AR-V7
undetectable even in large numbers of healthy donor PBMCs and AR-FL detection was very low (the
equivalent of 0.001 or 0.002 copies per cell were detected in only 2 of 6 healthy donor PBMC samples;
considering the average residual lymphocyte number in a CTC sample that would be equivalent
to 0.44 or 0.88 copies per ml blood) [15]. To evaluate sensitivity and specificity of our AR assays
when screening ctRNA and exosomal RNA samples, we obtained blood from five healthy individuals,
age and sex matched to our patient cohort, and extracted ctRNA and exosomal RNA for AR-FL and
AR-V7 analysis. AR-FL was readily detectable in ctRNA from all healthy subjects tested with an
average copy number of 14.1 per ml plasma (range: 9.6–21.5). Of note, AR-FL copy numbers in only
34.1% (15/44) of our patient ctRNA samples were above that healthy control copy number average.
AR-FL was also detected in exosomal RNA from three of five healthy subjects, and crucially, the copy
number range was comparable to that detected in the exosomal patient samples. AR-V7 was not as
prevalent but still present with 11.1 copies/mL plasma for one healthy individual when analyzing
exosomal RNA while we detected very similar copy numbers, 13.9 and 9.7 copies per ml plasma, in the
two exosomal RNA AR-V7 positive patients. AR-V7 was not detected in healthy donor ctRNA samples
in this small healthy control cohort. Overall, these data strongly suggest the presence of variable and
sometimes high levels of AR mRNA in healthy male plasma and exosomes, which clearly impacts
reliable detection of PC-derived AR-FL/AR-V7 from ctRNA and exosomes and indicates low specificity
for tumor-derived AR when testing ctRNA and exosomal RNA (Figure 4).

 

Figure 4. Comparison of AR-FL and AR-V7. AR-FL and AR-V7 detection in ctRNA (44 PC patients,
5 healthy controls) and exosomal RNA samples (16 PC patients and 5 healthy controls) indicates high
background of AR transcript in plasma impacting specificity of tumor-derived AR-FL and AR-V7
detection. There is no significant difference of AR-FL and AR-V7 copy numbers detected in ctRNA and
exosomal RNA between patients and healthy controls (p values: AR-FL ctRNA = 0.4; AR-FL exosomal
= 0.32; AR-V7 ctRNA = 0.58; AR-V7 exosomal = 0.85).
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4. Discussion

Advancements in molecular technology have aided the accurate detection and quantification
of novel blood-based biomarkers paving the way for their use in clinical environments. AR-V7 is
emerging as a biomarker with the potential as a predictive tool in treatment selection. Patients that have
detectable AR-V7 are considered to be resistant to abiraterone and enzalutamide but respond to taxane
chemotherapy, and potentially eligible for clinical trials of new generation ADT drugs. Advanced stage
PC tissue samples are generally unavailable for testing and liquid biopsies are explored as a surrogate.
Thus far, studies on AR-V7 have utilized various methods of detection, resulting in different degrees
of correlation between data and disease parameters, highlighting that a clear “gold standard” still
needs to be found [21]. While previously developing a sensitive and specific AR-FL/AR-V7 detection
method for enriched CTC samples [15], here we compared this method for detection of AR-FL and
AR-V7 from CTC samples and ctRNA samples of 44 PC patients and for a subset of patient samples we
also were able to compare detection from exosomal RNA. Exosomes in particular have become an
attractive source of tumor information. They are small double lipid membrane vesicles of endocytic
origin, that contain proteins, nucleic acids and lipids released by cells. Since this includes cancer
cells, exosomes can be extracted from liquid biopsies such as plasma, serum and urine to be tested
for biomarker information. Importantly, both ctRNA and exosomal RNA require simpler processing
protocols than CTCs with commercially available kits and thus AR-FL/AR-V7 testing using these tumor
information sources would potentially be easier translated into a clinical setting.

However, our data indicate CTC-based detection is superior in sensitivity and specificity for AR-V7
with a detection rate of 48% as compared to 16% with ctRNA. Nevertheless, both assays demonstrated
some association of AR-V7 detection with patients classified as castrate resistant, although our cohort
was too small to find significant correlation. Previous studies which utilize CTC enrichment-based
techniques reported broad detection rates ranging from 27% to 75% [15,20,22,23]. These studies
demonstrated a link between baseline CTC derived AR-V7 status and disease burden, which was found
to increase with subsequent lines of therapy. Our data follows this trend, with the majority of our AR-V7
patients having had at least two lines of previous treatment (Supplementary Table S1). Our study,
with a relatively small study patient cohort, was mainly aimed at comparing the effectiveness of
choosing simple blood-based tumor sources rather than CTC samples to screen for AR-V7. We achieved
this aim and our data indicates that CTC sample testing for PC derived AR-V7 and AR-FL is more
sensitive and specific and thus ultimately more reliable.

Interestingly, the few patients detected positive for AR-V7 by either ctRNA or exosomal RNA
testing were also found to be AR-V7 positive by CTC testing. Some CTC AR-V7 positive patients were
however not detected as positive by ctRNA or exosomal RNA testing, suggesting higher sensitivity
of the AR-V7 testing in CTC samples. We also detected AR-V7 in one healthy donor exosomal RNA
sample. The implications of that for the individual remain unclear and further follow up is not possible
because the individual consented as a healthy volunteer. Since the AR-V7 levels were not negligible and
ddPCR data showed convincing detection, we have to assume poorer specificity of AR-V7 detection
from exosomes at this stage, in comparison to that shown in our previous study for CTC samples [15].
However, larger healthy control studies would be necessary to confirm this.

Not all CTC samples tested positive for AR-FL when either parallel ctRNA or exosomal RNA
testing detected it. However, this finding has to be interpreted together with the fact that we found
quite high levels of AR-FL transcripts in ctRNA and exosomal RNA samples from age- and sex-matched
healthy control individuals. This may not be surprising as exosomes and cell free nucleic acids are
thought to be released during normal tissue homeostasis, and it is quite conceivable that AR-FL
transcript is released into the blood stream in that way from organs like the testis and prostate in
male subjects. By analyzing AR-FL from CTC samples we seem to largely avoid such transcripts from
non-tumor sources as AR expression in normal blood cells is known to be minimal or null [24].

There may be other issues underpinning how, in comparison to ctRNA-based detection,
CTC-derived AR-V7 provides for a more reliable assay. Given that high CTC counts on their
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own have proven to be of prognostic value in PC and detection of CTCs indicate higher disease
burden, CTC detection can be interpreted hand-in-hand with AR detection to exclude potential false
positives, and in our hands our ddPCR assay never detected AR-FL or AR-V7 in the absence of CTCs
in a parallel enumerated sample [25]. ctRNA, on the other hand, due to the high levels of nucleases
in the blood, has to be considered highly unstable and is also far more susceptible to variations in
pre-analytical handling. Meanwhile, CTCs in blood appear to demonstrate superior stability and we
have demonstrated previously that AR-V7 copies can be detected from CTC samples from patient
blood drawn in simple EDTA tubes and stored up to 48 h at room temperature, suggesting CTCs either
protect the AR-V7 transcript and/or continue to express it in a drawn blood sample [26].

Since exosomes in blood are similarly believed to protect the intravesicular content including
mRNAs it was important to also test AR-V7 and AR-FL detection from exosomes. We detected AR-V7
less frequently than in parallel CTC samples in only two patients. While both patients with detectable
AR-V7 from exosomes are classified as castrate resistant, we also detected similar AR-V7 copy numbers
in one healthy subject, challenging reliability of the finding in PC patients.

While our small patient cohort was enough to determine the best liquid biopsy entity for AR-V7
and the study was not intended to answer questions of AR-V7 biology, there are a few issues worth
highlighting. Firstly, our sensitive assay detected AR-V7 in some HSPC patient CTC samples. This is
not entirely unexpected and has been reported previously [27,28]. It will be interesting to see
whether AR-V7 detection in HSPC patients may be an early predictor of developing CRPC, as it
tends to be associated with longer time on treatment in our study (AR-V7 positive HSPC patients:
between 24 month and 60 month on ADT versus AR-V7 negative HSPC patients: being maximally
treated for 12 month with ADT (see Supplementary Table S1)). Secondly, AR-V7 was found in some
patient CTC samples despite undetectability of AR-FL. This has been reported by others [29] and it
would be interesting to investigate the impacts of AR-V7 potentially totally replacing AR-FL in these
patients in future studies. Finally, there seems to be a trend which matches previous reports [30] that
patients on second line ADT have more commonly detectable AR-V7 in CTCs. In our study, 10 of 14
(69%) CRPC patients receiving enzalutamide and 5 of 9 (55.5%) receiving abiraterone (some patients
were treated consecutively with both) were AR-V7 positive by CTC testing.

Although the small patient cohort allowed us to answer the main question of which liquid biopsy
entity is the better for detection of AR-V7 and AR-FL, a limitation of the study is that correlation with
disease parameters was not as informative as a bigger cohort would have been. Larger cohorts of
healthy control comparisons would be able to better define background AR-FL and AR-V7 in plasma.

5. Conclusions

This study compared AR-V7 and AR-FL detection in liquid biopsy (blood)-derived CTC samples,
ctRNA samples and exosomes. Our data show that testing of these clinically highly relevant biomarkers
for PC patients is most reliable performed from CTC samples in regards to sensitivity and specificity.
It also should be noted that a recent report shows that at the protein level correlation with PC disease
parameters is linked to the nuclear localization of AR-V7 protein in CTCs [30]. We usually analyze
two parallel blood samples, one for CTC enumeration, and we have recently amended this protocol to
incorporate AR-V7 immunocytostaining and cellular localization screening. The second blood sample
is screened for AR-V7 and AR-FL transcripts by ddPCR. Both tests go hand-in-hand to confirm AR-V7
presence and highlight the importance of analyzing CTCs rather than other circulating tumor entities.
Our future studies will clarify whether both CTC tests cooperatively show correlation with resistance
to ADT.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2073-4409/8/7/688/s1.
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Abstract: (1) Background: The aim of the study was to evaluate the prognostic significance of
EMT-associated (TWIST1) and stem-cell (SC) transcript (CD24, CD44, ALDH1) quantification in
EpCAM+ circulating tumor cells (CTCs) of early breast cancer patients. (2) Methods: 100 early
stage breast cancer patients and 19 healthy donors were enrolled in the study. CD24, CD44, and
ALDH1 transcripts of EpCAM+ cells were quantified using a novel highly sensitive and specific
quadraplex RT-qPCR, while TWIST1 transcripts were quantified by single RT-qPCR. All patients
were followed up for more than 5 years. (3) Results: A significant positive correlation between
overexpression of TWIST1 and CD24−/low/CD44high profile was found. Kaplan–Meier analysis revealed
that the ER/PR-negative (HR-) patients and those patients with more than 3 positive lymph nodes
that overexpressed TWIST1 in EpCAM+ cells had a significant lower DFI (log rank test; p < 0.001, p <

0.001) and OS (log rank test; p = 0.006, p < 0.001). Univariate and multivariate analysis also revealed
the prognostic value of TWIST1 overexpression and CD24−/low/CD44high and CD24−/low/ALDH1high

profile for both DFI and OS. (4) Conclusions: Detection of TWIST1 overexpression and stem-cell
(CD24, CD44, ALDH1) transcripts in EpCAM+ CTCs provides prognostic information in early stage
breast cancer patients.

Keywords: liquid biopsy; circulating tumor cells; epithelial–mesenchymal transition; stem cells; early
breast cancer

1. Introduction

Circulating tumor cells (CTCs) are major players in liquid biopsy [1,2], and their molecular
characterization is highly important for rational treatment decisions and for monitoring therapeutic
response [3], whereas their analysis at the single cell level has the potential to reveal tumor heterogeneity
in real time [4]. In breast cancer, a subpopulation of tumor cells that display stem cell-like properties [5]
determines the aggressive characteristics and drug resistance of tumor clonal evolution [6]. Cancer
stem cells (CSCs) that mediate tumor metastasis and therapeutic resistance have the capacity to
transition between mesenchymal and epithelial-like states [7]. It has already been shown that breast
cancer cells with the CD44+CD24−/low phenotype [8] that overexpress aldehyde dehydrogenase 1
(ALDH1+) [9] are able to form tumors in mice with high tumorigenic capacity. It has also been shown
that disseminated tumor cells (DTCs) [10] and CTCs express the putative stem cell CD44+/CD24−
and/or ALDH1+/CD24− phenotypical profile [11,12]. Moreover, in primary human luminal breast
cancer, the metastasis-initiating cells containing CTC that express EPCAM, CD44, CD47, and the
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proto-oncogene MET are related with reduced overall survival (OS) [13]. In other types of cancer,
various stem cell markers have also been identified and correlated with metastatic capacity [14] and
poor prognosis [15].

It is now known that breast cancer stem cells exist in distinct mesenchymal-like (epithelial–
mesenchymal transition [EMT]) as CD44+/CD24− and epithelial-like (mesenchymal-epithelial transition
[MET]) states that express ALDH1. This transition between EMT- and MET-like states is highly important
for their capacity to invade, disseminate, and grow at metastatic sites [16]. Many studies have already
shown that a major proportion of CTC express both EMT and tumor stem cell characteristics [17–19].
Recently it was shown that an EpCAM-/ALDH1+/HER2+/EGFR+/HPSE+/Notch1+ profile in CTC drives
these cells to metastasize to the brain [20]. At the single cell level, it has been shown that CTC that
co-express the stem cell marker ALDH1 and the mesenchymal marker TWIST1 may prevail during disease
progression [21]. However, the prognostic significance of EMT and Stem cell (SC) markers in CTC has
only been shown up to now in metastatic colorectal cancer [22] and metastatic breast cancer [23].

In early breast cancer, the molecular detection of cytokeratin 19 (CK-19) mRNA-positive cells in
peripheral blood before [24], during [25], and after adjuvant therapy [26] is associated with worse
prognosis, while their elimination seems to be an efficacy indicator of treatment [27]. The prognostic
significance of CTC count using the CellSearch system in neoadjuvant [28] and adjuvant early breast
cancer patients [29] has been also shown. Moreover, the administration of “secondary” adjuvant
trastuzumab in patients with HER2(−) breast cancer can eliminate chemotherapy-resistant CK19
mRNA-positive CTCs [30], in contrast to the Treat CTC phase II trial that failed to prove the efficacy
of trastuzumab in the detection rate of CTC [31]. However, in early breast cancer stages the early
detection of recurrence remains a big challenge [32], and until now, there are not solid data proving the
prognostic significance of EMT/SC(+) cells. The aim of the current study was to evaluate the prognostic
significance of TWIST1, CD24, CD44, and ALDH1 mRNA quantification in EpCAM-positive circulating
tumor cells from early stage breast cancer patients with a long follow-up.

2. Materials and Methods

2.1. Cell Lines

The human mammary carcinoma cell line SKBR-3 was used as a positive control for the
development of the quadraplex RT-qPCR assay for CD24, CD44, ALDH1, HPRT, while MDA-MB-231
cancer cell line was used as a positive control for the expression of TWIST1 [33]. Cells were counted in
a hemocytometer and their viability was assessed by trypan blue dye exclusion. cDNAs of all cancer
cell lines were kept in aliquots at −20 ◦C and used for the analytical validation of the assay, prior to the
analysis of patient’s samples.

2.2. Patients

In total, 100 patients with non-metastatic breast cancer from the Medical Oncology Unit “Elena
Venizelou” Hospital and IASO General hospital were enrolled in the study from September 2007 until
January 2013. Peripheral blood (20 mL) was obtained from all these patients two weeks after the removal
of the primary tumor and before the initiation of adjuvant chemotherapy. The chemotherapeutic
adjuvant treatment for these patients has been previously reported [34]. The clinical characteristics
for these patients at the time of diagnosis are shown in Supplementary Table S1. All patients signed
an informed consent to participate in the study, which was approved by the Ethics and Scientific
Committees of our Institutions. Peripheral blood (20 mL) was obtained from 19 healthy female blood
donors (HD) and was analyzed in the same way as patients’ samples (control group).

2.3. Isolation of EpCAM+ CTCs

To reduce blood contamination by epithelial cells from the skin, the first 5 mL of blood were
discarded, and the blood collection tube was at the end disconnected before withdrawing the needle.
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Peripheral blood (20 mL in EDTA) from (HD) and patients was collected and processed within 3 h in
exactly the same manner. After collection, peripheral blood was diluted with 20 mL phosphate buffered
saline (PBS, pH 7.3), and peripheral blood mononuclear cells (PBMCs) were isolated by gradient
density centrifugation using Ficol-Paque TM PLUS (GE Healthcare, Bio-Sciences AB) at 670 g for 30
min at room temperature. The interface cells were removed and washed twice with 40 mL of sterile
PBS (pH 7.3, 4 ◦C), at 530 g for 10 min. EpCAM+ cells were enriched using immunomagnetic Ber-EP4
coated capture beads (Dynabeads® Epithelial Enrich, Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s instructions [33].

2.4. RNA Extraction-cDNA Synthesis

Total RNA isolation was performed using TRIZOL-LS (ThermoFischer, Carlsbad, CA, USA).
All RNA preparation and handling steps took place in a laminar flow hood under RNAse-free
conditions. The isolated RNA from each fraction was dissolved in 20 µL of RNA storage buffer
(Ambion, ThermoFischer, USA) and stored at −70 ◦C until use. RNA concentration was determined by
absorbance readings at 260 nm using the Nanodrop-1000 spectrophotometer (NanoDrop, Technologies,
Wilmington, DE, USA). mRNA was isolated from the total RNA using the Dynabeads mRNA
Purification kit (ThermoFischer, USA), according to the manufacturer’s instructions. cDNA synthesis
was performed using the High capacity RNA-to-cDNA kit (ThermoFischer, USA) in a total volume of
20 µL, according to the manufacturer’s instructions.

2.5. RT-qPCR

A novel quadraplex RT-qPCR assay was first developed for CD24, CD44, ALDH1, and HPRT

(reference gene). Primers and dual hybridization probes were de novo in-silico designed, using
Primer Premier 5.0 software (Premier Biosoft, Palo Alto, CA, USA). The specificity of all primer and
hybridization probe sequences was first tested by homology searches in the nucleotide database (NCBI,
nucleotide BLAST). Cross reaction between all oligonucleotide sequences was also examined. Each
probe set included a 3′-fluorescein (F) donor probe and a 5′-LC acceptor probe that was different
for each gene set: CD24 (610 nm), CD44 (640 nm), ALDH1 (670 nm) and HPRT (705 nm). A color
compensation test was performed by using pure dye spectra so that spectral overlap between dyes
was corrected [35]. Quadraplex RT-qPCR reactions were performed in the LightCycler 2.0 (Roche,
Mannheim, Germany). Component concentrations and the cycling conditions for the quadraplex
RT-qPCR assay were optimized in detail. The amplification reaction mixture (10 µL) contained 1 µL of
the PCR Synthesis Buffer (5X), 2.4 µL of MgCl2 (25 mM), 0.2 µL dNTPs (10 mM), 0.8 µL BSA (10 µg/µL),
0.1 µL Hot Start DNA polymerase (HotStart, 5 U/µL, Promega, Madison, WI, USA), 0.5 µL of a mixture
containing all eight primers (10 µM), 0.5 µL of a mixture containing all eight dual hybridization
probes (3 µM), and H2O (added to the final volume). Cycling conditions of the CD24, CD44, ALDH1,
HPRT quadraplex RT-qPCR assay were: 95 ◦C/2 min; 45 cycles of 95 ◦C/20 s, annealing at 59 ◦C/20 s,
and extension at 72 ◦C/20 s. For the development and analytical validation of the novel quadraplex
RT-qPCR assay, we generated individual PCR amplicons corresponding to the gene-targets studied
that served as quantification calibrators, as we have previously described [33]. RT-qPCR for TWIST1

was performed as previously described [33,36]. All data were evaluated in respect to TWIST1, CD24,
CD44, and ALDH1 expression by normalizing the EpCAM+ fraction of PBMCs to the expression of
HPRT and the 2–∆∆Ct approach, as described in detail by Livak and Schmittgen [37]. A cut-off value
was calculated as the mean of signals derived by samples of healthy individual analyzed in exactly the
same way plus 2SD for TWIST1, CD44, and ALDH1 transcripts and as the mean of signals derived by
samples of healthy individual minus 2SD for CD24.

2.6. Statistical Analysis

Statistical analysis was performed using SPSS (SPSS Statistics 25.0, company, Armonk, NY,
USA). The chi-square test of independence or Fisher exact test (SPSS, version 25.0) was used to make
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comparisons between groups. The DFI and OS rate were calculated by the Kaplan–Meier method and
were evaluated by the log-rank test. Cox proportional hazards (PH) models were used to evaluate the
relationship between EMT and Stem Cell status and event-time distributions, with tumor size, grade,
number of involved lymph nodes, ER, PR, HER2, and age. Parametric and non-parametric tests were
used to compare continuous variables between groups. All P-values are two-sided. A level of p < 0.05
is considered statistically significant.

3. Results

3.1. Analytical Validation of the Quadraplex RT-qPCR Assay for CD24, CD44, ALDH1, HPRT

The analytical specificity of the developed assay was checked by using all oligonucleotides in
a common master mix in four different reactions in the presence of one individual gene target each
time. Each primer pair and dual hybridization probe pair amplifies specifically only the corresponding
target sequence and is detected only in the corresponding wavelength (Supplementary Figure S1A).
The analytical sensitivity was determined for each individual gene target using a calibration curve.
These calibration curves were generated using serial dilutions of individual gene-specific external
standards in triplicate for each concentration, ranging from 105 copies/µL to 10 copies/µL. The analytical
detection limit corresponded to 3 copies/µL while the quantification limit was equal to 9 copies/µL
(Supplementary Figure S1B). The developed assay showed linearity over the entire quantification range
and correlation coefficients greater than 0.99 in all cases, indicating a precise log-linear relationship.
Intra and inter-assay variance: Repeatability or intra–assay variance of the quadraplex RT-qPCR was
evaluated by repeatedly analyzing four cDNA samples corresponding to 1, 10, 100, and 1000 SKBR-3
cells in the same assay, in three parallel determinations. Reproducibility or interassay variance was
evaluated by analyzing the same cDNA sample, representing 1000 SKBR-3 cells on five separate assays
performed in five different days (Supplementary Table S2).

3.2. Quantification of CD24, CD44, ALDH1, and TWIST1 mRNA in the EpCAM(+) Fraction in Early Stage
BrCa Patients and (HD)

In all EpCAM(+) fractions isolated from 100 early BrCa patient samples and 19 HD CD24,
CD44, ALDH1, HPRT transcripts were quantified by the developed quadraplex RT-qPCR and TWIST1

transcripts by the singleplex RT-qPCR assay (Figure 1). Median fold change of TWIST1 expression in
the EpCAM(+) fraction was 0.42 (range: 0–0.95) in HD and 10.06 (range: 2.33–3327) in TWIST1high

(Mann-Whitney test, Z = −1.363, p = 0.001) and 0 (range: 0–0) in TWIST1low/− early BrCa patient
samples (Mann-Whitney test, Z=−3.634, p< 0.001) (Figure 1A). Median fold change of CD24 expression
in the EpCAM(+) fraction was 2.00 (range: 1.42–3.81) in HD and 1.91 (range: 0.91–15.14) in CD24high

(Mann-Whitney test, Z = −0.492, p = 0.623) and 0.62 (range: 0.29–0.88) in CD24low early BrCa patients
(Mann-Whitney test, Z = −5.577, p < 0.001) (Figure 1B). Median fold change of CD44 expression in
the EpCAM(+) fraction was 0.71 (range: 0.14–1.06) in HD and 2.33 (range: 1.28–202.75) in CD44high

(Mann-Whitney test, Z = −6.084, p < 0.001) and 0.61 (range: 0.01–1.17) in CD44low early BrCa patients
(Mann-Whitney test, Z = −1.084, p = 0.278) (Figure 1C). Median fold change of ALDH1 expression in
the EpCAM(+) fraction was 1.32 (range: 0.69–2.19) in HD and 2.97(range: 2.30–14.72) in ALDH1high

(Mann-Whitney test, Z = −5.119, p < 0.001) and 0.84 (range: 0.06–2.16) in ALDH1low early BrCa patients
(Mann-Whitney test, Z = −2.190, p = 0.029) (Figure 1D).

In 19/100(19%) breast cancer samples tested, TWIST1 was overexpressed, while in 15/100(15%) samples
the CD24−/low/CD44high profile, and in 9/100(9%) the CD24−/low/ALDH1high profile was detected (Figure 2A).
There was a positive correlation between TWIST1 mRNA overexpression and the CD24−/low/CD44high profile
(Fisher’s Exact Test; p = 0.008), while there was no correlation between TWIST1 mRNA overexpression
and the CD24−/low/ALDH1high profile (Fisher’s Exact Test; p = 0.366) (Table 1). TWIST1 overexpression
and CD24−/low/CD44high and/or CD24−/low/ALDH1high were detected in 7/100(7%) EpCAM(+) samples. The
correlation between these characteristics and the clinical variables of the patients revealed an association
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between TWIST1 overexpression with lymph node status (chi-square; p = 0.036) and HER2 status of the
primary tumor (chi-square; p = 0.006) (Supplementary Table S1).

 

Figure 1. Relative fold change values (2–∆∆Ct) in respect to HPRT expression for: (A) TWIST1 (B) CD24,
(C) CD44, (D) ALDH1 for early breast cancer patients (n = 100) and (HD), (n = 19).

3.3. Evaluation of Prognostic Significance

3.3.1. Disease Free Interval

During the follow up period (median: 95 months; range: 4–137 months), 25/100 (25%) patients
relapsed and in 9/25 (36%) of them TWIST1 overexpression was detected in the EpCAM+ CTC fraction
(Fisher’s Exact Test; p = 0.019). Similarly, 6/25 (24%) patients displayed a Stem Cell profile in EpCAM+
CTC fraction (Fisher’s Exact Test; p = 0.194). In 4/25 (16%) of these patients, both TWIST1 overexpression
and the Stem Cell profile was detected (Fisher’s Exact Test; p = 0.063) (Supplementary Table S3). The
Kaplan–Meier estimates of the cumulative DFI of the patients overexpressing TWIST1 revealed that these
patients had worse survival compared to patients who were negative (83.6mo vs 115.8mo respectively;
p = 0.019) (Table 2, Figure 3A). However, the stem cell profile alone (86.7mo. vs 113.2mo, respectively
in the two groups; log rank test; p = 0.174) (Table 2, Supplementary Figure S2A) and both stem cell and
mesenchymal characteristics (68.9mo vs 88.8–115.8mo, respectively; p = 0.087) (Table 2, Supplementary
Figure S2C) failed to show any statistically significant difference even though the mean survival showed a
reduced trend. Kaplan–Meier survival analysis of patients with positive axillary lymph nodes and TWIST1

mRNA overexpression had worst DFI (Table 2, Supplementary Figure S3A) (82.6 mo. vs 88.7–123.3;
p = 0.05). When all patients were divided into two groups based on the number of positive lymph
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nodes (1–3, and ≥4 positive nodes) and the overexpression of TWIST1 [(N2-3/TWIST1(+), N2-3/TWIST1(−),
N1/TWIST1(+), and N1/TWIST1(−)], Kaplan–Meier analysis revealed that women harboring more than 3
positive lymph nodes and TWIST1 that was overexpressed in EpCAM+ CTC fraction had a statistically
significant shorter DFI (Table 2, Figure 3C) (mean survival: 68.6mo vs. 103.0–114.3mo.; p = 0.007).
When patients were dichotomized accordingly to the HR status (ER/PR) in the following groups: a)
HR(−)/TWIST1(+), b) HR(−)/ TWIST1(−), c) HR(+)/TWIST1(+) and d) HR(+)/TWIST1(−), it was observed
that women with HR(−)/TWIST1(+) profile were characterized by statistically significant shorter DFI (36mo.
vs 102.3–117.9mo.; p < 0.001; Figure 3E). A Univariate analysis (Table 3) also revealed the significance
of (a) TWIST1(+), (b) HR(−)/TWIST1(+), (c) TWIST1(+) /N2-3, d) SC (+)/ TWIST1(+) (Figure 2B) in the
risk of disease progression. Multivariate confirmed the prognostic value of HR(−)/TWIST1(+) and
TWIST1(+)/N2-3, in the EpCAM(+) CTC fraction for the prediction of DFI (Table 3) independently from
patients’ age, tumor T stage, grade, nodal status alone and the HR, and HER2 status of the primary tumor.

Table 1. Correlation between TWIST1 and CD44high/CD24−/low and ALDH1high/CD24−/low expression in
early breast cancer EpCAM positive samples (n = 100).

CD44high/CD24−/low p a ALDH1high/CD24−/low p a

TWIST1 Positive Negative

0.008

Positive Negative

0.366Positive 7 (46.7%) 12(14.1%) 3 (33.3) 16(17.6%)

Negative 8 (53.3%) 73(85.9%) 6 (66.7%) 75 (82.4%)

Concordance 80/100 (80%) 78/100 (78%)
a Fischer’s Exact Test. Bold: highlights the significance of the test.

3.3.2. Overall Survival

Among the 25 patients that relapsed during the follow up period, 14/25 (56.0%) patients died
and 11/25 (44.0%) were still alive at the time of the last follow-up. In 6/14 (42.9%) patients that
died TWIST1 overexpression was detected in the EpCAM+ fraction (Fisher’s Exact Test; p = 0.024).
Similarly, 4/14 (28.6%) patients displayed a Stem Cell profile in EpCAM+ CTC fraction (Fisher’s Exact
Test; p = 0.217). In 3/14 (21.4%) of these patients, both TWIST1 overexpression and CD24−/low/CD44high

and/or CD24−/low/ALDH1high profiles (Fisher’s Exact Test; p = 0.055) were detected (Fisher’s Exact Test;
p = 0.055) (Supplementary Table S3). The Kaplan–Meier estimates of the overall survival (OS) of the
patients overexpressing TWIST1 were significantly different in favor of patients who were negative
for TWIST1 overexpression (106.4 vs 127.2 mo; p = 0.046) (Table 2, Figure 3B). Stem Cell profiles
(107.3 vs 125.2 mo.; p = 0.171) (Table 2, Supplementary Figure S2B) and the co-expression of EMT
and SC-associated genes (96.29 vs 109.1–127.3 mo.; p = 0.118) (Table 2, Supplementary Figure S2D)
failed to show any statistically significant difference. There was no difference in OS in patients with
TWIST1 overexpression according to N0 and N+ lymph node involvement (108.8 mo vs 92–129 mo,
respectively; p = 0.194; Supplementary Figure S3B). However, when the Kaplan–Meier curves for
OS for TWIST1 overexpression were additionally stratified according to lymph nodes status (Table 2,
Figure 3D) and HR status (Table 2, Figure 3F) our data have shown that patients with >3 LN and
TWIST1 overexpression had lower OS (109.8 mo., range: 115–129 mo.; p = 0.026); the same was seen
for patients that were HR(−) and TWIST1 was overexpressed (65.7 vs 110.2–131.9 mo.; p < 0.001).
Univariate analysis showed a significantly higher risk of death in the group of patients positive for
TWIST1 overexpression that had more than 3 lymph nodes affected or co-expressed the stem cell
profile (Figure 2B). Multivariate analysis confirmed the prognostic value of TWIST1 overexpression in
combination with N2-3, and in combination with HR(−) status in the EpCAM(+) CTC fraction for the
prediction of OS, independently from patients’ age, tumor T stage, grade, nodal status, and the status
of the receptors ER, PR, HER2 of the primary site (Table 3).
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Figure 2. (A) Heat map of TWIST1, CD24, CD44, and ALDH1-mRNA quantification in the EpCAM+
CTC fraction from early stage breast cancer patients (n = 100). Red color represents overexpression,
while green color indicates underexpression or lack of expression. Concerning the relapse or death,
red color represents the relapse or death, while green color indicates no relapse or alive status.
(B) Univariate Cox-regression hazard models for TWIST1 overexpression, CD44high/CD24−/low, and
ALDH1high/CD24−/low and the co-expression of the mesenchymal profile, TWIST1, and the stem cell
profile, CD44high/CD24−/low, and ALDH1high/CD24−/low.

Figure 3. Cont.
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Figure 3. Kaplan–Meier estimates for early BrCa patients: (A) DFI: TWIST1 overexpression, (B) OS:
TWIST1 overexpression, (C) DFI: TWIST1 overexpression and number of affected lymph nodes, (D) OS:
TWIST1 overexpression and number of affected lymph nodes, (E) DFI: TWIST1 overexpression and HR
status, (F) OS: TWIST1 overexpression and HR status.
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4. Discussion

Molecular characterization of CTCs at the gene expression level has a strong potential to provide
novel prognostic and predictive biomarkers. It is now clear through numerous studies that CTCs
isolated from breast cancer patients express epithelial markers [38], receptors (ER, PR, HER2, EGFR),
stem cell markers [39], and mesenchymal markers [11]. So far, most studies have been performed in
the metastatic setting where the number of circulating tumor cells is usually high. However, in the
non-metastatic setting of breast cancer, CTCs are not always detected and their numbers are usually
very low, thus their molecular characterization is extremely difficult. For this reason, in the early breast
cancer setting, a higher volume of peripheral blood used for the analysis of CTCs is very critical. Our
group has shown many years ago the prognostic significance of CK-19 mRNA detection in peripheral
blood of early breast cancer patients, using 20 mL of peripheral blood for CTC isolation and further
downstream analysis [36,38]. Other groups have also shown that the detection of CTCs in the early
breast cancer setting is providing critical prognostic information for these patients [29].

In this study we evaluated for the first time the prognostic significance of TWIST1, CD24, CD44, and
ALDH1 transcript quantification in EpCAM-positive circulating tumor cells isolated from peripheral
blood of early stage breast cancer patients. We selected TWIST1 as this is a very established EMT marker;
for this reason, we have developed already in 2011 an RT-qPCR assay for the absolute quantification
of TWIST1-mRNA expression, and we have validated this assay in EpCAM-positive cells isolated by
early and metastatic breast cancer patients [33]. Concerning the selection of stem cell markers, this was
based on publications by Al-Hajj M et.al. [8] and Ginestier C et.al. [9], who have shown that the breast
cancer stem cell phenotypes of (a) CD44+/CD24−/low phenotype and (b) the overexpression of aldehyde
dehydrogenase 1 (ALDH1+) are able to form tumors in mice with high tumorigenic capacity.

Multiplex RT-qPCR assays have many benefits due to their wide dynamic range, the low sample
volume required, and the reduced time of analysis [35]. Our study was based on an analytically
validated novel multiplex assay for the quantification of CD24, CD44, ALDH1, and HPRT and a single
RT-qPCR assay for the quantification of TWIST1 transcripts. The analytical sensitivity and specificity
of the novel quadraplexRT-qPCR assay for the simultaneous detection of CD24, CD44, ALDH-1, and
HPRT transcripts were determined by using calibrators specific for each gene target. Both these assays
were validated according to the Minimum Information for Publication of Quantitative Real-Time PCR
Experiments (MIQE) guidelines [40].

Relevant prognostic and predictive markers in early breast cancer cohort is of major significance.
The SUCCESS A trial has shown that the presence of CTCs, as evaluated in 30 mL of peripheral blood,
two years after chemotherapy has been associated with decreased OS and DFS in high-risk early
breast cancer patients [41]. Lucci et.al. has also shown that the presence of one or more circulating
tumor cells could predict early recurrence and decreased overall survival in chemonaive patients with
non-metastatic breast cancer [29]; however, the main limitation of this study is that it was based on
CTC enumeration performed in only 7.5 mL of blood. Additionally, molecular characterization of CTC
could identify CTC biomarkers that are associated to specific signaling pathways like EMT or CSC. Our
findings demonstrate a positive correlation between TWIST1 overexpression and the CD24−/low/CD44high

profile in the EpCAM positive CTC fraction. This is in agreement with previous findings showing
that the mesenchymal-like breast cancer stem cells are characterized as CD24−/CD44+, while the
epithelial-like breast cancer stem cells express high levels of aldehyde dehydrogenase (ALDH) [16].
Univariate analysis revealed a significantly higher risk of relapse and death in the group of patients that
expressed both stem cell and mesenchymal characteristics. Mego et al. have shown that patients with
TWIST1-high tumors had a significantly higher percentage of breast cancer stem cells than patients with
TWIST1-low tumors [19]. Recently, it was shown that in CTC of NSCLC patients the CD44(+)/CD24(−)
population possess epithelial–mesenchymal transition characteristics [42], while another study in
metastatic colorectal cancer has shown the prognostic significance of CTC that express both EMT and
stem-like genes [22]. At the single CTC-level, Papadaki et.al have shown that CTCs expressing high
levels of ALDH1 along with nuclear TWIST expression are more frequently detected in patients with
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metastatic breast cancer [21] and that these cells represent a chemo-resistant subpopulation with an
unfavorable outcome [23]. The main limitation of our study is that we examined the expression of
only one EMT marker, TWIST1 in the EpCAM+ cells of early breast cancer patients. Since there is
a high heterogeneity in CTC, it may be possible that we have not detected CTCs that express other
mesenchymal markers like Vimentin or Snail. We plan to extend this study by adding more gene
expression markers in a biggest sample cohort and correlate our results to the clinical outcome.

According to our results, patients with TWIST1 overexpression in the EpCAM+ CTCs fraction
and more than 3 involved lymph nodes had a significant lower DFI and OS. Similar to our results,
recently, Emprou C et al. have shown that in frozen NSCLC tumor samples TWIST1 is more frequently
overexpressed in the N+ group compared to the N0 group showing that partial EMT is involved in
lymph node progression in early stages of NSCLC [43], while in primary breast cancer loss of E-cadherin
is correlated with more than 3 LN involved in 80% of the patients [44]. Our results also indicate that
patients with TWIST1 overexpression in the EpCAM+ CTCs fraction and a hormone receptor-negative
primary tumor had a worse prognosis both for DFI and OS. This is in accordance with previous findings
that have shown that the estrogen receptor silencing induces epithelial to mesenchymal transition in
breast cancer [45]. It has also been previously shown that in human breast tumors there is an inverse
relationship between TWIST1 and ER expression that may possibly contribute to the generation of
hormone-resistant, ER-negative breast cancer [46]. It has also been reported that EMT likely occurs in
the basal-like phenotype both in MCF10A cells [47] and in invasive breast cancer carcinomas [48].

5. Conclusions

In conclusion, detection of TWIST1 overexpression and stem-cell (CD24, CD44, ALDH1) transcripts
in the EpCAM+ CTC fraction provides prognostic information in early stage breast cancer patients.
Overexpression of TWIST1 in the EpCAM+ CTC fraction in the group of HR negative patients or with
>3 positive lymph nodes is associated with worse prognosis.
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for early BrCa patients with or without the stem cell profile in respect to (A) DFI, (B) OS and with or without
co-expression of TWIST1 and Stem Cell profile in respect to (C) DFI, (D) OS. Figure S3: Kaplan–Meier estimates
for early BrCa patients with positive or negative axillary lymph nodes the (A) DFI and (B) OS. Table S1: Clinical
characteristics of the patients with early breast cancer (n = 100). Table S2: Quadraplex RT-qPCR for CD24, CD44,
ALDH1, HPRT, evaluation of intra- (n = 3) and inter-assay (n = 5) precision. Table S3: Correlation of TWIST1,
CD44high/CD24−/low and/or ALDH1high/CD24−/low and the co-expression of TWIST1 and CD44high/CD24−/low and/or
ALDH1high/CD24−/low with the patients’ clinical outcomes.
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Abstract: Neoadjuvant chemoradiation (NCRT) followed by total mesorectal excision is the standard
treatment for locally advanced rectal cancer (LARC). To justify a non-surgical approach, identification
of pathologic complete response (pCR) is required. Analysis of circulating tumor cells (CTCs)
can be used to evaluate pCR. We hypothesize that monitoring of thymidylate synthase (TYMS)
and excision repair protein, RAD23 homolog B (RAD23B), can be used to predict resistance to
chemotherapy/radiotherapy. Therefore, the aims of this study were to analyze CTCs from patients
with LARC who underwent NCRT plus surgery for expression of TYMS/RAD23B and to evaluate their
predictive value. Blood samples from 30 patients were collected prior to NCRT (S1) and prior to surgery
(S2). CTCs were isolated and quantified by ISET®, proteins were analyzed by immunocytochemistry,
and TYMS mRNA was detected by chromogenic in situ hybridization. CTC counts decreased between
S1 and S2 in patients exhibiting pCR (p = 0.02) or partial response (p = 0.01). Regarding protein
expression, TYMS was absent in 100% of CTCs from patients with pCR (p = 0.001) yet was expressed
in 83% of non-responders at S2 (p < 0.001). Meanwhile, RAD23B was expressed in CTCs from 75% of
non-responders at S1 (p = 0.01) and in 100% of non-responders at S2 (p = 0.001). Surprisingly, 100% of
non-responders expressed TYMS mRNA at both timepoints (p = 0.001). In addition, TYMS/RAD23B
was not detected in the CTCs of patients exhibiting pCR (p = 0.001). We found 83.3% of sensitivity
for TYMS mRNA at S1 (p = 0.001) and 100% for TYMS (p = 0.064) and RAD23B (p = 0.01) protein
expression at S2. Thus, TYMS mRNA and/or TYMS/RAD23B expression in CTCs, as well as CTC
kinetics, have the potential to predict non-response to NCRT and avoid unnecessary radical surgery
for LARC patients with pCR.

Keywords: locally advanced rectal cancer; circulating tumor cells; RAD23B; thymidylate
synthase; chemoradioresistance

1. Introduction

Colorectal carcinoma is one of the most commonly occurring neoplasms in the Western world.
Moreover, despite improvements in treatment, colorectal carcinoma remains an important cause of
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cancer-related deaths worldwide [1]. Rectal carcinoma, which accounts for approximately 30% of all
primary colorectal cancers, is characterized by an anatomy and natural history that are distinct from
other colonic tumors [2,3].

Neoadjuvant chemoradiation (NCRT) followed by total mesorectal excision is the standard
treatment for locally advanced rectal carcinoma (LARC). NCRT is generally recommended for patients
with cT3/T4 disease or lymph node involvement [4].

The absence of viable tumor cells in surgical specimens after NCRT is defined as pathological
complete response (pCR). It occurs in 10–30% of patients [5] and it is associated with a better prognosis.
Capecitabin and 5-fluorouracil (5-FU) are currently the most widely used radiosensitizers for NCRT.
In some patients, chemoradiation induces pCR, although radical surgery is recommended for most
patients [6,7].

Accurate identification of patients with pCR is necessary before pursuing a non-surgical approach.
Many studies have evaluated the accuracy of the digital rectal exam and images in identifying patients
with pCR [8,9]. However, the sensitivity and specificity of these methods are too low to accurately
predict pCR. Molecular analyses of gene expression have also been performed and have been shown
to be unsuitable for identifying patients with pCR who can be followed without radical surgery [10].
Recently, promising data have supported the use of a “watch and wait” strategy for patients who have
no signs of a viable tumor in a digital rectal exam, rectoscopy (with or without biopsy), or imaging.
The likelihood of tumor regrowth is minimal for these patients, and most could be cured by salvage
surgery [11].

In addition, considering that the majority of patients will not respond to NCRT, it is extremely
important to identify these patients, in an attempt to optimize the response to these patients.
As there are no randomized phase-III studies to date, comparing this strategy with isolated induction
chemoradiotherapy, it becomes fundamental to identify a biomarker capable of selecting patients for
these approach [12–14].

For organ-preserving treatment strategies, the ability to identify tissues or blood biomarkers that
predict NCRT response/non-response is very important. Circulating tumor cells (CTCs) are a real-time
source of biomarkers, which have shown promise in facilitating the detection and monitoring of pCR
and non-responder patients. It has been proposed that the identification and analysis of CTCs would
facilitate investigations to understand intrinsic tumor features and characteristics of patients with pCR
or non-responders so that individualized treatment strategies can be applied [15]. To date, use of CTC
counts has been approved by the US Food and Drug Administration as a prognostic tool for metastatic
prostate, colon, and breast cancers [16–18]. Additionally, CTC kinetics can be used to monitor tumor
response to systemic treatment [19,20]. Meanwhile, molecular characterization of CTCs has facilitated
studies of biomarkers, including proteins, gene expression, and chromosomal translocations [21,22].

Since only a small proportion of patients with LARC experience complete response following
chemoradiation, an improved understanding of the molecular mechanisms underlying resistance
to chemotherapy and radiation therapy resistance is essential. For chemotherapy, the main target
of 5-FU is the enzyme thymidylate synthase (TYMS). TYMS expression analysis has been used to
predict individual response to NCRT and has exhibited good prognostic value for rectal cancer
recurrence [23,24]. Radiation therapy is an effective component of neoadjuvant treatment and it
induces genetic damage. Consequently, the ultraviolet excision repair protein, RAD23 homolog B
(RAD23B), which is part of the nucleotide excision repair process [25,26], would potentially be induced
by the genetic damage introduced by radiation therapy. Recently, RAD23B was found to be associated
with breast cancer relapse risk [27].

The aim of the present study was to explore the role of CTCs in patients undergoing NCRT
followed by surgery for treatment of LARC. In addition, the predictive values of TYMS and RAD23B
before and after NCRT were evaluated.
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2. Methods

2.1. Patients and Treatment

This prospective study was conducted at the A. C. Camargo Cancer Center (São Paulo, Brazil) and
was approved by the local ethics committee (2141/15C). Written informed consent was obtained from
all patients prior to enrolment. Patients met the inclusion criteria for this study if they had a diagnosis
of rectal cancer, as confirmed by biopsy pathology; had locally advanced disease staged as cT3–cT4 or
N0–N+; and were candidates for chemoradiation therapy per institutional protocol. Patients were
excluded if they had evidence of distant metastasis; a history of any surgery (e.g., colostomy) within
two weeks prior to the initiation of treatment; or were taking anticoagulants at the time of the study.
Cancer stage was determined with pelvic magnetic resonance imaging and chest and abdominal
computed tomography.

Blood samples were collected at baseline or prior to NCRT (S1), and then prior to surgery
(S2). Venous blood was collected from the antecubital vein and these samples were stored at room
temperature for a maximum of 4 h prior to analysis.

Radiation therapy was applied with a three-dimensional (3D) conformal technique. A 45-Gy
dose was applied in 25 fractions over the entire pelvis. In addition, a 5.4-Gy radiation boost was
administered to the primary tumor and involved lymph nodes in three fractions, for a total of 50.4 Gy
applied in 28 fractions. Chemotherapy regimens consisted of either intravenous 5-FU administered
at a dose of 1000 mg/m2 on days 1–5 during weeks 1 and 5 of radiation therapy; or oral capecitabin
administered at a dose of 1650 mg/m2/d during the entire radiation treatment period. Each patient’s
physician determined which regimen was appropriate.

The evaluation of the response was determined by the comparative analysis of the baseline
images in S1 with the images before surgery (S2). In addition, we evaluated the pathologic response in
comparison to the clinical staging established by baseline images.

2.2. Isolation and Quantification of CTCs and Protein Analysis of TYMS and RAD

ISET® (Isolation by size of epithelial tumors) was used to quantify and analyze CTCs.
Briefly, peripheral blood samples were collected from patients into EDTA tubes (8.0 mL BD Vacutainer,
Franklin Lakes, NJ, USA) and then were homogenized at room temperature for up to 4 h. Samples were
then prepared as described previously [28]. Briefly, ISET membrane spots were cut out and subjected to
immunocytochemistry (ICC) with an anti-RAD23B antibody (1:100 CSB-PA019260LA01HU; CusaBio,
Wuhan, People’s Republic of China), an anti-TYMS antibody (1:230 WH0007298M1; Sigma-Aldrich,
St. Louis, MO, USA), and an anti-CD45 antibody (1:200 HPA000440; Sigma-Aldrich).

Selected spots from the ISET membranes were additionally subjected to a 24-well dual color
ICC assay (Polink DS-RR-Hu/Ms A Kit; GBI Labs, Bothell, WA, USA). Briefly, antigen retrieval was
performed by using a DakoTM Antigen Retrieval Solution (Dako, Santa Clara, CA, USA). Cells were
then hydrated with 1X Tris-buffered saline (TBS) for 10 min and then permeabilized with Triton X-100
for 5 min. Next, cells were rinsed with 1X TBS and incubated with 3% hydrogen peroxide in the dark
for 15 min to block endogenous peroxides. Immobilized cells on the membrane spots were incubated
overnight with primary antibodies diluted in 10% fetal calf serum in TBS. To amplify primary antibody
signals, the spots were incubated for 30 min with rabbit horseradish peroxidase (HRP) polymer
(GBI Labs), then with 3,3-diaminobenzidine (DAB) for 10 min. After amplification, the spots were
incubated with a second primary antibody for 2 h, a rabbit AP polymer (GBI Labs) for 30 min, and then
GBI-Permanent Red (GBI Labs) for 10 min. The latter reagent was freshly prepared according to the
manufacturer’s instructions. After staining the cells with haematoxylin, specimens were examined
with light microscopy (Research System Microscope BX61; Olympus, Waltham, MA, USA). CTCs were
counted per 1 mL blood, as previously described by Krebs et al. [29]. CTCs were characterized
according to five criteria: Negativity for CD45 staining; nucleus size >12 µm, hyperchromatic and
irregular nuclei; visible cytoplasm; and a nuclear to cytoplasm ratio >80% [30]. CTCs were considered
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positive for TYMS or RAD23B expression if at least one cell in a specimen stained for these markers on
ICC analysis.

2.3. CTC Isolation and Immunostaining Control

Negative controls were healthy donor blood filtered by ISET®. Positive controls included healthy
donor blood spiked with HCT-8 colorectal carcinoma cells. For the ICC reaction and TYMS antibody
control, leukocytes from healthy filtered blood were used. According to the Human Protein Atlas
(http://www.proteinatlas.org/), the latter express TYMS. As a positive control for the RAD23B antibody,
HCT-8 cells were spiked in healthy donor blood and filtered on ISET®. To create a negative control
for ICC, the same cell line was used without primary antibodies in order to ensure exclusion of
cross-reactivity. To confirm that analyzed CTCs were not leukocytes, staining with an anti-CD45
antibody was performed.

2.4. Chromogenic In situ Hybridization Assay for TYMS

TYMS mRNA was detected in intact cells by using a chromogenic in situ hybridization (CISH)
assay employing RNAscope Technology (ACDbio, Newark, CA, USA), according to the manufacturer’s
protocol. Cytology methods standardized by our group were also used. Briefly, one spot was cut out
for each patient sample and these were placed in individual wells of a 24-well plate. The membrane
spots were hydrated with 1X TBS for 5 min before being incubated in 1% formaldehyde solution
for 5 min at room temperature. The spots were then rinsed 2× with distilled water before applying
5–8 drops of RNAscope Hydrogen Peroxide (ACDbio) to each spot. After incubating the samples in a
humid chamber for 10 min at room temperature, the spots were washed 2×with distilled water and
mounted on slides. To each slide, 3 drops of cytology pepsin were applied. After 10 min at room
temperature the spots were returned to the 24-well plate, washed 2× with distilled water, then rapidly
dehydrated in successive 1-min incubations with 70%, 85%, and 100% ethanol solutions. After the
spots were left to air dry on the slides, 3 drops of a TYMS-specific probe were added to each spot.
After 2 h at 40 ◦C in a HybEZ oven hybridizer (ACDbio), drops of Amp1-6 solutions were added,
according to the manufacturer’s protocol, with washes performed with 1X TBS. Finally, the cells were
incubated with chromogen and 50% haematoxylin then placed on slides with aqueous mounting media
and coverslips. The samples were inspected with brightfield microscopy (BX61-Olympus; Olympus).
To classify TYMS mRNA expression, an absence or presence of staining was classified as negative or
positive, respectively.

2.5. Statistical Analysis

Initially, a descriptive analysis was performed to obtain absolute (n) and relative (%) frequency
distributions. To evaluate possible associations between the variables of interest, a contingency table
was constructed from sample data. Chi-square tests of independence or Fisher’s exact test were used,
as appropriate. The level of significance was set at 5% and all statistical analyses were performed by
using the SPSS program for Windows, version 25.

3. Results

3.1. Patients

Thirty patients with rectal cancer were enrolled in this study between April 2016 and January
2018. Clinical characteristics of these patients are listed in Table 1. The mean age of this cohort was
56 years (range, 34–72) and 60% of the patients were male. For 67% of the patients, their rectal tumors
were located 7 cm or less from the anal verge.

The baseline (prior to NCRT) T stage was cT2 for 4 patients (13%), cT3 for 21 patients (70%),
and cT4 for 5 patients (17%). Baseline N stage was cN0 for 22 patients (73%) and cN+ for 8 patients
(27%). The mean time to surgery completion following NCRT was 77 days. Pathologic T stage was
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pT0 for 6 patients (20%), pT1 for 5 patients (17%), pT2 for 7 patients (23%), pT3 for 9 patients (30%),
and pT4 for 2 patients (7%). Pathologic N stage was pN0 for 21 patients (70%), pN1 for 6 patients
(20%), and pN2 for 2 patients (7%). One patient (3%) exhibited disease progression during NCRT.
Complete pathologic response after preoperative therapy was detected in 6 patients (20%), while 7
patients (23%) had their tumors down-staged (ypT1-2N0).

Table 1. Patient characteristics.

Characteristics N (%)

Average age (min–max), years 56 (34–72)
Gender

Male 18 (60)
Female 12 (40)

Tumor distance from the anal verge
≤7 cm 20 (67)
>7 cm 10 (33)

Clinical T baseline stage
T2 04 (13)
T3 21 (70)
T4 05 (17)

Clinical N baseline stage
N0 22 (73)
N+ 08 (27)

Pathological T stage
T0 06 (20)

T1–T2 12 (40)
T3–T4 11 (37)

DP 1 (3)
Pathological N stage

N0 21 (70)
N1–N2 08 (27)

DP 01 (3)
Average time (min–max) of completion of RDT for surgery (days) 77 (50–143)

Abbreviations: DP: Disease Progression; RDT: radiotherapy.

All patients were treated with 25 fractions of 45 Gy to the pelvis with a 3D conformal technique.
In addition, a 5.4-Gy radiation boost was applied to the primary tumor. There were no treatment delays
or interruptions that lasted more than two days. Twenty-six patients (86.7%) received intravenous
5-FU and four patients (13.3%) received capecitabine. The main treatment toxicities were grade 1
or 2 diarrhea in 10 patients (33%) and grade 1 or 2 oral mucositis in 8 patients (27%). No grade
3 or 4 toxicities were reported. There were also no differences in adverse events between the two
chemotherapy groups.

3.2. CTCs

CTCs were detected at S1 in all 30 patients of our cohort, and at S2 in 24 patients (Figure 1A,D).
The mean CTC concentrations were 6 cells/mL at S1 and 3.5 cells/mL at S2. Kinetic analyses showed
that CTC levels were increased in 3 patients, decreased in 22 patients, and remained unchanged in 5
patients. The mean CTC count per mL was 3.1 for those with pCR, 2.5 for those exhibiting a partial
response (PR), and 2.9 for those with non-responsive tumors. Patients exhibiting pCR and PR showed
a decrease in CTC kinetics (calculated as: CTC baseline [CTC1] × CTC post-CRT [CTC2]) during
treatment (P = 0.02 and P = 0.01, respectively; Table 2).
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Table 2. Kinetic counts of circulating tumor cells (CTCs) between baseline (CTC1) and post-neoadjuvant
chemoradiation (NCRT) (CTC2) time points.

9 Patient ID
CTCs/mL

before NCRT
CTCs/mL

after NCRT
Kinetics of CTC1

vs. CTC2

CR

8 3 1 >

P = 0.02

11 4 1 >

18 1 0 >

21 4 0 >

25 4 2 >

27 3 2 >

PR

3 5 5 =

P = 0.01

4 3 2 >

7 3 2 >

9 1 0 >

10 0 1 <

13 1 1 =

15 2 0 >

16 2 0 >

23 2 1 >

24 6 3 >

29 3 0 >

30 2 2 =

NR

1 3 4 <

P = 0.07

2 3 2 >

5 1 1 =

6 1 1 =

12 1 4 <

14 2 1 >

17 3 1 >

19 4 2 >

20 5 1 >

22 8 4 >

26 2 1 >

28 2 1 >

Abbreviations: NCRT: Neoadjuvant chemoradiotherapy; CR: Complete response; PR: Partial response; NR: No response.

 

Figure 1. Immunostaining (A–C) and chromogenic in situ hybridization (CISH) (D–F) of CTCs from locally
advanced rectal cancer (LARC) patients. (A) CTCs and leukocytes visualized with haematoxylin-eosin
staining (×40 magnification). (B) CTCs stained with an anti-thymidylate synthase (TYMS) antibody, visualized
with Permanent Red, and counterstained with haematoxylin (×40 magnification). (C) CTCs stained with an
anti-RAD23B antibody, visualized with 3,3-diaminobenzidine (DAB), and counterstained with haematoxylin
(×60 magnification). (D) CTCs negative for TYMS mRNA and counterstained with haematoxylin (×40
magnification). (E) CTCs with a low TYMS mRNA signal (normal expression) counterstained with
haematoxylin (×40 magnification). (F) CTCs with a high TYMS mRNA signal (overexpression) counterstained
with haematoxylin (×40 magnification). All images were analyzed on a Research System Microscope BX61
(Olympus, Tokyo, Japan) coupled to a digital camera (SC100–Olympus). Thick arrows indicate CTCs,
thin arrows indicate leukocytes, and asterisks indicate 8 µm pores of the ISET® membranes.
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3.3. TYMS and RAD23B

At baseline, TYMS-positive CTCs were detected in 7 patients (23.5%) by ICC (Figure 1B) and in 21
patients (70%) by CISH (Figure 1E,F). RAD23B-positive CTCs were detected in 13 patients (43.3%) by
ICC (Figure 1C).

After chemoradiation, TYMS-positive CTCs were detected in 10 patients (41.6%) by ICC,
while TYMS mRNA was detected in 16 patients (61.5%) by CISH. RAD23B-positive CTCs were
detected in 14 patients (58.3%).

Baseline TYMS mRNA and RAD23B-positive CTCs were associated with poor clinical response.
For example, all 12 patients with non-responsive tumors had TYMS mRNA detected in their CTCs by
CISH. In contrast, 83.5% of patients with pCR did not have CTCs expressing TYMS mRNA (P = 0.001;
Table 3). At S1, RAD23B-positive CTCs were detected in 33% of patients with pCR, in 16% of patients
with PR, and in 75% of patients exhibiting no response (P = 0.01). Thus, there was no association
between detection of TYMS expression in CTCs by ICC and response type in S1 (Table 3). To confirm the
value of these proteins as biomarkers, we compared these found with the most used clinical parameter,
which is pathological response of the primary tumor. We found, for TYMS mRNA, 83.3% sensitivity,
83.3% specificity, and 95.2% positive predictive value (PPV) (p = 0.001) (supplementary table).

Table 3. Expression profiles of RAD23B and TYMS proteins and TYMS mRNA.

CR PR NR

Before
NCRT

CISH
(TYMS)

+ 16.5 66.5 100
P = 0.001

− 83.5 33.5 0
TYMS

(protein)
+ 16.5 25 25

P = 1.0
− 83.5 75 75

RAD
(protein)

+ 33.5 16.5 75
P = 0.01

− 66.5 83.5 25

After
NCRT

CISH
(TYMS)

+ 25 30 100
P = 0.001

− 75 70 0
TYMS

(protein)
+ 0 0 83.5

P = 0.0001
− 100 100 16.5

RAD
(protein)

+ 0 25 100
P = 0.0001

− 100 75 0

Abbreviations: NCRT: Neoadjuvant chemoradiotherapy; CR: Complete response; PR: Partial response; NR:
No response.

Post-chemoradiation analyses (S2) showed that expression of TYMS and RAD23B in CTCs strongly
correlates with poor response. For example, TYMS-positive CTCs were not detected in the patients
with pCR or pPR, yet they were detected in 83% of non-responsive patients (P < 0.001; Table 3).
Furthermore, TYMS mRNA expression at S2 correlated with response, with TYMS mRNA detected in
all of the patients exhibiting no response (P = 0.001). We found, for TYMS protein, 100% sensitivity, 50%
specificity, and 100% positive predictive value (PPV) (p = 0.064). For RAD23B, the values were: 100%
sensitivity, 70% specificity, and 100% positive predictive value (PPV) (p = 0.01) (supplementary table).

Lastly, we found that expression of TYMS and RAD23B in CTCs was strongly predictive of
response type. For example, after NCRT, TYMS−/RAD23B− CTCs were detected in 100% of the pCR
patients, in 83.5% of the PR patients, and in none of the NR patients. However, TYMS+/RAD23B+

CTCs were not detected in patients with pCR or PR, and yet were detected in 83.5% of patients with no
response (P = 0.001). At S1, CTCs expressing TYMS and RAD23B did not correlate with response type
(P = 0.1; Table 4). Meanwhile, expression of TYMS mRNA determined which patients did not respond
to chemoradiotherapy at S1 and S2 (Figure 2).
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Table 4. Correlation between RAD and TYMS protein expression profiles.

Profile CR % PR % NR %

TYMS−/RAD− 50 66.5 16.5 Before
NCRT
P = 0.1

TYMS+/RAD+ 0 8.5 16.5
TYMS+/RAD−
TYMS−/RAD+

50 25 67

TYMS−/RAD− 100 83.5 0 After
NCRT

P = 0.001
TYMS+/RAD+ 0 0 83.5
TYMS+/RAD−
TYMS−/RAD+

0 16.5 16.5

Abbreviations: NCRT: Neoadjuvant chemoradiotherapy; CR: Complete response; PR: Partial response; NR:
No response.

Figure 2. Scheme demonstrating both methodologies used to select responders and non-responders
to neoadjuvant chemoradiotherapy: mRNA detected by CISH and protein expression detected by
immunocytochemistry (ICC).

4. Discussion

LARC treatment generally consists of NCRT followed by total mesorectal excision. For high-risk
patients, postoperative adjuvant chemotherapy may additionally be considered [31]. The ability to
identify patients who have undergone complete eradication of a tumor following NCRT is crucial.
In the current study, we prospectively demonstrated a strong correlation between expression of TYMS
and RAD23B by CTCs in patients with LARC and pCR following NCRT.

Among the 50–60% of patients with LARC who respond to NCRT (i.e., their tumors are down-staged
following treatment), many exhibit improved survival. It has been reported that pCR after NCRT
is associated with improved cancer outcome and significantly decreased rates of local recurrence.
Conversely, the 40% non-response rate after NCRT [31] represents heterogeneity in response to standard
treatment [32,33]. For the latter, new therapeutic strategies, avoidance of toxicity associated with
ineffective treatment, and novel neoadjuvant chemotherapeutic options are needed [34,35]. In addition,
the identification of biomarkers would facilitate the creation of individualized treatment plans.

The ability to identify tumors that do not respond to radiotherapy is useful for helping patients
avoid radiation side effects such as fibrosis, fecal and bladder incontinence, diarrhea, dysuria,
and myelosuppression [36,37]. This knowledge would also facilitate discussions regarding alternate
approaches, such as more potent neoadjuvant multi-agent chemotherapy strategies or a rationale
for foregoing radiation therapy. There are several studies that have discussed these considerations,
although robust biomarkers that will predict non-responders of NCRT with high accuracy still need to
be identified [37–39]. In the present study, we were able to identify NCRT non-responders at S1 by
detecting TYMS mRNA. Thus, it is possible that detection of TYMS mRNA in CTCs could represent a
valuable tool in identifying non-responder patients prior to the start of NCRT. Furthermore, detection of
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RAD23B expression could make this patient selection process more accurate. It is well-established that
RAD23B is involved in DNA repair following radiation damage, and its identification in CTCs can guide
treatment plans. In the present study, 75% of non-responding tumors expressed this protein on CTCs
before NCRT. Furthermore, when both RAD23B and TYMS protein expression on CTCs were detected
after NCRT, 100% of patients with pCR did not express either protein. Meanwhile, 83.5% of patients with
non-responsive tumors expressed both proteins and the remaining 16.5% expressed at least one of these
proteins. In addition, TYMS mRNA expression after NCRT showed high positivity for non-responders
(100%) and was not related to protein expression (Figure 3). For the seven patients who presented
discordant mRNA/protein positivity at S1 (Supplementary Table S1), they exhibited a correspondence
between TYMS gene expression and TYMS protein expression at S2. Chemotherapeutic agents
have previously been associated with changes in gene expression. In addition, post-transcriptional
mechanisms for blocking protein synthesis have been characterized [40–42]. For 5-FU, there are several
papers that describe this correlation [43,44]. The present results support the hypothesis that CTC
analysis can be a useful tool for identifying patients who will respond to chemoradiotherapy. As a
result, a “watch and wait” strategy becomes an option to be considered in addition to radical surgery.

 

Figure 3. Summary of methodologies, analyses, and results in the present study. Patients were
enrolled prior to the start of NCRT. Blood was collected to perform CTC counts and molecular analyses.
At baseline, complete response (CR) correlated with low levels of TYMS mRNA. In contrast, NR
correlated with high levels of TYMS mRNA and RAD23B protein expression. Blood samples were
collected again during follow-up after NCRT. CTC analyses showed that CR correlated to low levels of
TYMS mRNA and RAD23B protein expression, while NR correlated to high levels of TYMS mRNA and
RAD23B/TYMS protein expression. CTC kinetics also correlated to pathological response. Based on
these results, TYMS mRNA and RAD23B and TYMS protein expression appear to have a clinical and
therapeutic impact in LARC patients. Abbreviations: CR: Complete response; LARC: Locally advanced
rectal cancer; NCRT: Neoadjuvant chemoradiotherapy; NR: No response; PR: Partial response.

Our analysis of RAD23B and TYMS expression showed similar profiles for these two proteins.
Based on the different protein patterns for TYMS in relation to pCR and PR at S1 and S2, we decided to
further examine the mRNA expression of TYMS with RNA hybridization assays performed in situ
with CTCs. All of the CTCs from non-responding patients expressed TYMS mRNA at both S1 and
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S2. Thus, this assay exhibited high sensitivity and specificity for identifying LARC patients who are
predicted to be non-responders to radiochemotherapy.

After NCRT, TYMS expression exhibited a strong correlation with TYMS mRNA (kappa value 0.6;
P = 0.003) in absence of response to treatment. This second assay at S2 cost less to perform besides the
possibility of performing more than one protein per time on the CTCs isolated by ISET® methodology.
Furthermore, we previously showed that elevated TYMS expression in CTCs was associated with poor
prognosis among patients with metastatic colorectal cancer [26].

TYMS, a downstream target molecule of 5-FU, plays a key role in DNA synthesis. The enzyme
catalyzes deoxyuridine monophosphate methylation to produce deoxythymidine triphosphate,
and subsequently, thymidylate. Increased TYMS expression is thought to be responsible for 5-FU
resistance in patients with colorectal cancer [42,43]. Meanwhile, RAD23B is a member of the nucleotide
excision repair system, which stabilizes the xeroderma pigmentosum complementation group C (XPC)
protein and potentiates its interaction with damaged DNA [45]. XPC subsequently initiates nucleotide
excision repair. It is not clear why increased production of RAD23B protein was observed in CTCs
from non-responders to NCRT in the present study. A possible hypothesis is that increased levels of
this repair protein during treatment make it difficult to eliminate cancer cells by NCRT, a strategy that
is based on inducing apoptosis as a result of DNA damage.

A treatment approach that deserves discussion in the context of our study is the “watch and wait”
strategy. For the patients whose tumors respond completely to NCRT (as evidenced by radiologic,
clinical, and endoscopic evaluations), a “watch and wait” strategy may allow patients to avoid
the morbidity, mortality, and functional consequences of radical surgical treatment. A recently
published meta-analysis of 880 patients who were monitored with a "watch and wait" strategy
showed that the strategy can be safely incorporated into a multidisciplinary management plan for
the treatment of patients with rectal cancer who achieve pCR after neoadjuvant treatment [12,46–48].
Therefore, identification of a biomarker that can predict pCR to NCRT treatment prior to treatment,
or in the early stages of treatment, would be of great clinical utility in combination with commonly
used clinical parameters.

In the present study, it was observed that 100% of patients who responded to NCRT did not
express TYMS or RAD23B proteins on their CTCs at the beginning of their follow-up monitoring.
This lack of protein expression in CTCs is consistent with imaging and kinetic studies that have showed
a reduction or elimination of CTCs post NCRT. Furthermore, we observed that CTC kinetics correlated
with disease outcome for our patients with LARC. To the best of our knowledge, this is the first study to
demonstrate this result. The observed decrease in CTC levels during treatment in our cases involving
complete or partial responses further support the use of CTC analyses to predict response to NCRT.

In summary, our results provide valuable data regarding two potential biomarkers of
chemoradiation resistance in patients undergoing neoadjuvant treatment for LARC. Despite the
small sample size of our study, CTC kinetics, as well as TYMS mRNA and/or RAD23B/TYMS protein
expression in CTCs, were found to strongly correlate with pCR. Further studies are needed to validate
these findings with a larger patient cohort. If CTC analysis proves useful in predicting pCR with
high accuracy, many patients may be spared radical surgery for rectal cancer treatment. In addition,
biomarker and kinetic analyses of CTCs may identify potential non-responders to treatment with
NCRT, thereby identifying a need to evaluate other forms of therapy for these patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/7/641/s1,
Table S1: table of sensitivity, specificity and predictive values of biomarkers evaluated.
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Abstract: Disseminated tumor cells (DTCs) are studied as a prognostic factor in many
non-hematopoietic tumors. Melanoma is one of the most aggressive tumors. Forty percent of
melanoma patients develop distant metastases at five or more years after curative surgery, and
frequent manifestations of melanoma without an identified primary lesion may reflect the tendency
of melanoma cells to spread from indolent sites such as bone marrow (BM). The purpose of this
work was to evaluate the possibility of detecting melanoma DTCs in BM based on the expression of
a cytoplasmatic premelanocytic glycoprotein HMB-45 using flow cytometry, to estimate the influence
of DTCs’ persistence in BM on hematopoiesis, to identify the frequency of BM involvement in
patients with melanoma, and to analyze DTC subset composition in melanoma. DTCs are found
in 57.4% of skin melanoma cases and in as many as 28.6% of stage I cases, which confirms the
aggressive course even of localized disease. Significant differences in the groups with the presence
of disseminated tumor cells (DTCs+) and the lack thereof (DTC−) are noted for blast cells, the total
content of granulocyte cells, and oxyphilic normoblasts of erythroid raw cells.

Keywords: bone marrow; melanoma; disseminated tumor cells; solid cancers; single-cell analysis;
enrichment and detection technologies; flow cytometry; tumor stem cells; HMB-45; CD133

1. Introduction

Today oncology is a rapidly developing field of medicine. Every year novel target and
immunological agents acting against cancer at the molecular level are added to clinical oncologists’
practice, and many such agents are currently at various stages of clinical development. However,
notwithstanding significant progress over the last decade and a broad variety of therapeutical options,
several fundamental questions remain to be answered: What are causes of cancer development? What
are mechanisms of metastasis and recurrence? At what stage of disease development can we influence
these processes?

Over the last 150 years there were many theories to explain processes developing both in the
tumor and in the patient’s body. By the end of the first quarter of the 21st century the world medical
community has passed a long way from the first publication by T.R. Ashworth in the Medical Journal of

Australia in 1869 [1], where the author described for the first time circulating tumor cells in a cancer
patient, and the ‘seed and soil’ theory proposed by Stephen Paget in 1889 [2], through the theory
of late dissemination (linear progression) by William Stewart Halsted [3–5] to the theory of early
metastasis (parallel progression) by Christophe Klein [6] and the concept of the premetastatic niche by
Bethan Psaila and David Lyden in 2009 [7]. The key question in all of these theories was how tumor
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cells managed to overcome immune surveillance [8], to preserve their proliferative potential and to
proliferate in alien environments even after several decades of latency [9,10].

It seems natural that bone marrow (BM) with its advanced capillary network and a cocktail of
soluble protein factors, integrins, chemokines, cell adhesion molecules, and a variety of growth factors
is the most attractive niche for tumor cells [11,12]. Being basically alien, BM makes its environment
appropriate for disseminated tumor cell (DTC) persistence via sophisticated antigenic, immunogenic,
and cellular mechanisms [13,14]. DTCs may have different fates in a new microenvironment. Most of
them die within several weeks or months [15], while DTCs preserving their vitality without decrease
or increase in their total number may enter latency and form so called dormant metastases.

Dormant tumor cells have three main differences from other tumor cells, i.e., the ability to
survive in alien and even hostile environments for a long time, temporary but reversible growth arrest,
and resistance to target cytostatic agents [16]. These DTC properties make them biologically closer to
tumor stem cells, a minor primary tumor subset seeming to play a leading role in the self-maintenance
and metastasis of malignancies [17].

BM involvement is described in multiple non-hemopoietic neoplasms and is shown to be
an independent poor prognostic factor for overall and disease-free survival [18–23]. Interestingly,
these publications mainly address cancers of the breast, stomach, lung, colon, or prostate, while studies
of melanoma are few and require further analysis.

Observations of hematogenous metastases from melanoma after 10 [24] or even 40 [25] years after
removal of the primary tumor and frequent melanoma manifestations without an identified primary
may reflect melanoma cell tendency to spread from indolent sites [26,27] such as BM.

gp100—HMB-45, a cytoplasmatic premelanocytic glycoprotein is a reliable marker of melanoma
cells. It was discovered as one of the first melanoma antigens to demonstrate high sensitivity (up to
93%) and specificity (up to 100%) [28] and is usable to identify DTCs.

The Hemopoiesis Immunology Laboratory (N.N. Blokhin Cancer Research Center, Russian
Federation Health Ministry) has developed a procedure to identify DTCs by flow cytometry [29].
Flow cytometry has certain advantages as compared to cytology, immunohistochemistry, and molecular
biology techniques. For instance, contemporary multicolor flow cytometry can analyze 12 or more
parameters in a single cell and accumulate a large number of events with sensitivity close to that of
PCR (10–4 to 10–6) and allows most complete description of the DTC immunophenotype [30]. Besides
pure quantification of DTCs, flow cytometry therefore helps to study DTC subsets such as tumor stem
cells or to identify surface molecular targets for drugs (Her2/neu, PDL1).

The purpose of this work was to evaluate the possibility of detecting melanoma DTCs in BM based
on the expression of HMB-45 using flow cytometry, to determine the frequency of BM involvement
in patients with melanoma, to analyze DTC subset composition in melanoma as to the expression
of CD56 and CD57 that were an additional criterion for melanoma immunological diagnosis, and to
assess the proportion of tumor stem cells among DTCs based on the presence of CD133.

2. Materials and Methods

A total of 47 patients (23 males and 24 females) aged 20–72 (median 49.8) years managed at the N.
N. Blokhin Russian Cancer Research Center for skin melanoma during 2018–2019 were enrolled in
the study. The diagnosis was verified histologically in all patients. This study was approved by the
institutional ethical committees (Local ethical committee N. N. Blokhin Russian Cancer Research Center
of Ministry of Health of the Russian Federation; UDC 616-006, Reg. № AAAA-A16-116122210071-4,
Inv. 479.) and was done with the informed consent of the patients. Most of the patients (42.6%) had
stage IV disease based on complex examination. BM involvement was assessed by morphology and
immunology at diagnosis. Table 1 demonstrates patient distribution by stage.
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Table 1. The distribution of patients by disease stage.

Stage Frequency Percent (%)

I 7 14.9
IIa 1 2.1
IIb 5 10.6
IIc 3 6.4
III 11 23.4
IV 20 42.6

Total: 47 100

Morphological examination included myelogram count and identification of tumor cells on
six Romanovsky-stained bone marrow smears by two morphologists in parallel. Immunological
identification of DTCs in BM was done by flow cytometry. Samples were lysed using BD FACS lysing
solution (Beckton Dickinson, Franklin Lakes, NJ, USA), then washed in phosphate-buffered saline
(PBS), and re-suspended in 100 mL of PBS. Cells were incubated for 15–20 min in the dark at room
temperature together with a cocktail of monoclonal antibodies directly conjugated with fluorescein
isothiocyanate (FITC), phycoerythrin (PE), allophycocyanin (APC), and Horizon V500 and Horizon
V450 fluorochromes (Table 2). All samples were processed within 24 h after collection. Antibody
labeling was measured by multiparameter flow cytometry using FACS Canto II (Beckton Dickinson).
Twenty million myelokaryocytes (or all cells in the sample) were collected to identify DTCs. Tumor cells
were detected by the lack of expression of the common leukocyte antigen CD45 in combination with
bright expression of HMB-45. To identify DTC subpopulations expression of CD133, CD56, and CD57
molecules was analyzed among the CD45–HMB-45+ cells.

Table 2. Monoclonal antibodies used in the study.

No. MoAbs/Fluorochromes Function Manufacturer

1 Syto41 Nuclear dye
Thermo Fisher Scientific,

Walthem, MA, USA

2 CD45
Leukocyte common

antigen
Beckton Dickinson

3 HMB-45
Melanoma cell
antigen gp100

Santa Cruz
Biotechnology, Dallas,

Tx, USA

4 CD56
Neuronal cell adhesion

molecule (NCAM)
Beckton Dickinson

5 CD57
NK-cell molecule

(HNK1)
Beckton Dickinson

6 CD133
Hematopoietic stem cell

antigen
Beckton Dickinson

Results were analyzed using Kaluza Analysis v2.1 (Beckman Coulter, Brea, CA, USA) software.
Statistical analysis of data used IBM-SPSS Statistics v.17 package (IBM, Armonk, NY, USA).

3. Results

Morphological analysis of BM biopsies included myelogram count and tumor cell identification.
In the analysis of hematopoiesis, we excluded cases with bone marrow dilution with peripheral

blood. Comparison of the average bone marrow parameters according to the myelogram is shown in
the Table 3.
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Table 3. Comparison of the average bone marrow according to myelogram.

Myelogram Parameters DTCs n Mean Value Errstdmean p

Cellularity negative 19 67.0 6.51
NS*positive 20 67.3 7.87

Blasts
negative 20 1.46 0.14

0.026positive 25 1.09 0.09

Promyelocytes negative 20 0.44 0.11
NSpositive 25 0.37 0.08

Neutrophilic myelocytes negative 20 7.80 0.72
NSpositive 25 8.95 0.54

Neutrophilic
metamyelocytes

negative 20 8.58 0.65
NSpositive 25 7.83 0.53

Band neutrophils negative 20 16.50 0.91
NSpositive 25 18.70 1.00

Segmented neutrophils negative 20 24.47 1.39
NSpositive 25 27.266 1.71

All granulocyte cells negative 20 60.76 1.45
0.025positive 25 65.41 1.38

Neutrophil maturation
index

negative 20 0.43 0.034
NSpositive 25 0.38 0.034

Monocytes negative 20 2.78 0.26
NSpositive 25 3.30 0.24

Lymphocytes negative 20 12.85 0.79
NSpositive 25 12.02 0.68

Plasmocytes negative 20 0.60 0.10
NSpositive 25 0.77 0.15

Basophilic normoblasts negative 20 1.23 0.17
NSpositive 25 0.97 0.13

Polychromatophilic
normoblasts

negative 20 11.16 0.91
NSpositive 25 10.19 0.82

Oxyphilic normoblasts negative 20 9.08 0.88
0.006positive 25 6.25 0.52

Sum of nucleated
erythroid cells

negative 20 21.47 1.44
0.042positive 25 17.41 1.29

Erythroid maturation
index

negative 20 0.96 0.01
NSpositive 25 0.96 0.01

Leuco–erythroid ratio negative 20 4.02 0.39
0.034positive 25 5.58 0.59

* NS—not significant.

Significant differences in the groups with the presence of disseminated tumor cells (DTCs+) and
the lack thereof (DTC−) were noted for blast cells, the total content of granulocyte cells, and erythroid
germ indicators.

The level of blast cells was higher in patients with no DTCs: 1.46% ± 0.14% (n = 20) and
1.1% ± 0.09% (n = 25), p = 0.026.

On the contrary, the total content of granulocyte cells was higher in patients with DTCs in the BM:
65.4% ± 1.4% (n = 25) and 60.8% ± 1.5%: (n = 20), p = 0.025.

The most significant differences were obtained with respect to cells of the erythroid series. Thus,
the percentage of oxyphilic normoblasts was significantly higher in patients with no DTCs in the BM:
9.1% ± 0.88% (n = 20) and 6.3% ± 0.52% (n = 25), p = 0.006. It should be noted that, in the group as
a whole, the levels of oxyphilic normoblasts were increased compared to the norm in 67% of patients.
Accordingly, the sum of nucleated erythroid cells was also higher in melanoma patients with no
DTCs in the BM: 21.5% ± 1.4% (n = 20) and 17.4% ± 1.3% (n = 25), p = 0.042. This was reflected in
a significantly higher leuco–erythroid ratio in patients with the presence of DTCs in the bone marrow:
5.6% ± 0.6% (n = 25) and 4.0% ± 0.4 (n = 20), р = 0.034.
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It is interesting to note that when analyzing according to the tables of conjugacy of characters,
only two indicators of the myelogram were reliably associated with the presence of DTCs in the
BM—the total content of granulocyte cells and the level of oxyphilic normoblasts.

The relationship of DTCs with the total amount of granulocyte cells consisted in the fact that,
in the presence of DTCs, a decrease in the total level of granulocyte cells was observed in only 8%
of cases, while in the absence of DTCs a decrease in granulocyte cells was observed in 30% of cases,
chi-square = 8.9; p = 0.012.

A different situation was noted with respect to oxyphilic normoblasts, whose normal content
in the absence of DTCs was observed in 15% of cases, and in the presence of DTCs—three times
more often—in 44% of cases. On the contrary, an increase in the level of oxyphilic normoblasts in the
absence of DTCs occurred in 85% of cases, in the presence of DTCs, in 56%, chi-square = 4.4; p = 0.037.
Melanoma cells were identified in BM by morphology in one of 47 cases only (Figure 1).

Figure 1. Melanoma disseminated tumor cells in bone marrow. This figure presents a case of detection
of skin melanoma cells in bone marrow punctate ((a) and (b), ×1000 magnification). Punctate bone
marrow is poor. Normal lines of myelopoiesis are depressed. Cell complexes of a non-hemopoietic
nature are determined. Additionally, there are scattered, separately lying tumor cells. They are
represented by cells of a large size, and basophilic colored pigment granules of various sizes are visible
in the cytoplasm. The morphological picture of the bone marrow is characteristic of metastatic lesions
in melanoma.

Immunological analysis of DTCs in BM was based on a threshold of one tumor cell
(Syto41+CD45−HMB-45+) per 10 million myelokaryocytes. A mean of 14,146,987 (±957,728)
myelokaryocytes were analyzed in each sample. DTCs were found in 57.4% of BM samples (n = 27)
based on the threshold level. Interestingly, flow cytometry of melanoma cells has specific features
due to morphological characteristics of these cells such as a rather large size and the presence of
pigmented inclusions of various diameters (from dust-like to large fused granules of different diameter).
For instance, the melanoma DTCs have high direct and side light scatter characteristics and require
adequate protocols for flow cytometer tuning.

There were no significant differences in DTC counts with respect to gender, age, or disease stage.
What is important is that BM involvement was discovered at all disease stages (Table 4). This means
that hematogenic tumor cell dissemination occurs already from clinically localized disease.

Table 4. Frequency of disseminated tumor cell (DTC) detection at various stages of melanoma.

Stage Number of Patients Frequency of DTCs + Cases

I 7 28.6%
II 9 55.6%
III 11 63.6%
IV 20 65.0%
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DTCs were additionally characterized by CD56 and CD57 expression. In our study, CD56 and
CD57 expression was assessed in 23 BM samples. Among them, DTCs were present in 54.2% (n = 13)
though these cells did not express CD56. CD57 expression on DTCs was found in six cases (46.2%)
(Figure 2). Importantly, not all 100% of DTCs in each BM sample demonstrated CD57 expression.
On average 87.4% ± 5.8% of DTCs were CD57-positive. Of interest, 50% of CD57+ patients had stage
IV, two of six had stage III, and one patient had stage IIc disease.

Figure 2. Disseminated tumor cells of skin melanoma as identified by immunological flow cytometry.
This figure shows an example of detection of skin melanoma DTCs. On the cytogram (a) in gate C,
DTCs were observed on the basis of the bright expression of HMB-45 (y-axis) and the absence of CD45
expression (x-axis). On the cytogram (b), the analysis of the subpopulation composition of DTCs in
melanoma was performed in relation to the expression of the CD57 antigen. Cells are characterized by
distinct CD57 expression (y-axis) and lack of CD45 expression (x-axis). Most DTCs (91.19%) are CD57+.

A minor tumor stem cell (TSC) subset with maximum resistance to conventional anticancer
therapies plays a special role in metastasis. According to the literature, melanoma TSCs are characterized
by expression of antigens such as CD44, CD271, and CD133. We identified TSCs among melanoma
DTCs by CD133 expression.

CD133 expression was analyzed in 22 BM samples. Half of these BM samples were DTC-positive.
There was a single DTC-positive sample containing a CD133+-DTC subset, which accounted for 1.38%
of all DTCs in this case (Figure 3).

Figure 3. Identification of CD133-positive DTCs. This figure shows an example of the assessment of
DTC subpopulations by the tumor stem cell marker CD133. On the cytogram (a), 0.01% DTCs was
detected by the distinct expression of HMB-45 (y-axis) and the lack of expression of the pan-leukocyte
antigen CD45 (x-axis). Within the DTCs, expression of CD133 evaluated. Cytogram (b) (x-axis is CD45,
y-axis is CD133) shows that CD133+ cells make up 1.36% of all DTCs.
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We have demonstrated that both the primary tumor and DTCs in BM may have a heterogeneous
composition and express various antigens. The significance of this finding for the disease course and
prognosis deserves assessment in further studies.

4. Discussion

BM as a niche for micrometastasis plays a key role in hematogeneous dissemination. By creating
a unique microenvironment for tumor cells BM maintains their proliferative potential for many years.
Disease recurrence decades after treatment of the primary is described for many entities, and skin
melanoma is not an exception. Forty percent of skin melanoma patients develop distant metastases at
five or more years after curative surgery [27], therefore finding novel factors for disease prognosis
and markers of early tumor cell dissemination for personalization of early systemic treatment is of
much importance.

As demonstrated in our study, flow cytometry with a specific antibody HMB-45 in combination
with CD45 is a useful technique to assess BM involvement in melanoma. DTCs were found in 57.4%
of skin melanoma cases. The DTCs were present in 28.6% of stage I disease, which confirms the
aggressiveness of skin melanoma even in localized disease. The findings of CD57 and CD133 expression
are evidence of DTCs heterogeneity and the complex hierarchical relations between the primary and
the DTCs. The prognostic significance of our results will be assessed in further studies.

Thus, we can talk about the complex relationship of hematopoiesis in general and the development
of skin melanoma. Both myelo- and erythropoiesis are involved in and reacting to the tumor process
occurring in the body. Of particular interest are changes in the bone marrow hematopoiesis arising in
the presence of DTCs. Perhaps they are a reflection of the reorganization of the microenvironment of
the DTCs, contributing to their long-term persistence in the bone marrow. The role of these changes in
the prognosis of the course of the disease remains to be assessed.

The ‘seed and soil’ theory therefore is still valuable after 150 years and requires further development
using up-to-date diagnostic approaches.

Author Contributions: O.C.—conceptualization, methodology, formal analysis, investigation, writing—original
draft preparation, visualization, and project administration; I.M.—conceptualization, methodology,
data curation, resources, writing—original draft preparation, investigation, and project administration;
L.D.—writing—review and editing, supervision, and project administration; N.K.—software, resources
and investigation; S.C.—conceptualization and formal analysis; A.P.—resources and formal analysis;
A.A.—resources; N.T.—conceptualization, methodology, formal analysis, review and editing, supervision,
and project administration.

Funding: This research received no external funding

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

References

1. Ashworth, T.R. A case of cancer in which cells similar to those in the tumors were seen in the blood after
death. Med. J. Australia 1869, 14, 146–147.

2. Paget, S. The distribution of secondary growths in cancer of the breast. Lancet 1889, 1, 571–573. [CrossRef]
3. Fidler, I.J.; Kripke, M.L. Metastasis results from preexisting variant cells within a malignant tumor. Science

1977, 197, 893–895. [CrossRef] [PubMed]
4. Fearon, E.R.; Vogelstein, B. A genetic model for colorectal tumorigenesis. Cell 1990, 61, 759–767. [CrossRef]
5. Fidler, I.J.; Hart, I.R. Biological diversity in metastatic neoplasms: origins and implications. Science 1982, 217,

998–1003. [CrossRef] [PubMed]
6. Klein, C.A. Parallel progression of primary tumours and metastases. Nat. Rev. Cancer 2009, 9, 302–312.

[CrossRef] [PubMed]
7. Psaila, B.; Lyden, D. The metastatic niche: Adapting the foreign soil. Nat. Rev. Cancer 2009, 9, 285–293.

[CrossRef] [PubMed]
8. Koebel, C.M.; Vermi, W.; Swann, J.B.; Zerafa, N.; Rodig, S.J.; Old, L.J.; Smyth, M.J.; Schreiber, R.D. Adaptive

immunity maintains occult cancer in an equilibrium state. Nature 2007, 450, 903–907. [CrossRef]

194



Cells 2019, 8, 627

9. Willis, R.A. The Spread of Tumours in the Human Body; J. & A. Churchill: London, UK, 1934.
10. Hadfield, G. The dormant cancer cell. Br. Med. J. 1954, 2, 607–610. [CrossRef]
11. Weilbaecher, K.N.; Guise, T.A.; McCauley, L.K. Cancer to bone: A fatal attraction. Nat. Rev. Cancer 2011, 11,

411–425. [CrossRef]
12. Jones, D.H.; Nakashima, T.; Sanchez, O.H.; Kozieradzki, I.; Komarova, S.V.; Sarosi, I.; Morony, S.; Rubin, E.;

Sarao, R.; Hojilla, C.V.; et al. Regulation of cancer cell migration and bone metastasis by RANKL. Nature

2006, 440, 692–696. [CrossRef] [PubMed]
13. Aguirre-Ghiso, J.A. Models, mechanisms and clinical evidence for cancer dormancy. Nat. Rev. Cancer 2007, 7,

834–846. [CrossRef] [PubMed]
14. Sosa, M.S.; Bragado, P.; Aguirre-Ghiso, J.A. Mechanisms of disseminated cancer cell dormancy: An awakening

field. Nat. Rev. Cancer 2014, 14, 611–622. [CrossRef] [PubMed]
15. Luzzi, K.J.; MacDonald, I.C.; Schmidt, E.E.; Kerkvliet, N.; Morris, V.L.; Chambers, A.F.; Groom, A.C. Multistep

nature of metastatic inefficiency: Dormancy of solitary cells after successful extravasation and limited
survival of early micrometastases. Am. J. Pathol. 1998, 153, 865–873. [CrossRef]

16. Ghajar, C.M. Metastasis prevention by targeting the dormant niche. Nat. Rev. Cancer. 2015, 15, 238–247.
[CrossRef] [PubMed]

17. Malanchi, I.; Santamaria-Martínez, A.; Susanto, E.; Peng, H.; Lehr, H.A.; Delaloye, J.F.; Huelsken, J. Interactions
between cancer stem cells and their niche govern metastatic colonization. Nature 2012, 481, 85–89. [CrossRef]
[PubMed]

18. Janni, W.; Vogl, F.D.; Wiedswang, G.; Synnestvedt, M.; Fehm, T.; Jückstock, J.; Borgen, E.; Rack, B.; Braun, S.;
Sommer, H. Persistence of disseminated tumor cells in the bone marrow of breast cancer patients predicts
increased risk for relapse—A European pooled analysis. Clin. Cancer Res. 2011, 17, 2967–2976. [CrossRef]

19. Pantel, K.; Izbicki, J.; Passlick, B.; Angstwurm, M.; Häussinger, K.; Thetter, O.; Riethmüller, G. Frequency and
prognostic significance of isolated tumor cells in bone marrow of patients with non-small-cell lung cancer
without overt metastases. Lancet 1996, 347, 649–653. [CrossRef]

20. Lilleby, W.; Stensvold, A.; Mills, I.G.; Nesland, J.M. Disseminated tumor cells and their prognostic significance
in nonmetastatic prostate cancer patients. Int. J. Cancer 2013, 133, 149–155. [CrossRef]

21. Flatmark, K.; Borgen, E.; Nesland, J.M.; Rasmussen, H.; Johannessen, H.O.; Bukholm, I.; Rosales, R.;
Hårklau, L.; Jacobsen, H.J.; Sandstad, B.; et al. Disseminated tumour cells as a prognostic biomarker in
colorectal cancer. Br. J. Cancer 2011, 104, 1434–1439. [CrossRef]

22. Besova, N.S.; Obarevich, E.S.; Davydov, M.M.; Beznos, O.A.; Tupitsyn, N.N. Prognostic values of the presence
of disseminated tumor cells in the bone marrow in patients with disseminated stomach cancer before start of
treatment with antitumor drugs. Pharmateca 2017, 350, 62–66.

23. Besova, N.S.; Obarevich, E.S.; Beznos, O.A.; Tupitsyn, N.N.; Davydov, M.M. Prognostic value of the dynamics
of disseminated tumor cells in the bone marrow in patients with disseminated adenocarcinoma of the
stomach or the esophagogastric junction. Pharmateca 2017, 350, 83–86.

24. Eskelin, S.; Pyrhonen, S.; Summanen, P.; Hahka-Kemppinen, M.; Kivelä, T. Tumor doubling times in
metastatic malignant melanoma of the uvea: Tumor progression before and after treatment. Ophthalmology

2000, 107, 1443–1449. [CrossRef]
25. Coupland, S.E.; Sidiki, S.; Clark, B.J.; McClaren, K.; Kyle, P.; Lee, W.R. Metastatic choroidal melanoma to the

contralateral orbit 40 years after enucleation. Arch. Ophthalmol. 1996, 114, 751–756. [CrossRef] [PubMed]
26. Damsky, W.; Micevic, G.; Meeth, K.; Muthusamy, V.; Curley, D.P.; Santhanakrishnan, M.; Erdelyi, I.; Platt, J.T.;

Huang, L.; Theodosakis, N.; et al. mTORC1 activation blocks BrafV600E-induced growth arrest but is
insufficient for melanoma formation. Cancer Cell 2015, 27, 41–56. [CrossRef] [PubMed]

27. Rocken, M. Early tumor dissemination, but late metastasis: Insights into tumor dormancy. J. Clin. Investig.

2010, 120, 1800–1803. [CrossRef] [PubMed]
28. Wick, M.R.; Swanson, P.E. Recognition of malignant melanoma by monoclonal antibody HMB-45. An

immunohistochemical study of 200 paraffin-embedded cutaneous tumors. J. Cutan. Pathol. 1988, 15, 201–207.
[CrossRef] [PubMed]

195



Cells 2019, 8, 627

29. Davydov, M.I.; Tupitsin, N.N. Assessment of minimal bone marrow involvement by flow cytometry.
Hematopoiesis Immunol. 2014, 12, 8–17.

30. Van Dongen, J.J.M.; van der Velden, V.H.J.; Brüggemann, M.; Orfao, A. Minimal residual disease diagnostics
in acute lymphoblastic leukemia: Need for sensitive, fast, and standardized technologies. Blood 2015, 125,
3996–4009. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

196



cells

Article

Fibronectin Regulation of Integrin B1 and SLUG in
Circulating Tumor Cells

Jeannette Huaman 1,2, Michelle Naidoo 1,2, Xingxing Zang 3 and Olorunseun O. Ogunwobi 1,2,4,*

1 Department of Biological Sciences, Hunter College of The City University of New York, New York, NY 10065,
USA; JHUAMAN@genectr.hunter.cuny.edu (J.H.); michelle.naidoo86@myhunter.cuny.edu (M.N.)

2 Department of Biology, The Graduate Center of The City University of New York, New York, NY 10016, USA
3 Departments of Microbiology and Immunology, and Medicine (Oncology),

Albert Einstein College of Medicine, Bronx, NY 10461, USA; xingxing.zang@einstein.yu.edu
4 Department of Medicine, Weill Cornell Medicine, Cornell University, New York, NY 10065, USA
* Correspondence: ogunwobi@genectr.hunter.cuny.edu

Received: 24 May 2019; Accepted: 19 June 2019; Published: 20 June 2019

Abstract: Metastasis is the leading cause of cancer death worldwide. Circulating tumor cells (CTCs)
are a critical step in the metastatic cascade and a good tool to study this process. We isolated CTCs from
a syngeneic mouse model of hepatocellular carcinoma (HCC) and a human xenograft mouse model
of castration-resistant prostate cancer (CRPC). From these models, novel primary tumor and CTC cell
lines were established. CTCs exhibited greater migration than primary tumor-derived cells, as well
as epithelial-to-mesenchymal transition (EMT), as observed from decreased E-cadherin and increased
SLUG and fibronectin expression. Additionally, when fibronectin was knocked down in CTCs, integrin
B1 and SLUG were decreased, indicating regulation of these molecules by fibronectin. Investigation
of cell surface molecules and secreted cytokines conferring immunomodulatory advantage to CTCs
revealed decreased major histocompatibility complex class I (MHCI) expression and decreased
endostatin, C-X-C motif chemokine 5 (CXCL5), and proliferin secretion by CTCs. Taken together,
these findings indicate that CTCs exhibit distinct characteristics from primary tumor-derived cells.
Furthermore, CTCs demonstrate enhanced migration in part through fibronectin regulation of integrin
B1 and SLUG. Further study of CTC biology will likely uncover additional important mechanisms of
cancer metastasis.

Keywords: metastasis; circulating tumor cells (CTCs); hepatocellular carcinoma (HCC); castration
resistant prostate cancer (CRPC); epithelial-to-mesenchymal transition (EMT); fibronectin; integrin
B1; SLUG; major histocompatibility complex class I (MHCI); immunomodulation

1. Introduction

Metastasis is associated with advanced stages of cancer. Resulting in 90% of cancer deaths
worldwide [1], metastasis occurs in a series of steps. These steps include the dissociation of cells from
the primary tumor, migration through surrounding tissue, intravasation, circulation through blood,
followed by extravasation and re-colonization of distant sites throughout the body. At advanced
stages of most cancers, there are limited treatment options [1–3]. As such, efforts are increasingly being
focused on identification of novel metastasis-related molecular targets.

One way to potentially avoid the need for invasive tissue biopsies when studying cancer metastasis
is through the use of circulating tumor cells (CTCs). CTCs are cells which have dissociated from the
primary tumor and are found traveling in the blood [4–8]. Some CTCs will eventually form metastatic,
secondary lesions. Because CTCs can be obtained from liquid biopsies (from blood), they enable the
molecular profiling of potentially unresectable tumors in patients [9] and identification of molecular
changes important for progression to advanced cancers [10]. However, there is a challenge with low
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CTC numbers frequently found in the blood [11–15]. To address this potential obstacle to studying
CTC biology, in this study, we established novel CTC cell lines and primary tumor-derived cells for
molecular biological studies.

The two different cancer models used in this study were a syngeneic mouse model of hepatocellular
carcinoma (HCC) and a xenograft mouse model of castration-resistant prostate cancer (CRPC). HCC is
the most common form of liver cancer and is frequently diagnosed at very late stages. Consequently,
it is one of the leading causes of cancer deaths worldwide [16–19]. Moreover, sorafenib, which is
the main FDA approved drug to treat advanced HCC, extends life by only six months [20]. As such,
better treatment options are needed. Similarly, CRPC is a form of prostate cancer (PCa) that is resistant
to both medical and surgical castration [21,22]. However, androgen deprivation therapy (ADT) is the
main standard of treatment for localized PCa [23,24]. This makes CRPC particularly challenging to
treat. Over one third of CRPC patients will develop bone metastasis for which there is no cure [21,25].
Therefore, finding alternative treatments is critical for this cancer as well.

To this end, we propagated cell lines originating from primary tumors and CTCs. Our aim
was to discover differences between these two cell types representing earlier and more advanced
stages of cancers. Both HCC and CRPC CTCs demonstrate increased migration and evidence of
epithelial-to-mesenchymal transition (EMT). Moreover, we discovered that in CTCs, fibronectin
regulates integrin B1 and SLUG, which are known regulators of cell migration. Finally,
we identified differences in CTC cell surface marker and cytokine secretion profiles that could have
immunomodulatory implications. HCC CTCs had significantly reduced major histocompatibility
complex class I (MHCI) expression, as well as significantly decreased secretion of endostatin, CXCL5,
and proliferin as compared to primary tumor-derived cells. These findings may have implications for
the function of metastatic cells and how they evade the immune system.

2. Materials and Methods

2.1. Cell Lines and Cell Culture

The BNL 1ME A 7R.1 cell line (purchased from ATCC), as well as the newly established
primary tumor cell lines (TBOH1 and TBOH9) and circulating tumor cell lines (CBOH4 and CBOH9),
were maintained in Dulbecco’s Modified Eagle Media (DMEM) media supplemented with 10% fetal
bovine serum, 1% penicillin/streptomycin, and L-glutamine. Trypsinization of cells occurred using
0.25% trypsin when 75–80% confluent.

The 22Rv1 cell line (purchased from ATCC), as well as the newly established primary tumor
cell line T22OH and circulating tumor cell line C22OH, were maintained in Roswell Park Memorial
Institute (RPMI) media supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin.
Trypsinization of cells occurred using 0.05% trypsin when 75–80% confluent. All cells lines were
cultured in a 5% CO2, 37 ◦C atmosphere.

2.2. Mouse Tumor Studies

Figure 1 shows the experimental mouse models used for this study and the subsequent
establishment of novel cell lines. For the syngeneic mouse model of HCC, 7-week old, male, BALB/c
mice were obtained from Taconic Biosciences Inc. Mice were implanted with 2.5 × 106 BNL 1ME A
7R.1 murine HCC cells. For the NOD scid gamma (NSG) human xenograft mouse model, 7-week
old, male NSG mice were obtained from Jackson Laboratory. Mice were implanted with 2.5 × 106

22Rv1 human CRPC cells. Tumors were allowed to grow until reaching a max tumor volume of
2000 cm3, at which point mice were euthanized, tumors removed, and samples of blood processed
for CTCs as previously described by our lab [26]. Briefly, up to 1 mL of blood was obtained from
intracardiac blood withdrawal from mice. The blood was spun down and the plasma removed. The rest
of the blood sample, most importantly the buffy coat layer, which is where we expect our CTCs to
be, was treated with red blood cell lysis buffer. After a series of spins and washes, samples were
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placed in media. Experiments on CTC cell lines were carried out for as long as forty-five passages
(well over 6 months). Features remained consistent among different passages. While efficiency of
cell line establishment was moderate to low, once established, the CTC cell lines exhibited high cell
viability. In terms of our primary tumor cell lines, tumors were mechanically dissociated in media
and given the chance to adhere to the plate to give rise to primary cell culture cell lines. H&E staining
was performed to confirm metastasis to lungs using the core facilities at Albert Einstein School of
Medicine. All mouse experiments were performed in compliance with Institutional Animal Care and
Use Committee (IACUC)–approved protocols at Weill Cornell Medicine.

Figure 1. Establishment of novel primary tumor-derived cell lines and circulating tumor cell lines.
(A) Schematic diagram summarizing how novel cell lines were established. This figure includes
modifications to our previously described work [27]. For the syngeneic hepatocellular carcinoma
(HCC) mouse model, BALB/c mice were subcutaneously implanted with the murine hepatocellular
carcinoma cell line BNL 1ME A.7R.1. For the xenograft castration-resistant prostate cancer (CRPC)
mouse model, NSG mice were subcutaneously implanted with the 22Rv1 human CRPC cell line.
Mice were allowed to develop tumors over a period of 3–4 weeks, humanely sacrificed, primary tumors
resected and mechanically dissociated, and then put in culture to establish the TBOH series of primary
tumor-derived cell lines. The CBOH series of circulating tumor cells (CTCs) was established from
cancer cells isolated from the bloodstream of the same mice implanted with either BNL 1ME A.7R.1 or
22Rv1 cells. (B) The newly established cell lines: the TBOH1 and CBOH4 pair and TBOH9 and CBOH9
pair were established from the HCC model. The T22OH and C22OH pair were established from the
CRPC model.

2.3. Immunofluorescence Staining

Cells were incubated with coverslips and grown for 48 hr. The coverslips were collected, fixed with
4% paraformaldehyde for 15 min at room temperature, permeabilized with 0.5% Triton X-100 in 1X
PBS/1% FBS for 10 min at room temperature. Cells were stained with CREB3L3 antibody (sc-377331;
1:500; Santa Cruz Biotechnology, TX, USA), or endostatin antibody (PA1-601; 1:200; Thermo Fisher
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Scientific, Rockford, IL, USA) for 2 h, followed by incubation with Alexa Fluor 635 anti-rabbit secondary
antibody (A31577; Thermo Fisher Scientific, Rockford, IL, USA) for 1 h. DAPI was used to counterstain
nuclei, and slides were imaged using a Nikon A1 confocal microscope at a 60×magnification.

2.4. Migration Assays

For wound healing migration assays, 5 × 104 murine BNL 1ME A.7R.1 cells were grown in a
6-well tissue culture plate and permitted to reach 90–100% confluency. Using a plastic tip (1 mm thick),
wounds were administered to monolayers of cells in each well. Wounded monolayers were washed
with 1X PBS and incubated with media. Cells were observed, and images were taken using the Motic
AE30 Inverted Microscope.

For transwell migration assays, 1 × 105 22Rv1 CRPC cells were seeded on the top of chambers
containing 8 µm pores (Greiner Bio-one, Austria, cat #: 662 638) in serum-free media. The bottom
chambers were filled with regular media to serve as a chemoattractant. After 48 hr, the top chambers
were rinsed with 1X PBS, fixed with paraformaldehyde, treated with methanol, and stained with
trypan blue staining. The chambers were placed on a slide and viewed using the Motic AE30 Inverted
Microscope. All migration assays were carried out at least 3 times.

2.5. Protein Extraction and Western Blotting

Whole cell extracts were obtained by treating cells with radioimmunoprecipitation assay (RIPA)
lysis buffer (Amresco, Ohio, USA, cat#: N653), supplemented with 10× protease inhibitors (Thermo
Fisher Scientific, Rockford, IL, USA, cat#: 88665) and 100 mM PMSF (Amresco, OH, USA, cat#: M145).
Protein concentration was calculated via the Bradford Assay using the Bio-Rad Protein Assay Dye
Reagent Concentrate. For Western blot analysis, 30 µg of protein was run on precast SDS-PAGE gels
and subsequently transferred onto nitrocellulose membranes. Membranes were blocked in 5% BSA
in TBS-T for 1 h at room temperature, incubated with primary antibodies overnight at 4 ◦C, washed
with 1× TBS-T, incubated with secondary antibodies for 1 h, washed, and imaged using the LI-COR
Odyssey CLx imager with infrared fluorescence. The primary antibodies used were directed against
fibronectin (ab2413; 1:1000; Abcam, Cambridge, UK), E-cadherin (3195S; 1:200; Cell Signaling, MA,
USA), CREB3L3 (sc-377331; 1:500; Santa Cruz Biotechnology, TX, USA), AR-V7 (ab198394; 1:1000;
Abcam, Cambridge, UK), PSA (sc-7316; 1:200; Santa Cruz Biotechnology, TX, USA), integrin B1 (4706S;
1:500; Cell Signaling, MA, USA), GAPDH (5174S; 1:1000; Cell Signaling, MA, USA), alpha-tubulin
(sc-32293; 1:500; Santa Cruz Biotechnology, TX, USA), and beta-actin (A5441; 1:5000; Sigma, St.Louis,
MO, USA). The secondary antibodies used were anti-mouse (925-32210; 1:15,000; LI-COR, Lincoln, NE,
USA) and anti-rabbit (925-32211; 1:15,000; LI-COR, Lincoln, NE, USA). Analysis and quantification of
western blots were performed using ImageJ software.

2.6. RNA Extraction and qPCR Analysis

The RNeasy Mini Kit (QIAGEN, Hilden Germany, cat#: 74104) was used to isolate total RNA
from each of the cell lines used in this study, according to the protocol specified by the manufacturer.
RNA concentration was measured using the spectrophotometer NanoDropTM 2000 (Thermo Fisher
Scientific, Inc.). cDNA was obtained using 1 µg of RNA and the QuantiTect Reverse Transcription kit
(QIAGEN, Hilden, Germany, cat#: 205311).

Expression of SLUG was measured by quantitative real time qPCR using SYBR-Green Master mix
(Life Technologies, CA, USA, cat#: 4309155). Primers for SLUG and GAPDH were created with the
OligoPerfect Designer program (ThermoFisher Scientific Inc; Wilmington, DE, USA). The following
oligonucleotide sequences were used for primers: murine SLUG-F, 5′-CCTTTCTCTTGCCCTCACTG-3′,
and murine SLUG-R, 5′-ACAGCAGCCAGACTCCTCAT-3′; murine GAPDH-F,
5′-TGATGGGTGTGAACCACGAG-3′, and GAPDH-R, 5′-AGTGATGGCATGGACTGTGG-3′;
human SLUG-F, 5′-CTTTTTCTTGCCCTCACTGC-3′, and human SLUG-R,
5′-GCTTCGGAGTGAAGAAATGC-3′; human GAPDH-F, 5′-GAGTCAACGGATTTGGTCGT-3′,
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and human GAPDH-R, 5′-TTGATTTTGGAGGGATCTCG-3′. For each sample, SLUG was normalized
with GAPDH expression. The comparative cycle threshold (Ct) method was used to quantify relative
target gene expression. The instrument used was the Quantifect Studio System (Applied Biosystems).

2.7. Transfection of siRNAs

Cells were grown in 6-well plates. When a confluency of 60–70% was reached, the cells were
transfected according to the manufacturer’s instructions. Briefly, the cells were transfected with 10 nM
of either fibronectin siRNA (Santa Cruz Biotechnology, TX, USA, cat#: sc-29315) or a non-targeting
scramble control (Sigma, St.Louis, MO, USA) using Lipofectamine RNAiMAX (Thermo Fisher Scientific
Inc.; Wilmington, DE, USA) diluted in Opti-MEM (ThermoFisher Scientific Inc.; Wilmington, DE, USA).
The cells were then incubated for 24 h at 37 ◦C after which cells were harvested.

2.8. Flow Cytometry

Cells were incubated with trypsin for 3 min in order to harvest them. The pellets were washed,
spun at 1200 rpm for 5 min, and re-suspended in 1% BSA in 1X PBS incubation buffer. Cells were
spun and treated with mouse Fc block (BD Biosciences, NJ, USA, cat#: 553142) for 20 min. Either FITC
anti-mouse MHCI antibody (BD Biosciences, NJ, USA, cat#: 553565) or its corresponding FITC Mouse
Isotype control (BD Biosciences, NJ, USA, cat#: 553456) was added to cells and allowed to incubate for
1 h. The samples were fixed with 2% paraformaldehyde for 30 min at 4 ◦C, washed, and re-suspended in
1X PBS. Analysis was done using the BD FACs instrumentation and software version 7.0 (BD Biosciences,
NJ, USA).

2.9. Cytokine Array

TBOH and CBOH cell lines were screened simultaneously for 111 murine cytokines using the
Mouse XL Cytokine Array (R&D Biosystems, MN, USA, cat#: ARY028). Duplicate experiments
were performed according to the manufacturer’s instructions. Cytokine signals were quantified with
densitometry using Image J software.

2.10. Statistical Analyses

Data from at least 3 different independent experiments were collected and presented as
mean ± standard error of the mean (SEM). Statistical significance was evaluated using Student’s
t-test. p values of >0.05 were deemed significant.

3. Results

3.1. CTCs Obtained from Blood Express Tissue-Specific Markers

After the establishment of the novel cell lines (as shown in Figure 1), we confirmed tissue
specificity of the established CTC lines. To confirm that the CTCs obtained from the bloodstream
of the HCC syngeneic mouse models were of liver origin and not other cells potentially isolated
from the blood, we performed immunofluorescence staining for CREB3L3, a validated liver specific
marker [28,29]. As expected, the primary tumor cell lines TBOH1 and TBOH9 demonstrated strong
CREB3L3 expression as shown by the red pigmentation in cells in Figure 2A,C. Similarly, the CTCs
CBOH4 and CBOH9 also showed distinct CREB3L3 expression, confirming their liver origin, as well
as their derivation from TBOH1 and TBOH9, respectively. No signal was observed in the negative
controls in which cells were incubated with only the secondary antibody. Western blotting for CREB3L3
also revealed positive signals for both CBOH4 and CBOH9 as seen in Figure 2B,D.
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Figure 2. CTCs express tissue-specific markers and were obtained from mice that developed cancer
metastasis. (A,C) Immunofluorescence staining for CREB3L3, a liver-specific marker; and (B,D) western
blotting for CREB3L3. DAPI nuclear staining is shown in blue; CREB3L3 cytoplasmic staining is shown
in red. (E) H&E staining of tumor and lung tissues from implantation of HCC cell line into BALB/c
mice demonstrates evidence of cancer metastasis to lungs of cancer-bearing mice. (F) Western blotting
was carried out to demonstrate prostate cancer origin for both CRPC primary tumor-derived and CTC
lines. Experiments were carried out at least three times.

In addition to showing that the CTCs are hepatic-specific, we also performed H&E histological
staining on lung tissues obtained from the mice implanted with the HCC cell line. This was to confirm
the occurrence of HCC metastasis to the lungs, as shown in Figure 2E by the darker red pigmentation
in the lungs of the HCC-implanted mice in comparison to the lungs of the non-cancer bearing mice.

Similarly, to confirm that the cells obtained from the blood of the NSG mice implanted with CRPC
cells are of prostate origin, we performed western blotting for prostate specific antigen (PSA) and
the AR-V7 variant androgen receptor protein known to be expressed by 22Rv1. These are markers
characteristic of prostate cancer cells [23,30,31]. Both the primary tumor-derived cell line and the CTC
cell line derived from NSG mice implanted with the 22Rv1 CRPC cell line demonstrated distinct AR-V7
and PSA expression as shown in Figure 2F, confirming their origin from the prostate and the derivation
of C22OH from T22OH. Furthermore, the occurrence of metastasis was confirmed by visually finding
multiple macroscopic tumors in distant sites during necropsy of the mice.

Our results show that we were successfully able to isolate CTCs from the blood from the syngeneic
HCC and NSG CRPC mouse models. Functional assays were subsequently carried out to determine
differences between CTCs and their corresponding primary tumor-derived cells.

3.2. CTCs Have a Greater Migratory Capacity than Primary Tumor-Derived Cells

Cancer cell migration is required for cancer metastasis [32,33]. To assess the migratory capability
of both primary tumor-derived and CTC HCC cells, we performed wound healing migration assays.
The rate at which wounds closed determined the migratory capability of cells. As shown in Figure 3A,C,
we observed that CTCs (CBOH4 and CBOH9) were more migratory than their corresponding primary
tumor-derived cell lines (TBOH1 and TBOH9, respectively). CBOH4 displayed a 55% increase in
migration in comparison with its corresponding primary tumor-derived TBOH1 (Figure 3B), and CBOH9
demonstrated ~30% increased migration in comparison to TBOH9 (Figure 3D). The increased migratory
capacity of CTCs is statistically significant.
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Figure 3. CTCs have greater migratory capacity than cancer cells from primary tumors. (A,C) Wound
healing migration assays were performed on HCC cell lines. Cells were grown in 6-well plates.
When confluent, wounds were made and measured at 0 and 9 h intervals. Wound closure by
CTCs, but not by primary tumor-derived cell lines, was complete by 9 h. Images were taken at
10×magnification using Motic AE30 imaging software. (B,D) Migration (wound closure) was quantified;
N = 3. (E) Transwell migration assays were performed on CRPC primary tumor-derived cell lines
and CTC lines. Cells that migrated successfully through the pore membrane are represented by dark
spots. Images shown were taken at 20×magnification. (F) Migration was quantified. Data provided on
graphs are presented as mean ± standard error of the mean (SEM); N = 3.

To analyze the migratory capability of CRPC cells, we performed transwell migration assays.
The number of cells passing through the chamber pores determined the migratory capability of cells.
As shown in Figure 3E,F, the C220H CTC cell line demonstrated a four-fold increase in migration in
comparison to the primary tumor-derived cell line T22OH.

3.3. CTCs Exhibit Epithelial to Mesenchymal Transition (EMT)

Having observed greater migration from CTCs in comparison to primary tumor-derived cells,
we wanted to determine whether CTCs were undergoing EMT. This is a phenomenon frequently
observed in cancer cells migrating and metastasizing [34–39]. Using western blotting, we examined
protein expression of fibronectin, a well-known marker of migratory and mesenchymal cells [40–44].
As observed in Figure 4A–C, CTCs had greater fibronectin protein expression in all three pairs of
cell lines. More specifically, CBOH4 showed a 4.81-fold increase in expression of fibronectin when
compared to TBOH1; CBOH9 exhibited a 3.95-fold increase in fibronectin expression when compared
with TBOH9, and C22OH had a 3.52-fold increase in fibronectin expression in comparison with
T22OH. Another marker examined to assess EMT was E-cadherin, a well-known cell adhesion protein
characteristic of epithelial cells [45,46]. E-cadherin expression was decreased 11.1-fold in CBOH4
in comparison to TBOH1; decreased 5.5-fold in CBOH9 in comparison with TBOH9, and decreased
2.1-fold in C22OH in comparison with T22OH.
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Figure 4. CTCs undergo epithelial-to-mesenchymal transition (EMT) as observed by increased
fibronectin, decreased E-cadherin, and increased SLUG expression. (A,B) Fibronectin and E-cadherin
protein expression by HCC primary tumor-derived cell lines and CTC lines. (C) Fibronectin and
E-cadherin protein expression by CRPC primary tumor-derived cell line and CTC line. (D) SLUG
expression was assessed using qPCR. Expression was normalized against GAPDH. Data provided on
graphs are presented as mean ± standard error of the mean (SEM); N = 3.

EMT is also made possible by several transcription factors that initiate and maintain it [47].
One such transcription factor observed to be overexpressed in all three CTC cell lines was SLUG.
The mRNA expression of this EMT transcription factor was assessed using qPCR. As shown in
Figure 4D, CBOH4 exhibited a 4.6-fold increase in SLUG mRNA expression in comparison with TBOH1.
CBOH9 demonstrated an 11.1-fold increase in SLUG expression in comparison to the corresponding
primary tumor-derived cell line TBOH9. Finally, C22OH exhibited a 1.5-fold increase in SLUG mRNA
expression in comparison to the T22OH cell line. These findings demonstrate that EMT is occurring in
CTC lines and may be the reason they are more migratory than primary tumor-derived cell lines.

3.4. Fibronectin Expression Regulates Integrin B1 and SLUG Expression in CTCs

Both HCC and CRPC CTCs expressed significantly more fibronectin than primary tumor-derived
cells. We therefore investigated the molecular mechanisms of action of fibronectin in CTCs by
knocking down fibronectin expression in CTCs. CBOH4 and C22OH were transfected for 24 h
with either 25 pmol of fibronectin-specific siRNA or scramble siRNA. In comparison with primary
tumor-derived cells, CTCs had higher expression of integrin B1 as shown in Figure 5A,B. Integrins
are heterodimeric, transmembrane cell surface receptors that have been linked with metastasis and
tumor migration [48–50]. The integrin B1 subunit specifically has been frequently upregulated in
tumors [51,52]. Interestingly, knockdown of fibronectin in CTCs resulted in decreased integrin B1
expression (19.4% decrease in fibronectin expression in CBOH4 with knockdown of fibronectin;
and 20.3% decrease in C22OH with knockdown of fibronectin).

Like integrin B1, SLUG is also a molecule that has been associated with greater migratory capacity
by cancer cells [53–55]. To determine the effect of fibronectin knockdown on SLUG expression in CTCs,
we performed qPCR analysis. As shown in Figure 5C, CBOH4 transfected with fibronectin-specific
siRNA demonstrated a 40% decrease in SLUG expression in comparison with CBOH4 transfected with
scramble siRNA. Similarly, as shown in Figure 5D, C22OH transfected with the fibronectin-specific
siRNA demonstrated a 30% decrease in SLUG expression in comparison with C22OH transfected with
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scramble siRNA. Therefore, fibronectin has significant regulatory effects on integrin B1 and SLUG
expression in CTCs.

Figure 5. Fibronectin knockdown in CTCs caused decreased integrin B1 and SLUG expression.
(A,B) After a 24 h transfection of CBOH4 and C22OH with fibronectin-specific siRNAs, western blotting
was performed to determine the effects on integrin B1 expression. Western blotting revealed that
fibronectin knockdown in CTCs was successful. The effect of fibronectin knockdown on integrin B1
expression was compared in control untransfected cells, CTCs transfected with scramble siRNAs,
and CTCs transfected with fibronectin-specific siRNAs. Western blotting experiments were performed
three separate times. (C,D) Effect of Fibronectin knockdown on SLUG expression in CBOH4 and
C22OH CTCs was assessed by qPCR. Expression was normalized against GAPDH. Data provided on
graphs are presented as mean ± standard error of the mean (SEM); N = 3.

3.5. HCC CTCs have Decreased MHCI Cell Surface Expression

To investigate potential immunomodulatory properties of CTCs, we used the cell lines derived
from the syngeneic HCC mouse model. Using flow cytometry, we assayed for MHCI, a well-established
cell surface molecule involved in self-recognition and identification of harmful entities for destruction
by T-cells [56,57]. As shown in Figure 6A,B, we observed a 1.8-fold (45%) decrease in MHCI expression
in the CBOH4 CTC line in comparison to the primary-tumor derived TBOH1 cell line. Similarly,
as shown in Figure 6C,D, we observed a 1.5-fold (35%) decrease in MHCI expression in the CBOH9
CTC line in comparison to the TBOH9 primary tumor-derived cell line.
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Figure 6. Immunomodulatory mechanisms of CTCs derived from a syngeneic mouse model of HCC.
(A–D) Major histocompatibility complex class I (MHCI) expression was assessed using flow cytometry.
CTCs have decreased MHCI cell surface protein expression in comparison to primary tumor-derived
cell lines. Both isotype and MHCI antibodies were conjugated to fluorescein isothiocyanate (FITC).
Isotype measuring background is shown in red. MHCI signal is shown in green; N = 5. (E) Analysis of
111 different cytokines secreted into cell media reveals consistent and significantly decreased secretion
of endostatin, CXCL5, and proliferin in CTCs in comparison to primary tumor-derived cells; N = 2.
(F–H) Endostatin, CXCL5, and proliferin signals from cytokine array were quantified. Data are
presented as mean ± standard error of the mean (SEM).

3.6. HCC CTCs have Significantly Decreased Secretion of Endostatin, CXCL5, and Proliferin

Cytokines are secreted molecules that can activate signaling pathways and have effects on the
immune response [58–60]. To determine if there are differences in the cytokine secretion profile between
CTCs and primary tumor-derived cells, a cytokine array was used. Of the 111 cytokines assayed,
three were consistently and significantly lower in CTCs (see Figure 6E). Endostatin, an anti-angiogenic
molecule and inhibitor of tumor growth [61,62], was decreased 2.27-fold in CTCs in comparison to
primary tumor-derived cells (Figure 6F). CXCL5, a molecule that plays a role in attracting leukocytes
such as neutrophils [63,64], was also downregulated 2.38-fold in CTCs (Figure 6G). Finally, proliferin,
a molecule with reported roles in cell growth regulation and differentiation [65–67], was decreased
1.28-fold in CTCs (Figure 6H). Statistical analyses found all three molecules to be significantly decreased
with p values of <0.05.

3.7. CTCs, in Comparison to Primary Tumor-Derived Cells, Have Decreased Endostatin Expression

As a follow-up to the observation that CTCs secreted significantly reduced endostatin,
we investigated intracellular endostatin expression in both of our HCC and CRPC CTC models
using quantitative immunofluorescence. As shown in Figure 7A,B, CBOH4 had a 59% decrease in
endostatin expression in comparison to TBOH1, and as shown in Figure 7C,D, CBOH9 had a 48%
decrease in endostatin expression compared to TBOH9. Further, as shown in Figure 7E,F, C22OH had
a 40% decrease in the expression of endostatin in comparison to T22OH. Thus, we can conclude that
CTCs from both HCC and CRPC models examined expressed significantly less intracellular endostatin
than their corresponding primary tumor-derived cells.
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Figure 7. Decreased intracellular endostatin expression by CTCs. (A,C,E) Endostatin expression
in TBOH1 and CBOH4, TBOH9 and CBOH9, and T22OH and C22OH was determined using
immunofluorescence. (B,D,F) Mean fluorescence intensity was quantified using the NIS Elements
software. Data are presented as mean ± standard error of the mean (SEM).

4. Discussion

Metastasis is the most common cause of death among cancer patients. Molecular mechanisms of
cancer metastasis are not yet clear [1–3,33,68]. CTCs are an important step in the metastatic process.
Consequently, in this study, we have focused on elucidating the molecular mechanisms of CTCs.

However, CTCs are not always abundant and are usually challenging to obtain in the human
clinical setting [12–15]. To address these limitations, we have established an effective method for
isolating CTCs, establishing long-term cultures, and propagating them into cell lines that are useful
for studying CTC biology. The challenge involved in this task is underscored by the fact that only a
few other groups have had success in doing this [69–72]. So far, it has been easier to establish short
term CTC cultures, which when coupled with single-cell sequencing or short-term biochemical assays,
have resulted in very useful information [73–82]. Further, these techniques can be physically intensive
and expensive. Here, we have described an approach for propagating CTC cell lines and using them
for functional characterization, identification of novel molecular pathways important to metastasis,
as well as to gain insight into molecular receptors and secretions that might have immunomodulatory
functions in CTCs.

In this study, we have focused on the use of HCC and CRPC models because they both have
significant negative clinical outcomes. At present, there is no effective treatment for advanced
HCC [16–18,20]. Similarly, metastatic CRPC currently has no cure [21–24,83].

In the present study, we have successfully propagated three pairs of CTC lines and their
corresponding primary tumor-derived cell lines: two pairs of HCC origin and one pair of CRPC
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origin. Interestingly, all CTCs demonstrated significantly greater migratory capacity than their primary
tumor-derived counterparts. Furthermore, we investigated the role of EMT in CTCs. EMT is a
phenomenon that is frequently observed in cancer cells during cancer progression [34–36]. Accordingly,
we observed evidence of EMT in CTCs as demonstrated by downregulation of E-cadherin and
upregulation of fibronectin and SLUG expression. Therefore, our findings indicate that enhanced
migratory capacity and EMT are characteristic of CTCs.

Because we observed fibronectin to be overexpressed by CTCs, we were also interested in
identifying molecules regulated by fibronectin. Integrin receptors have long been associated with
tumor migration [49]. While fibronectin binding and activation of these receptors is established [84,85],
we report for the first time our observation that fibronectin has a regulatory role in the expression of
the integrin B1 subunit. Fibronectin knockdown in CTCs resulted in decreased expression of integrin
B1. Interestingly, another molecule significantly reduced by fibronectin knockdown in CTCs is SLUG.
SLUG is a known regulator of EMT, and we observed SLUG overexpression in CTCs in comparison
to primary tumor-derived cells. Upon fibronectin knockdown, SLUG expression was significantly
decreased in CTCs. Thus, fibronectin expression regulates integrin B1 and SLUG expression in CTCs.

In this study, we also investigated major histocompatibility complex class I (MHCI) expression and
secretion of cytokines by CTCs. The major histocompatibility complex class I (MHCI) is an important
cell surface molecule that enables T cells to distinguish between “self” vs. “non-self”. Upon recognition
of harmful entities presented by MHCI, T cells will attack these MHCI-presenting cells [56,57].
We observed significant reduction of MHCI expression in CTCs arising from the syngeneic HCC
mouse model. This has interesting implications on how CTCs may circumvent immunosurveillance.
Additionally, we sought to identify molecules differentially secreted by CTCs in comparison to primary
tumors. To this end, we assayed over 111 different cytokines using media secreted by cells. We found
three molecules to be significantly decreased by CTCs: endostatin, CXCL5, and proliferin. We report for
the first time that endostatin, CXCL5, and proliferin are significantly secreted less by CTCs than primary
tumor-derived cells. Further studies are imperative to clarify the implications of this differential
secretion profile of CTCs to cancer metastasis.

Endostatin is known for its anti-angiogenic properties [61,62,86]. The fact that CTCs express less
endostatin is intriguing and suggests that CTCs have acquired enhanced angiogenicity, which bodes
well for the colonization of secondary sites. Moreover, it is conceivable that decreased endostatin
secretion by CTCs may enhance their metastatic capability in other important ways [87–89]. CXCL5 is
a chemokine that recruits and activates neutrophils. While some studies associate higher CXCL5
expression with a worse cancer prognosis [63,64,90,91], several reports indicate that a lower CXCL5
expression can also promote metastatic spread [91–94]. Proliferin is a placental growth hormone that
has been observed to be pro-angiogenic [65–67]. The implications of our current finding that CTCs
secrete reduced amounts of proliferin than primary tumor-derived cells are currently unclear and
deserve further study. It is noteworthy, though, that previous studies have found that as tumors grow
in volume, intra-tumoral cells become hypoxic due to lack of oxygen within the tumor mass. This,
in turn, stimulates the production of pro-angiogenic factors, enabling new blood vessel formation
inside the tumor to deliver oxygen [95]. This process may not be necessary for CTCs, and this may
explain the reduced secretion of proliferin by CTCs observed.

Interestingly, endostatin expression was found to be downregulated in all our CTCs regardless of
tissue of origin. This was even more compelling since fibronectin, which was upregulated in our CTCs,
has been previously reported to bind to the same integrin α5β1 receptor as does endostatin [85,96–100].
It is plausible that there could be a potential autocrine, competitive binding occurring between
fibronectin and endostatin to the integrin α5β1 receptor with resulting implications in a cancer cell’s
ability to migrate. Further studies are necessary to confirm or refute this.

It is important to also note that while our work highlights a novel methodology and the creation
of new cell lines to uncover possible mechanisms of cancer cell action, our cell lines were obtained
from murine models. Others have previously isolated CTCs from human patients using microfluidic
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devices to assess molecular phenotype and drug sensitivity [9,69–72]. We propose our methodology to
contribute to the field by adding yet another way in which we can harness the information gained from
studying CTCs. In doing so, we may refute or support novel ideas such as CTCs being hybrids between
leukocytes and cancer cells [101,102]. Whether this explains the reason our CTCs demonstrate enhanced
migration and higher levels of integrin B1, which was previously reported in leukocytes [103,104],
remains to be proven.

In summary, we have described the establishment of novel primary tumor-derived cell lines and
CTC lines from the same mouse models and have used them to elucidate novel molecular mechanisms
of CTCs. This work has demonstrated that EMT, enhanced migration, and decreased endostatin,
CXCL5, and proliferin secretion are consistently seen in CTCs. Additionally, we report a novel role
for fibronectin in regulating integrin B1 subunit receptor expression in CTCs, and while fibronectin’s
ability to regulate SLUG activity in renal cell carcinoma cells to promote lung metastasis has been
reported [105], we report for the first time an observation of this molecular phenomenon in CTCs
of HCC and CRPC origin. Our findings suggest that fibronectin’s regulation of SLUG in CTCs may
contribute to their role in cancer metastasis. Taken together, our findings demonstrate that CTCs have
unique and important molecular mechanisms with implications for cancer metastasis.

5. Conclusions

In conclusion, we have demonstrated the successful establishment of novel primary tumor-derived
cell lines and CTC lines from a syngeneic HCC mouse model and a human xenograft CRPC mouse
model. The CTCs in these models demonstrate enhanced migration and EMT when compared to
primary tumor-derived cells. Here, we report our novel finding of fibronectin’s regulation of integrin
B1 and SLUG expression in CTCs. This may be a mechanism by which CTCs ensure greater migration
and metastasis. Further, we report our observation of decreased MHCI expression and decreased
secretion of endostatin, CXCL5, and proliferin by CTCs in comparison to primary tumor-derived cells.
These molecular mechanisms of CTCs likely have important implications for cancer metastasis.
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Abstract: The management of patients with colorectal cancer (CRC) and potentially resectable liver
metastases (LM) requires quick assessment of mutational status and of response to pre-operative
systemic therapy. In a prospective phase II trial (NCT01442935), we investigated the clinical validity
of circulating tumor cell (CTC) and circulating tumor DNA (ctDNA) detection. CRC patients with
potentially resectable LM were treated with first-line triplet or doublet chemotherapy combined
with targeted therapy. CTC (Cellsearch®) and Kirsten RAt Sarcoma (KRAS) ctDNA (droplet digital
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polymerase chain reaction (PCR)) levels were assessed at inclusion, after 4 weeks of therapy and
before LM surgery. 153 patients were enrolled. The proportion of patients with high CTC counts
(≥3 CTC/7.5mL) decreased during therapy: 19% (25/132) at baseline, 3% (3/108) at week 4 and 0/57
before surgery. ctDNA detection sensitivity at baseline was 91% (N=42/46) and also decreased during
treatment. Interestingly, persistently detectable KRAS ctDNA (p = 0.01) at 4 weeks was associated
with a lower R0/R1 LM resection rate. Among patients who had a R0/R1 LM resection, those with
detectable ctDNA levels before liver surgery had a shorter overall survival (p < 0.001). In CRC
patients with limited metastatic spread, ctDNA could be used as liquid biopsy tool. Therefore, ctDNA
detection could help to select patients eligible for LM resection.

Keywords: circulating tumor cells; circulating tumor DNA; liquid biopsy; metastatic colorectal
cancer; FOLFIRINOX

1. Introduction

While most patients diagnosed with metastatic colorectal cancer (CRC) have unresectable
metastases [1], some can benefit from liver surgery after conversion of unresectable disease to
resectable disease by chemotherapy and targeted therapy [1,2]. In this regard, triplet chemotherapy
(FOLFOXIRI) may improve the metastasis resection rate and overall survival (OS) [3]. The PRODIGE-14
trial (NCT01442935) was a randomized phase II trial intended to compare prospectively the efficacy of
first-line triplet (FOLFIRINOX) versus doublet chemotherapy (FOLFOX: fluorouracil, leucovorin and
oxaliplatin or FOLFIRI: fluorouracil, leucovorin and irinotecan), combined with a targeted therapy
(bevacizumab in RAt Sarcoma (RAS)-mutated tumors, cetuximab in RAS wild-type tumors), in CRC
patients diagnosed with potentially resectable liver metastases (LM). Results of this study have been
reported elsewhere [4].

In metastatic CRC, Circulating Tumor Cell (CTC) count by the CellSearch® system is known to be
an independent prognostic factor in large studies, using a threshold of ≥3 CTC/7.5 mL of blood [5–7];
these findings were confirmed in a meta-analysis including heterogeneous detection techniques [8] and
similar results were reported in other gastro-intestinal cancers [9,10]. Moreover, dynamic changes of
CTC levels have been shown to be associated with progression-free survival (PFS) and OS: metastatic
CRC patients with persistently elevated CTC levels after one month of chemotherapy had shorter PFS
and OS than patients with decreasing CTC counts (PFS: 1.6 vs 6.2 months, p = 0.02; OS: 3.7 vs 11.0,
p = 0.0002) [5].

Similarly, circulating tumor DNA (ctDNA) has proven to be useful for theranostic detection
of tumor mutations [11]. While ctDNA analysis has been approved for epidermal growth factor
receptor (EGFR) mutation detection in metastatic non-small cell lung cancer [12], it has been suggested
as a tool for liquid biopsy in CRC. Preliminary studies addressed the overall concordance between
archived tumor tissue and liquid biopsy at any stage of the metastatic disease [13]; more recent
results strongly suggested that KRAS mutant subclones may be selected during anti-EGFR therapy,
decreasing the overall concordance between nominal (archived tumor tissue-based) and the actual
(liquid biopsy-based) KRAS status [14,15]. Furthermore, in RAS-mutated tumors, the RAS mutation
may not be detectable in the plasma at first, but may later become detectable under anti-EGFR
treatment [16]. In addition to these liquid biopsy applications, ctDNA levels could possibly monitor
tumor dynamics [17] with early changes in ctDNA during chemotherapy in CRC associated with
tumor response [18]. Detection of a residual disease by ctDNA after surgery in stage II CRC was also
associated with early recurrences and poor outcome [19].

While the above-mentioned results were mostly obtained in metastatic CRC patients with
heterogeneous clinical settings, we investigated the clinical validity of CTC and ctDNA detection
specifically in CRC patients diagnosed with potentially resectable LM and included in the PRODIGE-14
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trial. We observed a decrease of CTC and ctDNA detection rates during systemic therapy. We confirmed
the prognostic value of CTC detection at baseline and during treatment, and showed that ctDNA
detection was associated with a lower R0/R1 LM resection rate.

2. Materials and Methods

2.1. Patients and Treatment

The main trial, identified as NCT01442935, and its ancillary study on circulating tumor biomarkers
were approved by a French ethics committee (Comité de Protection des Personnes). All subjects gave
their informed consent for inclusion before they participated in the study. The study was conducted in
accordance with the Declaration of Helsinki. The patients could accept to participate in the main trial
but refuse the ancillary study.

The main inclusion criterion was histologically proven CRC with LM ineligible for curative
resection at inclusion and without metastatic spread to other sites (except for up to 3 resectable
pulmonary metastases). Other inclusion criteria were: having provided informed consent, good
performance status (0–1), known exon 2 KRAS mutational status (as determined locally by standard
routine technique on tumor tissue; the clinical trial was later amended to account for other KRAS
and Neuroblastoma RAt Sarcoma (NRAS) mutations), adequate hematological, kidney, and liver
functions, and no prior therapy for LM. Patients were randomized to either triplet (FOLFIRINOX) [20]
or standard doublet (FOLFOX or FOLFIRI) chemotherapy regimens. Chemotherapy was administered
in combination with cetuximab in patients with RAS wild-type cancers or with bevacizumab in patients
with RAS-mutated cancers.

The main trial objective was to demonstrate the superiority of triplet chemotherapy over doublet
chemotherapy in terms of complete (R0/R1) surgical resection of LM and has already been reported [4].
A R0 resection was defined as a microscopically margin-negative resection with a distance between the
margins and the tumor ≥1 mm. A R1 resection indicates a macroscopically margin-negative resection
but with a distance between the margins and the tumor < 1mm. The R0/R1 resection rate was defined
as the number of patients who underwent R0/R1 resection divided by the total number of patients
included (R0/R1 resection, R2 resection, or no LM surgery).

2.2. Circulating Tumor Biomarker Detection

Three blood draws were required for this ancillary study: before starting treatment, after 1 month
of systemic therapy (all patients), and before any surgical resection of LM (in patients referred to
surgery after the shrinkage of LM). Blood samples were sent, within 24h, to a central laboratory
(Institut Curie, Paris, France).

CTC counts were performed by experienced readers in 7.5 mL of blood (collected in CellSave®

tubes) using the CellSearch® system (Menarini Silicon Biosystems), which has previously been
reported [21]. The use of different CTC positivity thresholds was planned in order to compare the
classical threshold of ≥3 CTC [5] to other thresholds and find the optimal cutoff.

For ctDNA analysis, 4 mL of plasma was thawed and cell-free DNA (cfDNA) extracted using
the QIAamp® Circulating Nucleic Acid Kit (Qiagen®), after two centrifugations as per routine
procedures [22,23]. According to the manufacturer’s protocol, digital droplet PCR (ddPCR) reactions
were prepared using commercially available primers and TaqMan® probes (Bio-Rad®) with 10 ng
of cfDNA. ddPCR mastermix solutions (20 µL) were transferred to a DG8 droplet generator cassette
(Bio-Rad®) with 70 µL of oil. Emulsified PCR reactions were then transferred to a 96-well PCR plate
and run on a C1000 thermal cycler (Bio-Rad®). Plates were analyzed on a QX-100 droplet reader
(Bio-Rad®) with the QuantaSoft v1.7.4 software. Positivity threshold was defined as per manufacturer’s
instructions, ensuring 0.1% sensitivity. Samples with a variant allele frequency <0.1% were classified
as ctDNA-negative. Negative controls were used to minimize the risk of false positive. The assay
could detect the G12S, G12R, G12C, G12D, G12A, G12V, and G13D mutations.
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In the PRODIGE-14 trial, patients were allocated targeted therapies (cetuximab or bevacizumab)
based on the KRAS exon 2 mutational analysis by local assessment on tumor tissue. While extended
KRAS exon 3 and 4 and NRAS screening became mandatory in the course of the PRODIGE 14 trial,
we confined our ctDNA analysis to KRAS exon 2 mutations. After one month of systemic therapy and
before any surgical resection of LM, the ctDNA detection assay was only performed in patients with a
known exon 2 KRAS mutation in a tumor tissue sample.

2.3. Statistical Analyses

The main objective of this study was to evaluate CTC and ctDNA detection rates at each time point
in mCRC patients. The proportion of patients with detectable ctDNA (using the KRAS exon 2 mutation
assay in cfDNA) and with detectable CTC was assessed at baseline, after one month of therapy and
before LM surgery, if any. Secondary objectives were to assess the associations of circulating tumor
biomarkers and baseline patient characteristics with R0/R1 LM resection and OS. Prespecified analyses
were planned accordingly. Analyses conducted with the ctDNA variable (binary: detected or not
detected) were also conducted with ctDNA concentration (as a continuous variable: number of mutant
KRAS (KRASmut) copies per milliliter), but only for patients with KRAS exon 2 mutated tumors,
as determined by routine local assessment on tumor tissues. This hypothesis-generating study had no
prespecified power because the detection of circulating tumor biomarkers was done whenever possible,
in patients who agreed to participate in the ancillary study. Circulating tumor biomarker detections
were blinded to patients and clinicians. Patient characteristics and outcomes were prospectively
collected in case report forms for all patients included in the PRODIGE-14 study. OS was defined as
time from inclusion to death from any cause. Differences between categorical variables were analyzed
by a chi2 test or Fisher’s exact test. Continuous variables were analyzed by a Kruskal–Wallis test.
Survival curves were plotted according to the Kaplan–Meier method. Statistical significance between
survival curves was assessed using the logrank test. Multivariate analysis was done by the Cox
proportional hazards model with prognostic factors with a p-value of ≤0.10 in univariate analysis.
Patients with one or more missing covariable were not included in the multivariate analysis. For all
analyses, a p-value of ≤0.05 was considered to be statistically significant. This report was written in
accordance with the REporting of tumor MARKer studies guidelines.

3. Results

3.1. Patient Characteristics

Between February 2011 and April 2015, 153 patients were enrolled. Patients characteristics
are displayed in Table 1. At time of data analysis (01/2017), median follow-up was 37.2 months
(IC95% (34–39); range 0–55.3 months); 96 patients were referred to surgery after undergoing a blood
draw for circulating biomarker analysis, 91 patients (59%) had a R0/R1 LM resection after chemotherapy
and targeted therapy, while 65 deaths (42%) had occurred.

3.2. CTC Detection: Correlation with R0/R1 Resection and Outcome

At baseline, blood samples from 132 patients were available for CTC detection (Figure 1,
Supplementary Table S1). ≥1 CTC was detected in 7.5 mL of blood in 42% (N=56/132) of patients at
baseline and associated with the percentage of liver infiltrated by metastases at baseline (p = 0.003).
Using the validated ≥3 CTC/7.5 mL threshold, elevated CTC counts were observed in 19% (N = 25/132)
of patients (Figure 2), and associated with the percentage of liver infiltrated by metastases at baseline
(p = 0.001) and the synchronicity of LM (p = 0.04). CTC detection at baseline (≥1 or ≥3 CTC) was not
associated with the trial’s main objective, the R0/R1 resection of LM (p = 0.37 and p = 0.18). Associations
of CTCs (≥3 CTC) or ctDNA detection with baseline clinicopathological characteristics of patients are
displayed in Supplementary Tables S2 and S3, respectively.
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Table 1. Patients characteristics. N = 153 patients included in the study.

Characteristics
Median Value or

Number of Patients

Age, years Median: 60
Range: 25–75

Performance Status

0 95 (63%)
1 57 (37%)

Prior resection of the primary tumor

No 103 (67%)
Yes 50 (33%)

Synchronous liver metastases

No 19 (12%)
Yes 134 (88%)

% of liver infiltrated by metastases

0–25% 41 (45%)
26–50% 28 (30%)
51–75% 15 (16%)
>75% 8 (9%)

CEA

Normal 17 (11%)
>upper limit of normal 134 (89%)

CA19.9

Normal 39 (37%)
>upper limit of normal 66 (63%)

KRAS exon 2 mutation in tumor sample

No 94 (61%)
Yes 59 (39%)

Chemotherapy

Doublet + targeted therapy 75 (49%)
Triplet + targeted therapy 78 (51%)

R0/R1 resection of liver metastases

No 62 (41%)
Yes 91 (59%)

At 4 weeks, 108 patients were analyzed for CTC detection. ≥1 and ≥3 CTC were detected in 11%
(N = 12/108) and 3% (N = 3/108) of patients, respectively. CTC counts decreased significantly during
therapy (p < 0.0001), this decrease being similar in the treatment arms (doublet versus triplet, p = 0.98).
CTC detection at 4 weeks (≥1 or ≥3 CTC) was not significantly associated with the eventual R0/R1
resection of LM, although none of the 3 patients with ≥3 CTC achieved a R0/R1 resection (p = 0.06).

Among patients referred to liver surgery, 57 patients were analyzed for CTC detection. In this
selected population, ≥1 CTC was detected in 7% (N = 4/57) of patients and no patient had ≥3 CTC
detected. CTC detection before surgery was not associated with R0/R1 resection (p = 0.37).

In regards to the prognostic impact of CTC, ≥3 CTC at baseline (HR = 2.2, CI95% [1.2;3.9], p = 0.01)
and at 4 weeks (HR = 10.9, 95%CI [3.2;36.9]; p < 0.001) were correlated with shorter OS (Figure 3).
≥1 CTC was significantly associated with shorter OS at 4 weeks (p = 0.04), but not at baseline (p = 0.38)
or before liver surgery (p = 0.71). In multivariate analysis, ≥3 CTC was found to be an independent
prognostic factor for OS at both baseline and at 4 weeks (Supplementary Table S4).
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Figure 1. Flow chart of patients included in the analyses at the different time points.

Figure 2. (A) ctDNA detection rate (KRAS exon 2 mutation with a variant allele frequency ≥ 0.1%) in
all patients at baseline, and in the subgroup of patients with a KRAS exon 2 mutation as determined by
routine local assessment on tumor tissues, at baseline, after 4 weeks and before liver surgery (if any).
(B) CTC detection rate at each timepoint, with the ≥1CTC or the ≥3CTC/7.5mL of blood.
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Figure 3. Kaplan–Meier curves for Overall Survival according to CTC detection (A) at baseline. (B) at
4 weeks.

3.3. KRAS Mutation: Correlation between Liquid and Solid Biopsy

At baseline, blood samples from 125 patients were available for KRAS exon 2 status assessment
on plasma as part of our study; 46 of these 125 patients had a KRAS exon 2 mutated tumor according
to their medical files (i.e., determined by routine local assessment; Table S1). Among these 46 patients,
KRASmut ctDNA was detected at baseline in 42 patients (sensitivity of the liquid biopsy = 0.91,
95%CI [0.79;0.96]). The median number of KRASmut copies/mL plasma in all 46 patients was
378 (range [0;25380]). Among the 79 patients with KRAS wild-type tumors per local assessment,
6 patients (8%) had detectable KRASmut ctDNA (nominal specificity=92%, 95%CI [0.84;0.96]). However,
all 6 patients displayed high levels of ctDNA (>150 KRASmut copies/mL plasma), suggesting the
actual presence of a KRAS mutation rather than a lack of specificity of the liquid biopsy.

3.4. Dynamic Changes of ctDNA Levels, Correlation with R0/R1 Resection and Outcome

The following analyses were performed in the subgroup of patients with KRAS exon 2 mutated
tumors, as determined by routine local assessment on tumor tissues (except at baseline for ctDNA
detection as a dichotomized variable, because all patients underwent the ctDNA detection assay at
this timepoint).

At baseline, we found that KRASmut copies in plasma (continuous variable) were significantly
associated with CTC positivity (≥1 CTC; Kruskal–Wallis test, p = 0.04) but not with serum markers
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(CA19.9: p = 0.24; CEA: p = 0.25). Baseline ctDNA concentration was however correlated with a lower
R0/R1 resection rate (p = 0.05, Figure 4).

Figure 4. (A) Mean number of KRASmut copies per mL of plasma (continuous variable) at baseline,
after four weeks, and before LM resection. N indicates the number of patients who achieved or did
not achieve R0/R1 resection, among patients (with a KRAS mutated tumor) available for KRASmut
assessment at each time point. (B) Rate of R0/R1 resection for patients with or without detectable
ctDNA (dichotomized variable). N indicates the number of patients who achieved R0/R1 resection
according to their ctDNA detection status, among patients who underwent the ctDNA detection assay
at each timepoint.

KRAS ctDNA levels significantly decreased during therapy (p = 0.0001). 63% (N = 22/35) of
patients with KRAS mutated tumors displayed detectable ctDNA at 4 weeks, while this ctDNA
positivity rate dropped to 19% (N = 4/21) before surgery (Figure 2). At 4 weeks, lower ctDNA levels
(as a continuous variable) were significantly correlated with eventual R0/R1 resection (p = 0.004,
Figure 4). Similar results were observed with ctDNA detection as a dichotomized variable: patients
with still detectable ctDNA after 4 weeks of systemic therapy had a lower R0/R1 resection rate than
those with no ctDNA detected (36% vs 85%, p = 0.01, Figure 4).

In terms of OS, the 4 patients with no detectable ctDNA levels at baseline had an excellent
prognosis (p = 0.05, HR not available; Figure 5A). ctDNA detection at 4 weeks had no prognostic
impact (p = 0.31, Figure 5B, Supplementary Figure S1). However, among patients referred to LM
resection, the detection of residual ctDNA levels before surgery was significantly associated with a
short OS (HR = 31 CI95% [3.2;317], p < 0.001) (Figure 5C). A similar association was found with a short
post-operative OS (Figure 5D).
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Figure 5. Kaplan–Meier curves for Overall Survival according to ctDNA detection (A) at baseline,
(B) at 4 weeks, (C) before liver surgery (D) Kaplan–Meier curve for post-operative Overall Survival
according to ctDNA detection before liver surgery.

4. Discussion

This is the first study to investigate the clinical validity of both CTC and ctDNA in patients with
potentially resectable LM of CRC in a prospective clinical trial. These patients should be treated with
intensive first-line systemic therapy combining poly-chemotherapy and the most appropriate targeted
therapy (anti-EGFR antibodies in RAS wild-type tumors). Our study found that before the start of
systemic therapy, the results of the assessment of tumor mutation status using ctDNA were closely
correlated with those of local testing. Even more interestingly, we identified a few patients considered
KRAS wild-type by tumor tissue sequencing that had significant KRAS mutant levels in their blood.
A similar discrepancy was observed, but at much higher rates, in studies that focused on heavily
pre-treated patients [15], suggesting a role of prior anti-EGFR therapies in the emergence of KRAS
mutants subclones. Importantly, the probable benefit of anti-EGFR therapy is very limited in such
cases [14]. In chemotherapy-naïve patients, the recent RAS Mutation Testing in the Circulating Blood
of Patients With Metastatic Colorectal Cancer (RASANC) study [24] found that 8 of 412 patients had
a RAS mutation in plasma but not in the primary tumor by local assessment. However, the authors
performed central re-analysis on 6 of 8 tumor samples, by next-generation sequencing (NGS) or ddPCR,
and found RAS mutations in all six samples. These results, and the shorter testing time, strongly
suggest that ctDNA analysis might become a valuable theranostic tool in patients diagnosed with
potentially resectable LM.

In addition to liquid biopsy applications at baseline, the clinical validity of ctDNA quantification
was investigated at different time points during therapy. First, systemic therapy induced a significant
decrease in ctDNA levels, highlighting that liquid biopsy has a very limited sensitivity once therapy has
been initiated. We also found that ctDNA levels at different time points yielded significant prognostic
information: undetectable ctDNA levels at baseline tended to be a prognostic factor, as demonstrated
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in other cancers such as metastatic lung cancer [25], ctDNA being correlated with tumor burden in
various cancer types [26]. More interestingly, the absence of ctDNA at 4 weeks was correlated with a
very high R0/R1 resection rate of LM (85%), suggesting that this biomarker could help decide whether
liver surgery is appropriate for patients.

Finally, in patients referred to surgery for LM resection, persistently detectable ctDNA levels before
surgery was associated with short post-surgical OS, suggesting that LM were not fully responding
to therapy and/or that extra-hepatic micro-metastases were present. A study by Narayan and
colleagues [27] in 59 metastatic CRC patients who underwent LM resection found an association
between worse disease-specific survival and the detection of circulating mutant TP53 copies during
surgery (but not with ctDNA). However, blood samples were only obtained during and after surgery.
Recent studies have found an association between dynamic changes in ctDNA detection and outcome
in CRC, in the adjuvant setting, or in the metastatic setting. In the adjuvant setting [28], change of
ctDNA status (as a dichotomized variable: detected or not detected) from positive to negative or from
negative to positive was associated with respectively superior or lower recurrence-free survival. In the
metastatic setting, a recent study [29], using a composite marker evaluating the decrease of ctDNA
levels during chemotherapy, demonstrated that it could be used to predict response, progression-free
survival, and OS.

If confirmed by further studies, we hypothesize that the absence of detectable ctDNA might
become an important criterion prior to any LM resection in this patient population.

Regarding ctDNA analyses, limitations of our study include the limited number of KRAS mutated
tumors enrolled and the focus on KRAS exon 2 mutations, as predefined in the study protocol at
time of initiation, with no assessment of other KRAS, NRAS, and Rapidly Accelerated Fibrosarcoma
homolog B (BRAF) mutations. Of note, while assessing several mutation hotspots in a single assay is
usually achieved by NGS; multiplex ddPCR [30] and, more recently, drop-off ddPCR [31] may allow
the screening of several hotspots in a single reaction. Larger mutation panel or methylation patterns
can be used to detect and quantify ctDNA in a larger proportion of patients [18,24,32]. In the RASANC
study [24], plasma samples from chemotherapy-naïve metastatic CRC patients were analyzed by NGS
combined with methylation ddPCR, which allowed for a high detection rate of ctDNA (329/425, 77%).

Regarding CTC detection, our study showed its correlation with ctDNA levels, as already reported
in patients with uveal melanoma LM [33]. However, the CTC detection rate was lower in our patient
population than in prior studies in non-resectable metastatic CRC patients [5,7], probably because of
the limited tumor burden in patients included in this study. While our study confirmed the prognostic
impact of CTC count at baseline, the number of patients with persistently elevated CTC counts during
therapy appeared very limited and prevents any clinical utility in this clinical setting, despite a proven
clinical validity. We propose that more sensitive CTC detection techniques [34] be investigated in
metastatic CRC to assess the clinical utility of CTC level, such as those relying on microfluidics [35],
on EpCAM-independent CTC detection [36] and/or on the screening of larger blood volume [37].

Lastly, newly developed circulating biomarkers such as free serum amino acids [38] could be
compared to CTC or ctDNA detection for their prognostic value. Similarly, circulating extracellular
matrix components have been evaluated as biomarkers for cancer diagnosis and prognosis in various
tumor types [39].

This prospective study showed that CTC and ctDNA had different detection profiles in mCRC
patients with potentially resectable LM, the latter demonstrating interesting validity with regards to
liquid biopsy and pre-operative prognostic applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/6/516/s1,
Table S1: blood samples available. Table S2: associations of CTCs (as a dichotomous variable: ≥3 or <3 CTC/7.5
mL) and clinicopathological characteristics of patients at baseline (when available), treatment arm, or primary
endpoint. Table S3: associations between ctDNA detection (as a dichotomous variable) and clinicopathological
characteristics of patients at baseline (when available), treatment arm, or primary endpoint. Table S4: multivariate
Cox regression with CTC detection at baseline and at 4 weeks (Overall Survival). Figure S1: post-operative overall
survival according to ctDNA detection at 4 weeks.
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Abstract: In recent years, breast cancer treatment has become increasingly individualized. Circulating
tumor cells (CTCs) have the potential to move personalized medicine another step forward.
The prognostic relevance of CTCs has already been proven both in early and metastatic breast
cancer. In addition, there is evidence that changes in CTC numbers during the course of therapy
can predict treatment response. Thus, CTCs are a suitable tool for repeated treatment monitoring
through noninvasive liquid biopsy. The next step is to evaluate how this information can be used for
clinical decision making with regard to the extension, modification, or abandonment of a treatment
regimen. This review will summarize the completed and ongoing clinical trials using CTC number
or phenotype for treatment decisions. Based on current knowledge, CTCs can be regarded as a
useful prognostic and predictive marker that is well suited for both risk stratification and treatment
monitoring in breast cancer patients. However, there is still the need to provide sufficient and
unequivocal evidence for whether CTCs may indeed be used to guide treatment decisions in everyday
clinical practice. The results of the ongoing trials described in this review are eagerly awaited to
answer these important questions.

Keywords: circulating tumor cells (CTCs); clinical trials; breast cancer; CTC-based treatment decisions

1. Introduction

In recent years, breast cancer treatment has become increasingly individualized. New targeted
therapies have improved survival for many patients. With the aim of becoming even more patient-
specific, circulating tumor cells (CTCs) are an interesting topic in translational oncology. CTCs represent
rare cancer cells in the peripheral blood that have disseminated from the primary tumor (or metastatic
sites) and play an important role in tumor progression and the formation of (new) metastases. Several
recent reviews describe the biology of CTCs and discuss both their potential of being used as a
prognostic and/or predictive marker and the challenges involved in incorporating CTCs in clinical
practice [1,2].

CTCs have already proven their prognostic relevance in early breast cancer (EBC) and metastatic
breast cancer (MBC) [3–5]. In addition, the SUCCESS-A and the ECOG-ACRIN study E5103 showed
that the detection of persisting CTCs two years and even five years after (neo)adjuvant chemotherapy
is related to an increased risk of recurrence [6–8]. In a multivariate analysis presented by Sparano
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2018, CTC-positivity assessed after five years was the strongest predictor of late disease recurrence in
patients with hormone receptor-positive breast cancer that had no signs of disease recurrence in the
first five years after primary diagnosis [8].

If CTC-positivity predicts a worse clinical outcome [9] and CTC dynamics is a predictor of therapy
response [10], the question remains whether this information can be used for forming treatment
decisions. Trials are attempting to find a way to answer this challenging question using either CTC
number or CTC phenotype as a criterion for therapy decisions. This article gives an overview of the
current status (see Table 1) and—if available—results of all clinical breast cancer trials that involve
interventions based on CTC number or phenotype.

Table 1. Clinical trials with CTC-based treatment decisions.

Trail Status Enrollment Condition Intervention
Primary

Endpoints

Treat-CTC,
NCT01548677

(phase II)

Closed after
interim
analysis

1317 enrolled
63 randomized

(CTC-pos)

HER2-neg EBC
with CTCs after

CT

Trastuzumab iv
6 cycles vs.

observation

CTC detection
rate at week 18

SWOG S0500,
NCT00382018

(phase III)
Completed

595 enrolled;
123 randomized
(persisting high

CTC count)

CT-resistant,
CTC-pos MBC

Early switch in
therapy vs.

treatment until
progression

OS, PFS

CirCe01,
NCT01349842

(phase III)

Recruitment
completed,

568 planed
CT-resistant,

CTC-pos MBC

Early switch in
therapy vs.

treatment until
progression

OS

STIC-CTC,
NCT01710605

(phase III)
Completed 778 randomized

HR-pos and
HER2-neg

MBC

Decision CT or
ET by clinical

choice vs. CTC
count

PFS, economic
value

Circe TDM-1
NCT01975142

(phase II)

Closed after
interim
analysis

155 screened; 11
treated

HER2-neg
MBC and
HER2-pos

CTCs

T-DM1 TRR

DETECT III,
NCT01619111

(phase III)
Recruiting

120 planned,
up to date: 105

HER2-neg
MBC and
HER2-pos

CTCs

Standard
treatment vs.

Standard
treatment +

lapatinib

CTC clearance

DETECT IV,
NCT02035813

(phase II)
Recruiting

Group A:
180 planned

Up to date: 103
Group B:

120 planned
Up to date: 107

HER2-neg
MBC and
HER2-neg

CTCs

A: ET +
ribociclib or
everolimus
B: eribulin

A: CTC
clearance

B: PFS

DETECT V,
NCT02344472

(phase III)
Recruiting

270 planned
Up to date 151

HR-pos,
HER2-pos,

MBC

trastuzumab/
pertuzumab +
CT or ET with

ribociclib

Tolerability,
safety, and

quality of life

CT = chemotherapy, CTC = circulating tumor cells, ET = endocrine treatment, HER2 = human epidermal growth
factor receptor 2, HR = hormone receptor, EBC = early breast cancer, MBC =metastatic breast cancer, OS = overall
survival, PFS = progression-free survival, TRR = tumor response rate, T-DM1 = trastuzumab emtansine, pos =
positive, neg = negative

2. Material and Methods

On the database site ClinicalTrials.gov, 59 studies were retrieved by searching using the keywords
“circulating tumor cells” and “breast cancer” at the time the search was performed (end of March
2019). Overall, 26 trials were initiated in Europe, 20 in the United States, 11 in Asian countries, and 2
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in Brazil. In total, 31 interventional trials are registered, from which 10 are either recruiting or active
but not recruiting. However, only 7 trials use either the presence, amount, or phenotype of CTCs
in determining an intervention for the chosen treatment. One is an adjuvant trial, while the others
describe trials in a metastatic setting. In the following, we will give an overview of these studies.

All clinical trials used the only FDA-cleared and current gold standard method for the enrichment
and detection of CTCs, the CELLSEARCH® system (Menarini Silicon Biosystems, Bologna, Italy),
which has been described in detail by Park Y et al. [11]. Briefly, the first step during analysis is the
immunomagnetic enrichment of EpCAM-positive cells using antibody-coated ferrofluid nanoparticles.
The EpCAM-enriched cells are then stained with antibodies specific for cytokeratins 8, 18, and 19
(epithelial cell markers) and for CD45 (leukocyte marker), as well as with the fluorescent nucleic
acid dye 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) for labeling of cell nuclei. CTCs are
identified and counted using a semiautomated fluorescence-based microscope system that generates
images of the stained cells, with CTCs being defined as cytokeratin-positive nucleated cells that lack
CD45 expression.

3. CTC-Based Clinical Trials in EBC

Treat-CTC

The TREAT-CTC study (NCT01548677) is the only study in the (neo)adjuvant setting in which
treatment decisions are based on the presence of CTCs. This trial tried to address the question of an
additional treatment possibility to eliminate CTCs persistent after (neo)adjuvant chemotherapy. A total
of 1317 patients with HER2-negative EBC were screened for CTCs after completion of (neo)adjuvant
chemotherapy and patients with at least 1 CTC/15 mL blood were randomized to either an additional
treatment with trastuzumab (6 cycles of trastuzumab i.v.) or observation. In 95 (7.2%) of the patients,
CTCs could be detected; 31 patients were randomized to trastuzumab treatment, while 32 patients were
randomized to the observational control arm. The CTC-positivity rate was similar, and not significantly
different in both arms after 18 weeks of treatment (17.2% vs. 13.8%); furthermore, no difference in
disease-free survival could be seen [12]. Following the recommendation of the independent Data
Monitoring Committee to stop the trial for futility, study recruitment was not continued after the first
interim analysis. A possible explanation for this negative result might be that, while the HER2 status of
CTCs was determined, HER2-positivity of CTCs was not required for study inclusion. In the majority
of the patients (76%), the detected CTCs were HER2-negative. This is in accordance with the results of
the NSABP-B47 trial that failed to show improved disease-free survival if trastuzumab is added to
chemotherapy in patients with HER2-low (IHC 1+ or 2+ staining intensity) breast cancer [13]. Thus,
both the NSABP B47 and the Treat CTC trial failed to confirm the hypothesis that women with early
breast cancer showing low HER2 expression might benefit from treatment with trastuzumab following
adjuvant chemotherapy. Taken together, these results suggest that the failure of the Treat CTC trial was
due to choosing an inappropriate treatment intervention for the targeted patient population rather
than indicating a general failure of the concept of CTC-based intervention decisions.

4. CTC-Based Clinical Trials in MBC

In the MBC setting, trials that are based on CTC number usually use the cutoff of ≥5 CTCs which,
initially, was not meant to be used for treatment decisions but was presented as a tool to separate
the patients into two groups with different survival prospects. A recent retrospective pooled analysis
including 2436 MBC patients confirmed the utility of the cutoff of≥5 CTCs for risk stratification, as MBC
patients could be separated into categories of either stage IV indolent (<5 CTCs) or stage IV aggressive
(≥5 CTCs) with significantly longer overall survival in the group with <5 CTCs independently of
clinical and molecular variables [14].

230



Cells 2019, 8, 1412

4.1. SWOG S0500

Since the first knowledge that a high count of CTCs predicts a worse clinical outcome and that
changes in CTCs reflect therapy response, the question has been raised of whether MBC patients can
be monitored and treated based on CTC dynamics. The first clinical phase III trial to investigate this
hypothesis was initiated by the Southwest Oncology Group (SWOG). The SO500 study (NCT00382018)
included 595 patients with MBC scheduled for first-line chemotherapy in the advanced setting. Before
the start of first-line chemotherapy, patients were tested for CTCs. If patients did not have an increased
CTC count (defined as less than 5 CTCs per 7.5 mL blood) at baseline (n = 276), they were treated
according to physician’s choice and no additional blood draws or interventions were performed.
A total of 319 patients had an elevated CTC count (defined as five or more CTCs per 7.5 mL blood)
before the start of first-line chemotherapy. A total of 288 of these high-risk patients were re-tested
after the first cycle of first-line therapy, which was approximately 22 days after the first chemotherapy
administration. Patients with a follow-up CTC count of less than 5 CTCs per 7.5 mL blood (n = 165)
continued on the initially chosen chemotherapy regimen until progression. If the follow-up CTC
level was persistently high (i.e., the CTC count remained at a level of five or more CTCs per 7.5 mL
blood), the patients (n = 123) were included in the interventional part and randomly assigned to either
continue the treatment until clinical and/or radiographic evidence of progression (n = 64) or switch
early to another chemotherapy of the physician’s choice (n = 59). The results showed no significant
improvement in survival for an early change in treatment regime (median progression-free survival
(PFS) 4.6 vs. 3.5 months, HR = 0.92; 95%CI = 0.64–1.32; median overall survival (OS) 1.5 vs. 10.7 months,
HR = 1.00, 95%CI = 0.69–1.47). Nevertheless, the results confirmed the prognostic impact of CTCs:
the median OS reached 35 months in patients with a low CTC count before treatment, 23 months in
patients with a high CTC count before treatment but a low follow-up CTC count, and 13 months in
patients with a persistently high CTC count. These differences were highly significant after adjusting
for hormone receptor and HER2 status in a multivariable Cox model (p < 0.001). Overall, the study
showed that for patients with persistently increased CTCs after one cycle of first-line chemotherapy,
and that early switching to another standard chemotherapy regimen was not effective in terms of
prolonged survival. Thus, persisting CTCs might represent a chemoresistant population of tumor cells
which requires an alternative approach [15].

4.2. CirCe01

Another similar trial evaluating the response to chemotherapy by the CTC decrease after the
first cycle is the CirCe01 study (NCT01349842). This French, multicenter, randomized phase III study
included MBC patients that were CTC-positive (≥5 CTCs/7.5 mL) after two lines of chemotherapy.
Patients were either followed by the conventional clinical and radiological assessments or by the
determination of CTCs. Patients in the interventional (CTC-driven) arm were switched to another
chemotherapy if CTC count did not decrease after one cycle of chemotherapy [16]. The aim was to
switch non-responding patients early to avoid ineffective but toxic treatments. The recruitment has
been completed, but the results are still pending.

4.3. STIC CTC

The French study group also initiated the STIC CTC Trial (NCT01710605). This phase III trial
tries to answer the question of whether the choice between chemotherapy and endocrine therapy in
first-line, HER2-negative, hormone receptor-positive MBC patients can be driven by the amount of
CTCs. The patients were randomized to clinician’s choice in the standard arm (i.e., the decision for
chemotherapy or endocrine therapy was based on clinical assessment) or CTC-based decision in the
interventional arm. The trial used the common cutoff of ≥5 CTCs in 7.5 mL peripheral blood; patients in
the CTC-driven interventional arm with less than 5 CTCs received endocrine treatment, while patients
with 5 or more CTCs were treated with chemotherapy (by the physician’s choice). The results were
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presented at the San Antonio Breast Cancer Meeting 2018 [17]. Overall, 778 patients were randomized.
In the clinician’s choice arm, 72.6% and 27.4% of patients respectively received hormone therapy and
chemotherapy, while in the CTC-driven arm, 62.6% and 37.4% of patients were respectively treated
with endocrine therapy and chemotherapy. The primary endpoint of the study was met, as PFS of
patients in the CTC decision-based arm (median 15.6 months) was not inferior to PFS of patients in the
clinician’s choice arm (median 14.0 months). The analysis focused further on the planned subgroup
analysis of the discordant groups (CTCs high/clinical low risk; CTCs low/clinical high risk). Patients
in the CTCs high/clinical low-risk subgroup who received a CTC-driven chemotherapy discordant
to the physicians choice had a significantly longer PFS than the patients in the clinical-decision arm
receiving endocrine therapy (HR = 0.62, 95%CI = 0.45–0.84; p = 0.002), with a non-significant trend
toward longer OS (HR = 0.69, 95%CI = 0.43–1.11; p = 0.12). On the other side, patients in the CTCs
low/clinical high-risk subgroup who were deescalated to a hormonal therapy from the clinically chosen
chemotherapy due to having a low CTC count showed no significantly worse PFS compared to the
patients treated with chemotherapy according to clinician’s choice. In addition, when the patients from
the two discordant subgroups were pooled, patients receiving chemotherapy showed significantly
better PFS (HR= 0.66, 95%CI= 0.51–0.85; p= 0.001) and OS (HR= 0.65, 95%CI= 0.43–0.98; p= 0.04) than
patients receiving endocrine therapy, challenging current treatment standards. The results of this trial
are promising and indicate that including a CTC count in the decision algorithm for HER2-negative,
hormone receptor-positive MBC patients might improve patient outcome in some cases. However, the
results need to be confirmed for the new era of endocrine treatment regimen with CDK4/6 inhibitors.

4.4. CirCe T-DM1

The CirCe T-DM1 study (NCT01975142) is the first clinical trial not using the number but the
phenotype of CTCs as a decision criterion. HER2-negative MBC patients needing a third or fourth
line of therapy and with detected HER2-positive CTCs in baseline-screening were treated with the
antibody–drug conjugate trastuzumab emtansine (TDM-1). The study was closed after the first interim
analysis and presented at the ESMO 2017 [18]. A total of 155 patients were screened, 14 (9.0%) had
HER2-positive CTCs and 11 patients were treated with TDM-1. Partial response was observed in only
one patient; median PFS was 4.9 months (range: 1.8–10.1). Due to these results and the very low
prevalence of HER2-positive CTCs (1.6% of the detected CTCs), the authors conclude that the tested
therapeutic approach was not promising.

4.5. DETECT Study Program

The DETECT study concept is a comprehensive trial observing CTCs for liquid biopsy in MBC
patients with different biologic tumor features. The study concept includes DETECT III, DETECT IV,
and DETECT V. It investigates the efficacy of treatment decisions based on the presence and phenotype
of CTCs.

Patients with HER2-negative MBC and HER2-positive CTCs are eligible for the DETECT III
study (NCT01619111). In this phase III trial, 120 patients were randomized (1:1) to a standard
endocrine (letrozole, anastrozole, or exemestane) or standard chemotherapeutic (docetaxel, paclitaxel,
capecitabine, vinorelbine) treatment according to the physician’s choice, with or without an additional
HER2-targeted treatment with lapatinib. The primary endpoint of the DETECT III study is the efficacy
as assessed by the CTC clearance rate, i.e., the proportion of patients with no evidence of CTCs in the
blood after treatment.

Patients with HER2-negative MBC and only HER2-negative CTCs are being treated in the
DETECT IV trial (NCT02035813), which is divided into two separate treatment and observation
cohorts. In cohort A, patients with hormone receptor-positive breast cancer are treated with endocrine
therapy (anastrozole, letrozole, exemestane, fulvestrant or tamoxifen; tamoxifen only for patients in
combination with ribociclib) combined with the mTOR inhibitor everolimus or (after an amendment)
the CDK4/6 inhibitor ribociclib. Cohort B includes patients with either triple-negative breast cancer or
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patients with hormone receptor-positive breast cancer that need a more aggressive treatment. Here,
patients receive the mitotic inhibitor eribulin (halichondrin B analogue) as treatment in single-arm
observation. The primary endpoints for cohort A and B are efficacy as assessed by the CTC clearance
rate and PFS, respectively.

With DETECT V/CHEVENDO (NCT02344472), the study concept also offers a therapeutic option
for patients with HER2-positive and hormone receptor-positive breast cancer, even though interventions
are not based on CTCs. In this two-arm randomized phase III trial, all patients are treated with the
dual HER2-targeted therapy with pertuzumab and trastuzumab, and are randomized to either in
combination with chemotherapy (docetaxel, paclitaxel, capecitabine, vinorelbine) or endocrine therapy
(fulvestrant, tamoxifen, letrozole, anastrozole, or exemestane) combined with the CDK4/6 inhibitor
ribociclib. A modified adverse event score and the “quality-adjusted time without symptoms and
toxicity” (Q-TWiST) method are used for assessing safety, tolerability and quality of life. In fact,
the DETECT V trail is the only part in which the therapeutic decision is not driven by the number or
phenotype of CTCs. However, one aim of the DETECT V trial is the development of an “endocrine
responsiveness score” (ERS), based on the estrogen receptor and HER2 expression of CTCs, to derive a
predictive tool for the hormone receptor-positive, HER2-positive disease. The first results coming from
the COMETI-2 study suggest that high rates of estrogen receptor are associated with a better response
to endocrine treatment, while high rates of HER2 expression are associated with a worse response [19].
The general goal of the endocrine responsiveness score is to identify patients with a predicted good
response to endocrine therapy to avoid unnecessary chemotherapeutic treatments, which are generally
associated with more adverse events and decreased quality of life compared to endocrine therapies.

In all trials of the DETECT study concept, CTCs are measured repetitively during treatment to
obtain data on CTC dynamics and their possible role as a tool for treatment monitoring and early
response assessment. Furthermore, the DETECT study concept is accompanied by a comprehensive
translational research project (“DETECT-CTC”) which is funded by the Deutsche Krebshilfe (German
Cancer Aid). The main aim of DETECT-CTC is to apply innovative biomarkers and assays focusing on
molecular characteristics of CTCs and circulating nucleic acids to analyze their potential function as a
liquid biopsy tool for assessing the biological status of the advanced disease, and to determine their
relevance for predicting treatment response and therapy monitoring in order to optimize treatment for
patients with metastatic breast cancer. Various subprojects of DETECT-CTC focus on the molecular
characterization of CTCs, circulating free DNA and microRNA in blood, the evaluation of DNA
damage and repair markers on CTCs, the evaluation of the origins and molecular causes of resistance
to endocrine therapy at the level of individual CTCs, the comparison of phenotypic expression of
biomarkers between CTCs, disseminated tumor cells from bone marrow, primary tumor and metastases
from the same patients, and the study of microevolution of resistant subclones in metastatic breast
cancer through single-cell analysis of CTCs [20].

In a comprehensive analysis of a large cohort of DETECT screening patients with HER2-negative
primary tumors, the rate of discordance in the HER2 phenotype between primary tumor and CTCs
was assessed and, as such, a discordance might have far-reaching implications in terms of follow-up
treatment and the addition of targeted therapies [21]. The analysis included data from 1123 patients
with HER2-negative MBC, and CTC screening was performed on average 56 months after primary
diagnosis. In blood samples from 711 (63.3%) of 1123 patients, at least one CTC was detected (median
7 CTCs). To assess the HER2 status of CTCs, cells were labeled with HER2 antibodies, and only CTCs
with a strong IHC staining intensity for HER2 (IHC score 3+) were considered as HER2-positive.
In 134 of the 711 CTC-positive patients, at least one HER2-positive CTC was detected, yielding a HER2
discordance between primary tumor and CTCs in 18.8% of patients. A multivariable logistic regression
with presence of at least one HER2-positive CTC (yes vs. no) as binary response variable revealed
that lobular tumor histology, positive hormone receptor status, younger age, and the presence of 5 or
more CTCs significantly predicted discordance in HER2 phenotype between primary tumor and CTCs.
The authors concluded that in view of the well-known tumor heterogeneity in MBC, CTC-based liquid
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biopsy might better reflect total tumor burden and heterogeneity of tumor biology than biopsy of a
single metastatic site.

Interestingly, the rates of patients with HER2-positive CTCs seem to be lower in the French CirCe
T-DM1 trial (9.0% of screened patients) as compared to the DETECT screening (18.8% of screened
patients). Both trials used the CELLSEARCH® System for the detection of CTCs, and HER2-positivity
as a criterion for patient inclusion was defined as the presence of at least one HER2-positive CTC both
for the CirCe T-DM1 and the DETECT III trial. However, HER2-positivity was assessed based on
single-cell FISH-analysis in CirCe T-DM1 and by an immunohistochemical antibody staining procedure
in DETECT. Another difference between CirCe T-DM1 and DETECT is the fact that MBC patients could
be included in the DETECT III trial regardless of treatment line, while for the CirCe T-DM1 trial only
patients starting a third- or fourth-line systemic therapy were eligible. In CirCe T-DM1, the prevalence
rate of HER2-positive CTCs out of all detected CTCs in included patients was very low with a median
of 1.6%, and the French group concluded that the low prevalence rate of HER2-positive CTCs was
an important reason for the failure of the study [18]. Results of the DETECT III trial are still pending,
and it will be interesting to see whether the rate of HER2-positive CTCs out of all detected CTCs will
be as low as the rate observed in the CirCe T-DM1 study.

5. Conclusions

A general finding of all trials evaluating the clinical utility for CTCs described here is that CTCs
are rare cells which are not present in every patient, particularly so in patients with EBC. Nevertheless,
there is ample evidence that CTCs—once detected—are a strong prognostic factor for reduced survival.
However, at present, it is not clear how this knowledge can be transferred to a prediction of therapy
response and an improved clinical outcome. The STIC CTC trial showed the first data for a positive
effect of a CTC-based decision in a subgroup with a high count of CTCs before starting treatment. Thus,
CTCs might represent a helpful early treatment monitoring tool and can be used in situations with
uncertain therapy response. The awaited results of the ongoing trials described here will hopefully
provide much needed data that help to answer the question regarding the clinical utility of CTCs.
Furthermore, the identification of potential targets for more individualized treatment options might
improve the use of CTCs in clinical practice.
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Abstract: Metastasis is the leading cause of cancer-related deaths and despite measurable progress
in the field, underlying mechanisms are still not fully understood. Circulating tumor cells (CTCs)
disseminate within the bloodstream, where most of them die due to the attack of the immune system.
On the other hand, recent evidence shows active interactions between CTCs and platelets, myeloid cells,
macrophages, neutrophils, and other hematopoietic cells that secrete immunosuppressive cytokines,
which aid CTCs to evade the immune system and enable metastasis. Platelets, for instance, regulate
inflammation, recruit neutrophils, and cause fibrin clots, which may protect CTCs from the attack
of Natural Killer cells or macrophages and facilitate extravasation. Recently, a correlation between the
commensal microbiota and the inflammatory/immune tone of the organism has been stablished. Thus,
the microbiota may affect the development of cancer-promoting conditions. Furthermore, CTCs may
suffer phenotypic changes, as those caused by the epithelial–mesenchymal transition, that also contribute
to the immune escape and resistance to immunotherapy. In this review, we discuss the findings regarding
the collaborative biological events among CTCs, immune cells, and microbiome associated to immune
escape and metastatic progression.

Keywords: circulating tumor cells; tumor cell dissemination; immune system; microbiome

1. Introduction

The presence of circulating tumor cells (CTCs) in the peripheral blood has been largely associated
with reduced disease-free and overall survival [1–3]. Even though metastasis is a highly inefficient
process (tumor cell survival is less than 0.01%) [4], it is responsible for the majority of cancer-associated
deaths [5]. In fact, it is accepted that CTCs are the initiator factor of metastatic relapse and their presence
identifies patients with a higher risk of developing metastasis [6,7]. However, the complex biological
processes enabling CTCs to survive and disseminate is not yet well understood and little is known
about the cellular and genetic events involved both in the metastatic initiation and in its progression.

The success of the metastatic process is conditioned by the established relationship between
tumor cells and the surrounding microenvironment. During the metastatic process, tumor cells
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interact with the immune system, which modulates this process [8]. The immune system has a dual
role, both repressing but also promoting cancer progression. In fact, formation of CTC clusters or
microemboli, not only composed of CTCs but also leukocytes, cancer-associated fibroblasts, endothelial
cells, and platelets, was shown to facilitate the metastatic process and thus be related to poorer outcome
in patients with breast [9] and gastric cancer [10], among others.

In this review, we will focus our interest in the “intimate friendship" between CTCs and the
immune system. This private alliance benefits tumor progression through CTCs survival in this hostile
microenvironment, the blood.

However, we cannot forget that the microenvironment is not only composed by immune system
cells, stromal cells, and components of the extracellular matrix (ECM). CTCs and microbes co-evolve
inside the ecosystem within our bodies [11,12] as will be further described in Section 3. This interaction
influences the activity of the immune system on cell survival and expansion of CTCs [13].

In this review, we evaluate the current literature on interactions among CTCs, immune system
cells, and microbiome in the tumor progression. We discuss how immune cells–CTC interactions
contribute to the survival of these CTCs and how the microbiome can promote this positive association,
finally supporting the metastatic process.

2. Promotion of Circulating Tumor Cells through the Immune System

The immune system is educated to eliminate the foreign and to respect the innate [14]. However,
in the case of cancer, tumor cells are able to use the immune system to facilitate their own survival and
migration. This phenomenon is known as concomitant immunity (CI) [15,16].

The plasticity of the immune system is well known and thus, according with the tumor type,
the functional contribution of each immune cell can also be different [17,18]. However, some immune events
are intimately associated with promotion of cancer, independently on the tumor type. Inflammation is one
of these events and it is recognized as one of the “hallmarks” of cancer [19]. This process involves different
types of immune cells, among which platelets, macrophages, and neutrophils can be highlighted [20,21].

Platelets are anucleated blood cells with a diameter of 2–4 µm originated during megakaryocytes
maturation in the bone marrow and circulate in large numbers (1.5–4.0 × 109/L) in the bloodstream [22,23].
Platelets are the main cells involved in thrombosis and hemostasis, thus, related with the physiological
and pathophysiological processes occurring during inflammation [24]. Interestingly, several studies
have reported their role in cancer progression, especially during cancer metastasis [25] as they actively
promote the metastatic process. Metastasis-promoting mechanisms affected by platelets are related to both
migration of tumor cells and cancer cell survival in circulation [26].

Regarding the migration process, platelets store large amounts of transforming growth factor β

(TGFβ), which is associated with an increase of the invasion potential of tumor cells. Thus, tumor
cells-conjugated platelets release mediators to modify blood vessels permeability, including dense
granule-release, histamine, eicosanoid metabolites, or serotonin [23]. These mediators induce endothelial
cell retraction, exposing the basement membrane, and thus facilitate cancer cell extravasation [27].
In addition, platelets activation by cancer cells lead to the generation of platelet-derived microparticles
(PDMPs), which can also release mediators like TxA2 and 12-HETE. These metabolites may enhance cell
migration and invasion, eventually increasing the metastatic potential of cancer cells [28].

However, self-migration ability of CTCs is not enough to complete a successful metastatic process,
survival of these cells, once in the blood, depends on the formation of circulating microemboli [9] as
well as the acquisition of resistant phenotypes to the surrounding microenvironment. The acquisition
of these phenotypes involves a biological process known as epithelial to mesenchymal transition
(EMT) [29]. The EMT process explains how tumor cells change their phenotype, allowing them
to detach, invade, and metastasize through the blood or lymphatic systems. Among others, the EMT
involves loss of E-cadherin, disrupting cell-to-cell adhesions and altering gene expression by increasing
β-catenin nuclear localization [30]. In contrast, N-cadherin, which is highly expressed in mesenchymal
cells, fibroblasts, neural tissue, and cancer cells, is elevated during EMT. This cadherin switch,
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from E-cadherin to N-cadherin, is closely associated with the increased invasiveness, motility and
metastasis potential of tumor cells. Moreover, activated platelets induce EMT through secretion
of growth factors and cytokines (e.g., TNFα and TGFβ) [31]. Interestingly, these cytokines are also
associated with the inflammatory process as previously explained [32].

Furthermore, CTCs-conjugated platelets also coordinate the engagement of other immune
cells during the dissemination process [33]. In fact, CTCs-conjugated platelets recruit neutrophils,
macrophages, and other immune cells through release of chemokines, such as CXCL5 or CXCL7. Among
white blood cells (WBC), neutrophils are recognized as the mediators of metastasis initiation [34,35].
Neutrophils promote tumor development by initiating an angiogenic switch and facilitating colonization
of CTCs. In fact, some groups support the idea that WBC shape a protective cover around CTCs,
avoiding their recognition and destruction by other immune cells [36]. It has long been known that
circulating platelet–neutrophil complexes are present in a wide range of inflammatory conditions
including cancer. In this interaction, neutrophils are responsible to activate platelets and it was shown
that the neutrophils–platelets interaction initiates inflammatory responses [37]. Platelets interact with
neutrophils by multiple intermediates including platelet P-selectin binding to neutrophil P-selectin
glycoprotein ligand-1 (PSGL-1) [38]. In addition, it has been suggested that the neutrophils-platelets
complexes interacting to CTCs bring the latter to the endothelium, which is an essential step
in hematogenous dissemination metastasis [34]. Thus, platelets prime tumor cells to promote
neutrophil extracellular traps (NETs) formation, which are also involved in endothelial activation [39].

However, the interaction between the platelets–tumor cells complex and immune cells is not
only restricted to neutrophils. The release of CXCL12, which is highly present in platelets, allows
recruitment of CXCR4-positive cells such as macrophages to prepare the metastatic niche for CTCs [40].
Neutrophils are the first leukocytes to be recruited in response to chemotactic signaling and are
responsible for stimulating the repair process and initiating inflammation. This influx is followed by
monocytes, which, upon entry into the tissue, differentiate into macrophages. These macrophages
promote invasion and metastasis from the primary tumor site through their ability to engage cancer
cells in an autocrine loop that promotes cancer cell [41]. This autocrine signaling triggers cancer cells
to produce CSF-1, which promote epidermal growth factor (EGF) production by macrophages. Finally,
cancer cells and macrophages co-migrate towards tumor blood vessels, where macrophage-derived
VEGF-A promotes cancer cell intravasation [42]. In addition, tumor migration is upregulated by
macrophage-derived cathepsins, SPARC, or CCL18, that enhance tumor cell adhesion to extracellular
matrix proteins [41]. Finally, CTCs produce CCL2 that recruits inflammatory monocytes, which in turn
increase vascular permeability and allow migration of these tumor cells [16].

Nevertheless, migration and survival of CTCs belong together, so the promotion of CTC migration
alone is not enough to allow metastasis. Anoikis is a programmed cell death induced by cell
detachment [43] and essential for CTC survival. Another effect of the collaboration between immune
cells and CTCs includes the protection of CTCs from anoikis [44]. Platelets are involved in this protective
mechanism as it was observed that they induce RhoA-(myosin phosphatase targeting subunit 1) and
MYPT1-protein phosphatase (PP1)-mediated Yes-associated protein 1 (YAP1) dephosphorylation and
nuclear translocation, resulting in apoptosis resistance [45]. Apoptosis signal-regulating kinase 1
(Ask1) is a stress-responsive Ser/Thr mitogen-activated protein kinase kinase kinase (MAP3K) in the
Jun N-terminal kinases (JNK) and p38 pathways. Once Ask1 levels are reduced in platelets, active
phosphorylation of protein kinase B (Akt), JNK and p38 is downregulated, and thus tumor metastasis
is attenuated [46].

In conclusion, the fate of CTCs is not to survive alone but with help of their mates within the
immune system and thus, survival of CTCs depends on their ability to interact with immune cells.
However, this favorable interaction between CTC and immune cells depends also on the status of our
gut microbiota that is intimately linked with the nature of the immune system.
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3. Survival of Circulating Tumor Cells Through the Interaction of Microbiota with the Immune
System

The evolution of any disease, including cancer, depends highly on the physiological status
of the host. The gut microbiota has emerged as an important factor of health and disease [47].
Likewise, our microbiota conditions the status of our immune system [48]. In fact, gut microorganisms
are involved in the immune system development and in the response of the host against different
pathologies, like cancer. Taken together, tumor cells-microbiome-immune system interactions may
improve the likelihood of cell survival and induce tumor cell migration (Figure 1) [49].

 

Figure 1. Interactions between circulating tumor cells (CTCs), immune system cells, and microbiome.
Metabolites and cytokines produced by bacteria such as Bacterioides fragilis, Enterococcus faecium, Escherichia

coli, and Fusobacterium nucleatum facilitate proliferation and migration of circulating tumor cells (CTCs),
promote stemness and epithelial to mesenchymal transition (EMT), and help CTCs to enter quiescence.
Furthermore, platelets interact with proliferating tumor cells directly, by formation of CTCs-platelet
complexes allowing CTCs to escape the immune system but also indirectly, through three different
ways: secretion of growth factors such as TFGβ, TNFα either alone or enclosed in platelets-derived
microparticles (PDMPs) that increase invasivity of CTCs; secretion of chemokines such as CXCL12,
increasing macrophages recruitment, what ultimately impact on invasivity and vessel permeability
through epidermal growth factor (EGF) and VEFG-A, respectively; and formation of platelet-neutrophil
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complexes (through P-selectin and PSGL1) that eventually generate neutrophil extracellular traps (NET)
promoting angiogenesis and facilitating CTC intravasation to blood vessels. Finally, macrophages and
NET also facilitate CTC extravasation from blood vessels to the extracellular matrix to produce metastasis.

As it has been mentioned before, the inflammatory process is an essential step in the development
and progression of cancer. Microbes have a critical role in the initiation and maintenance of chronic
inflammatory conditions [50,51]. However, how do microbes influence on the inflammation process
and on the migration and survival of CTCs?

The gut microbiota contributes to cancer progression through different mechanisms. Recently,
it was demonstrated that both, DNA-damaging superoxide radicals or genotoxins produced by the
gut bacteria could initiate colon cancer. In addition, bacteria may induce cell proliferation through
interactions with T-helper cells or Toll-like receptors, respectively [52]. In colon cancer patients,
an increase of the Escherichia coli population was observed to induce colitis and colibactin synthesis
and thereby, to promote inflammation.

Furthermore, it has been demonstrated that microbes as Bacillus sp., Enterococcus faecium, and E. coli

produce peptides which alter host epithelial growth factor, activating intracellular pathways associated
to migration. In a pioneer work, Wynendaele, E et al. [53] discovered that certain quorum sensing
peptides produced by bacteria (molecules that microbes use to coordinate their gene expression and
behavior) interact with cancer cells. This study demonstrated that Phr0662 (Bacillus sp.), EntF-metabolite
(E. faecium), and EDF-derived (E. coli) peptides can initiate HCT-8/E11 colon cancer cell invasion.
According to results of this group, the Phr0662 peptide targets epidermal growth factor receptors
(EGFR and ErbB2). Upregulation of EGFR induces activation of the Ras/raf/MEK/MAPK, PI3K/Akt,
and STAT intracellular signaling cascades [54] altering gene transcription and allowing migration
of tumor cells. However, despite this work being extremely interesting, it is only a preliminary and
exploratory in vitro assay and more exhaustive analyses including cancer patients should be carried
out to validate these results.

Microbes can also alter cancer cell epigenetics through production of metabolites affecting gene
expression [55]. This is the case of Bifidobacterium spp., which produces folate, one of the most powerful
methyl donors involved in gene silencing. Thus, the gut microbiome is also involved in chromatin
remodeling via acetylation and deacetylation of histones through butyrate production. Butyrate is
a common metabolite of the microbiome, inducing cell differentiation via histone acetylation of the
intestinal T reg cells [56].

Moreover, the microbiome plays an important role in the epithelial mesenchymal transition (EMT),
an essential step for CTC migration and survival. In fact, microbes produce toxins that contribute
to EMT [57]. Some of those microbes, as Bacteroides fragilis, Fusobacterium nucleatum, and E. faecalis,
clear E-cadherin from epithelial cells, a transmembrane adhesion protein, leading to colonic epithelial
proliferation [58]. Most of the studies on the interaction of the microbiome with cancer cells have been
developed on colon cancer, murine models, or in vitro assays. Likewise, in a recent study including
a murine model, colonic epithelial cells were transformed to express Ly6A/E, a stem cell marker
implicating mesenchymal features, and Doublecortin-like kinase 1 (DCKL1), a marker of cancer, by the
presence of E. faecalis [59]. DCLK1 is a member of the protein kinase super family and the doublecortin
family, which is overexpressed in many cancers, including colon, pancreas, liver, esophageal, and kidney
cancers. It is now suggested to be a master regulator of pluripotency factors, including Nanog, Oct4,
Sox2, Klf4, and Myc, that are critical for stemness of cancer cells (CSC, cancer stem cells) and EMT
transcriptional factors, including Snail, Slug, Twist, and Zeb 1 [60]. Interestingly, all these markers
are involved in regulation of both EMT and CSCs and are controlled by DCLK1 expression in cancer
models [61]. Furthermore, Westphalen, CB et al. [62], reported that DCLK1 induces quiescence of tumor
cells. Quiescence is a common property of CSCs that is associated with the EMT process as a critical
step for the migration and progression of tumor cells [63]. In consequence, EMT allows not only CTCs
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migration and tumor relapse, but also, induces the ability of CTCs to escape the immune system cancer
treatments (Figure 1) [64].

Another biological mechanism used by the microbiome to enhance cancer progression includes the
modulation of the immune system. Among all the microbes involved in this process, the enterotoxin
Bacteriodes fragilis (ETBF) stands up due to the activation of STATA3 and T helper cells, both with an
important role in the inflammatory process [65]. In fact, Chung, L et al. [65], demonstrated that Bacteroides

fragilis toxin (BFT) can activate a pro-carcinogenic inflammatory cascade, related to IL-17R, NF-κB, and
Stat3 signaling, in colonic epithelial cells (CECs). Likewise, the activation of NF-κB in these cells, induces
other chemokines as CXCL1 that mediates recruitment of CXCR2-expressing polymorphonuclear
immature myeloid cells, promoting ETBF-mediated distal colon tumorigenesis. Another bacterium
associated with poor oncological outcomes is Fuscobacterium nucleatum. It has been suggested that
F. nucleatum promotes tumorigenesis through both pro-inflammatory and immunosuppressive effects.
Furthermore, F. nucleatum is associated with activation of cytokines IL-6, IL-12, IL-17, and TNF-α,
which cooperatively upregulate NFκB, a critical regulator of cellular proliferation [66]. Some studies
associated the presence of high levels of F. nucleatum with the EMT process [67]. In this context,
Mima, K et al. [68], identified that F. nucleatum adheres to and invades epithelial cells mainly through
the virulence factors, including Fusobacterium adhesin A, Fusobacterium autotransporter protein 2,
and fusobacterial outer membrane protein. To the contrary, other studies raise their skepticism about
the role of F. nucleatum on EMT, as it still remains unclear whether F. nucleatum triggers the colonic EMT
process. Ma, CT, et al., showed that F. nucleatum infection did not affect expression levels of E-cadherin
and β-catenin [69]. However, it was associated with proliferation and invasion of colon cancer cells as
it significantly increased phosphorylation of p65 (a subunit of nuclear factor-κB), as well as expression
of interleukin (IL)-6, IL-1β and matrix metalloproteinase (MMP)-13. Regardless of the fact that there
are not any explicit studies evaluating the direct action of the microbiota on CTCs, we here reviewed
some of the biological processes in which microbes alter tumorigenic pathways. As they are involved
in inflammation or inducing EMT, both biological processes intimately associated with the ability
of CTCs to migrate and to survive, we suggest the potential interaction between them.

4. Conclusions and Perspectives

In conclusion, the complex interactions between the microbiome, the immune system and CTCs
may allow us to grasp the insights of the dissemination process occurring in cancer and the immune
system´s mechanisms involved in this process. Therefore, the interactions among microbiome, immune
system, and CTCs could aid the rational design of interventions that strengthen the antimetastatic
potential of combined treatments to prevent appearance of metastasis. Moreover, emerging evidences
may provide new mechanisms to control the dissemination process through the development of new
therapeutic strategies with the microbiota as target. However, this topic is still an incipient area
of research and further investigation is needed to clarify the association of the microbiome with the
immune system and the dissemination process.
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Abstract: One of the greatest challenges in neuro-oncology is diagnosis and therapy (theranostics) of
leptomeningeal metastasis (LM), brain metastasis (BM) and brain tumors (BT), which are associated
with poor prognosis in patients. Retrospective analyses suggest that cerebrospinal fluid (CSF) is one
of the promising diagnostic targets because CSF passes through central nervous system, harvests
tumor-related markers from brain tissue and, then, delivers them into peripheral parts of the human
body where CSF can be sampled using minimally invasive and routine clinical procedure. However,
limited sensitivity of the established clinical diagnostic cytology in vitro and MRI in vivo together
with minimal therapeutic options do not provide patient care at early, potentially treatable, stages of
LM, BM and BT. Novel technologies are in demand. This review outlines the advantages, limitations
and clinical utility of emerging liquid biopsy in vitro and photoacoustic flow cytometry (PAFC)
in vivo for assessment of CSF markers including circulating tumor cells (CTCs), circulating tumor
DNA (ctDNA), microRNA (miRNA), proteins, exosomes and emboli. The integration of in vitro and
in vivo methods, PAFC-guided theranostics of single CTCs and targeted drug delivery are discussed
as future perspectives.

Keywords: cerebrospinal liquid biopsy; in vivo flow cytometry; tumor biomarkers; circulating tumor
cells; ctDNA; miRNA; exosomes; emboli; targeted therapy

1. Introduction

Leptomeningeal and brain metastasis (LM and BM) as a result of metastatic dissemination of solid
tumors (e.g., melanoma, breast cancer, lung cancer and colorectal cancer) and hematological neoplasms
as well as primary brain tumors (BTs, e.g., glioma) are commonly fatal with minimum treatment
options [1–11]. Relatively high number of underdiagnosed LM, BM and BT and often ineffective
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therapy are the major challenges. For example, autopsy data demonstrate that BM contribute to death
in ~75% of melanoma patients but they are clinically diagnosed in only 37% cases [8].

Among other parts of central nervous system (CNS), cerebrospinal fluid (CSF) is the easiest
accessible medium that can directly uptake tumor markers from different parts of CNS [12–17].
Normally, CSF is a colorless liquid (a total volume of 130–150 mL for human) that contains up to
5 cells/µL, mainly leukocytes (white blood cells [WBCs]) [18–20]. CSF is produced by the choroidal
plexus of the ventricular system and ependymal brain cells from blood [18,20,21].

In tumor patients with CNS involvement, CSF contains various markers associated with disease
progression and responses to therapy [2–4,13–17,22–30]. Among others, circulating tumor cells
(CTCs) are direct seeds of metastasis and, therefore, their diagnostic significance encourages high
attention of researchers and clinicians. Furthermore, multiple recent reports suggested that detection of
tumor-derived markers such as exosomes, circulating tumor DNA (ctDNA), micro-RNA (miRNA) and
proteins is relevant to LM, BM and BT. The diagnostic significance of these markers seems especially
important for BT because some BTs are not metastatic and do not typically shed CTCs but may
release tumor-derived markers in CSF. CTC aggregates (so-called clusters or emboli) in CSF may
also have diagnostic value. This speculation is based on: (1) finding CTC emboli in CSF samples
of patients with lung cancer and LM [30]; (2) detection of CTC clusters in blood of patients with
BT (e.g., glioblastoma) assuming their leaving CNS through the compromised blood-brain barrier
(BBB) [31]; and (3) experimental and clinical evidences that multicellular CTC aggregates in peripheral
blood represent the aggressive cell subset responsible for initiating and promoting metastasis [31–40].

Based on the physiology of CNS and mechanisms of tumor development (e.g., compromising
BBB to penetrate tumor cells [41]), CTCs, their aggregates and other tumor-derived markers may
invade CSF through different mechanisms that include (1) crossing the compromised BBB by blood
and lymphatic CTCs and/or (2) shedding tumor cells by existing BM and BT. The latter mechanism
provides a solid basis for using CSF tumor markers to diagnose progression of BM and BT, and to
estimate responses to therapy. The first mechanism likely works for LM and BM and suggests the
origin of CSF tumor biomarkers from blood or/and lymph and their possible entry to CSF before
colonization of brain tissue and meninges.

Thus, testing CSF might predict deadly LM, BM and BT; and advanced methods to assess CSF
tumor markers in CSF are urgently needed to prolong life of patients suffering from CNS tumor lesions.

2. In Vitro Detection of CSF Tumor Markers

The gold standard for routine clinical examination of CSF is cytology after lumbar puncture [9–11,
24,42,43]. The detection approach is based on cytomorphology of tumor cells after staining samples
with Wright-Giemsa or Papanicolaou dyes. However, the sensitivity of CSF cytology is estimated as
low as 50% [9]. Furthermore, cytology is a relatively subjective method since its results depend on
the ability of a laboratory technician to correctly identify types of cells, for example, to distinguish
tumor cells from normal leukocytes [24–26]. This may lead to delaying of therapeutic interventions
until other diagnostic criteria (e.g., abnormal magnetic resonance imaging [MRI]) and/or strong clinical
symptoms emerge. As a result, involvement of CNS in some patients is found at autopsy only.

The limitations of cytology and deadly nature of LM, BM and BT encouraged researchers and
clinicians to develop more sensitive and accurate markers using modern technologies. During the past
decade, substantial efforts have been made to assess CSF samples using new concept of liquid biopsy
(Figure 1) [2,15–17,23,26–30,44–48].
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Figure 1. Cerebrospinal fluid (CSF) liquid biopsy detection of tumor markers in vitro.

CSF Liquid Biopsy

Several years ago, Patel et al. showed that FDA-approved CellSearch method can be used to
identify CTCs in 7.5 mL CSF samples of breast cancer patients [22]. Compared to traditional cytology,
the CellSearch assay has been demonstrated significantly higher number of CTCs [22,28,30,49,50].
Despite promise, this technological platform is limited in detection of only a few tumor markers, typically
EpCam, for patients with epithelial cancers (e.g., breast cancer) and CD 146 and HMW-MMA for patients
with melanoma [21,49]. Thus, CellSearch obviously cannot identify a highly heterogeneous population
of CTCs and not suitable for diagnosis of many tumors such as glioblastoma. These limitations
somewhat reduced enthusiasm to recommend this method in routine clinical practice.

Using real-time polymerase chain reaction (RT-PCR) for examination of patients with BM and LM
has demonstrated higher sensitivity than conventional cytology [51]. However, relatively high rate of
false-negatives during RT-PCR analysis make it a suboptimal method for CSF testing [9]. To solve
this problem, cancer researchers and clinical oncologists recently explored the use of high-sensitive
droplet-digital PCR (ddPCR) [52–56]. It was shown that ddPCR provides accurate and reliable CSF
analysis. It can work with poor DNA quality and measure multiple parameters including absolute allele
quantification, rare mutation, copy number variations, DNA methylation and gene rearrangements [52].
In a few clinical studies, ddPCR of CSF was able to detect ctDNA in patients with melanoma and CNS
metastasis; and the obtained results were strongly correlated with cytology results and detection of
abnormalities in MRI [52,56]. It is interesting that some patients with high level of ctDNA showed
negative cytological results [56]. The small volume of CSF fluid required for testing ctDNA is definitely
an additional advantage but high level of false results is a challenge. Overall, to date, it is too early to
make conclusions on diagnostic value of ctDNA.

Another promising emerging data of CSF liquid biopsy have been obtained using immunofluorescence
in situ hybridization (FISH) technology [24,57–60]. The published results hold promise to provide
more accurate diagnosis of CSF CTCs than cytology. The main advantage of FISH is phenotypic
and karyotypic identification and characterization of the highly heterogeneous CTCs, which can be
assessed by both chromosome ploidy and the expression of various tumor markers [57]. However,
FISH is not currently standardized for liquid biopsy and requires future development and research to
clarify whether or not this method is reliable for identification of CTCs.

Integration of array comparative genomic hybridization (ACGH) analysis and whole genome
amplification provided achieving the genomic characterization of rare CSF CTCs [61,62]. The clonal
similarity between CSF CTCs and primary tumor genomic profiles with more copy number alterations
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in CTCs was demonstrated using samples of CSF and primary tumor from breast cancer patients with
LM [62].

Analysis of CSF samples with conventional flow cytometry in vitro has been reported to diagnose
CTCs in CSF [63–65]. Flow cytometry immunophenotypic testing of bulk breast cancer receptors,
cancer stem cell markers and various WBC subpopulations looks interesting and suggests interplay of
CSF and lymph fluid during CTC migration [63]. However, well-known limitation of flow cytometry
to detect rare events might reduce enthusiasm for its use of assessment of CTCs which is supposed to
be rare (up to 1-5 CTCs per sample) at early stage of CNS involvement.

In the past few years, the clinical potential of some other technological platforms including
microfluidic technology, immunomagnetic platform, high performance liquid chromatography-mass
spectrometry, next generation sequencing (NGS) and proteolytic activity matrix assay (PrAMA) has
also been demonstrated [25,50,55,66–69]. Despite interest and promises, the singularity of these
reports does not allow yet making conclusions on suitability of these methods to improve prognosis
in patients.Overall, despite CSF liquid biopsy is expected to yield clinically significant biomarkers
and assays, the main drawback to all aforementioned approaches in vitro is that their sensitivity is
substantially limited by the volume of the sample [70,71]. Typically, up to 10 mL of CSF is used for
examination, which is estimated to be less than 6–7% of the total 130–150 mL volume of human CSF.
It means that in vitro testing misses up to 93–94% of CTCs [71]. A simple recalculation of the results
in vitro, which detected minimum 1–2 CTCs per CSF patient sample (5–10 mL) with the existing
LM and BM [21,49], shows that the real number of CTCs at the time of diagnosis was more than
15–20 cells in the total CSF volume. Serial analysis of multiple samples from repeated punctures
increases sensitivity [28]. However, repeated punctures are a challenge because it can be performed
over several days and may lead to delaying of therapies. In addition, the existing methods in vitro
are burdened with: (1) low throughput, which may require many hours (if not, days) to assess a
typical CSF sample and (2) multiple time-consuming sample-processing steps including staining,
immunomagnetic capture, isolation and washing, which result in loss of many CTCs [21,23,30,49,51].
As a result, CTCs in small quantities may escape detection, which also contributes to late diagnosis
and poor outcomes.

Based on this, liquid biopsy in vitro can provide advanced molecular and genetic analysis of
tumor associated markers in CSF but it cannot detect rare CTCs at early stage of LM and BM and
possibly, before LM and BM initiation (Table 1). The rarity of CSF CTCs definitely demands a new
strategy. An attractive solution to these problems is to monitor almost entire CSF volume in vivo
(Table 1).
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3. In Vivo Diagnosis of CSF

Despite significant progress in neuroimaging in vivo (e.g., MRI, computed tomography [CT],
radiography) [9,11,50,64,72–74], existing diagnosis, even advanced multi-modal imaging is not sufficient
to make judgments about early LM and BM. The low spatial and temporal resolution of CT and
MRI allows identification of only macroscopic changes in the CNS (e.g., metastases ≥10 mm by CT).
Therefore, the diagnosis is typically based on the indirect signs of LM including pathological meningeal
contrast enhancement at the MRI examination, which are often equivocal. In addition, a recent study
has found that immunotherapy might be a source of MRI false positivity (‘pseudomeningeosis’) [73].
New generations of MRI, such as phase-contrast MRI, enable quantitative measurements of CSF flow
but not suitable for detection of relatively fast moving single CTCs and particles due to slow time
response [75]. The same limitation applies to intravital fluorescence microscopy which has been used
for imaging CSF plasma (so-called, cisternography) but not single cells in CSF [76]. Furthermore, the
translation of fluorescent neuroimaging to humans in vivo is problematic due to (1) cytotoxicity of
fluorophores, (2) undesirable immune responses to tags and (3) assessing only superficial fluid flows
due to strong influence of autofluorescent and scattering background.

Photoacoustic Flow Cytometry In Vivo

The most promising method for detecting CTCs in CSF is photoacoustic (PA) flow cytometry
(PAFC), which compared to other in vivo diagnostic techniques, demonstrated ultra-sensitive molecular
detection and counting of single cells in different body fluids (e.g., blood, lymph and CSF) [40,70,77–83].
The principle of multicolor PAFC is based on noninvasive (i.e., through intact skin) irradiation of the
selected fluid with short laser pulses at different wavelengths followed by the detection of laser-induced
acoustic waves (referred to as PA signals) using an ultrasound transducer placed on the skin (Figure 2a).
PA methods provide higher sensitivity and resolution in deeper tissues (up to 2–3 cm, with potential
up to 5–7 cm [70,84]) than other optical modalities. These benefits make possible detection of CTCs in
CSF through the atlanto-occipital membrane. In PAFC, this allows distinguishing signals from single
fast-moving particles (e.g., CTCs, exosomes, and emboli) at laser energies within the safety standards
for humans [70,77,81,83,85,86]. In regards of CSF detection, PAFC has advantages compared to other
in vivo methods. Specifically, the colorlessness and optical transparency of CSF, commonly accepted
as a diagnostic limitation, provides low absorbance and, therefore, extremely low PA background
signal, which significantly improves distinguishing stronly light absorbing objects [71]. It means that
CTCs, exosomes or emboli with strong absorbing molecules (e.g., natural melanin or nanoparticles) are
predominated over the absorption of CSF by a few orders of magnitude, especially in the near-infrared
window of transparency for biotissues (“first window”: 700–1100 nm). Based on this, some strong
absorbing cells such as melanoma CTCs with natural intracellular high absorbing melanin as intrinsic
non-toxic PA contrast agents, can be easily detected by PAFC in label-free mode. To detect low
absorbing tumor-related CSF markers (e.g., breast cancer CTCs), they should be labeled by exogenous
PA contrast agents conjugated with ligands (e.g., antibodies, peptides, or folic acid) against specific
surface receptor(s). The key requirements for in vivo use of contrast agents include low toxicity and
high PA contrast. Some of the best candidates are gold and magnetic nanoparticles [77,87,88].

The first successful demonstration of PAFC’s capability to diagnose CSF tumor markers was
reported using preclinical models of breast metastatic cancer (Figure 2b–d) [71]. It was shown that
PAFC was able to detect CSF CTCs with 10–20 times higher sensitivity compared to in vitro methods.
The most important finding is that some tumor-bearing mice without histologically detectable BM
exhibited rare CSF CTCs (e.g., 1–3 signals every 40–60 min). The presence of blood CTCs in these
mice suggests the possible origin of CSF CTCs to be from blood CTCs and indicates the potential of
CSF CTCs as a predictive biomarker of BM. The obtained experimental evidence is in line with the
aforementioned suggestion that blood and lymphatic CTCs might pass the compromised BBB and
enter brain tissue, meninges and CSF to form BM and LM. This may serve as a scientific foundation for
prognosis and prediction of LM and BM in patients.
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Figure 2. Assessment of circulating tumor markers in CSF in vivo with multicolor PAFC. (a) Principle
of diagnosis with PAFC. (b) Intravital luminescence imaging of metastatic breast cancer progression
in orthotopic xenograft mouse model after inoculation of human MDA-MB-231-luc2-GFP cells.
(c) Two-color PAFC of the spontaneous CSF CTCs in vivo; inset: the photoacoustic signal width
(indicated by arrows), which is associated with a single circulating tumor cell (CTC). (d) PAFC of
circulating CTC-containing embolus in tumor-bearing mice; gray rectangle: aggregate of CSF-CTCs
and leukocyte (WBC); insert: the blood CTC rate at the time of CSF monitoring.

Another interesting finding is the existence of CTC-containing emboli in CSF in vivo (Figure 2d).
Identification of embolus is based on the width and shape of PA signal, assuming that embolus’
multicellular structure produces a relatively wider PA signal containing a set of narrower peaks.

Overall, the success of preclinical studies together with the simplicity and safety of PAFC give
confidence to rapidly translate this method into clinical practice. PAFC diagnosis of CSF in human
subarachnoid space and spinal canal at a depth of 1–3 cm seems possible and was supported by the
reports on high sensitivity and resolution of PA methods in deeper tissues. Recently, the clinical
relevance of PAFC was successfully demonstrated in clinical trials with melanoma patients by detecting
blood CTCs in 1–2 mm hand vessels at depth of 1-3 mm with a detection limit of 1 CTC/1000 mL
(i.e.,103 –fold increased sensitivity compared to existing CTC assays) [40].

4. Future Directions

To date, crucial steps in increasing the survival of patients with LM and BM are (1) early diagnosis;
(2) initiating preventive therapy such as targeted therapy of single CSF CTCs and their emboli and
(3) assessing therapeutic efficacy in order to optimize an individual course of therapy.

4.1. Advance Diagnosis

Although many promising technologies to detect various CSF tumor markers during liquid biopsy
have been reported, there is no standardized and validated assay that is currently ready to introduce
for daily clinical practice as an advanced alternative or supplement of conventional cytology.

Novel approaches integrating unprecedented high sensitivity of in vivo flow cytometry and
comprehensive molecular and genetic characterization of tumor markers in CSF in vitro are highly
desired for clinical needs.

In addition, one of the possible future alternatives is CSF diagnosis in vivo using updated GILUPI
CellCollector. This method was introduced in 2016 for EpCam-based detection of CTCs in blood by
introduction of EpCAM-coated wire into a vein of the patient [89]. However, the invasive nature of the
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method and possibility of missing CTCs, which transit outside the wire, somewhat reduce enthusiasm
of using GILUPI device for CSF assessment.

The new looks are also suggesting continuous cell exchange between CSF, blood, lymph and brain
tissue [90–92] that should be considered at the diagnosis. The prognostic value of CTCs, if they are
simultaneously tested in blood, lymph and CSF, would provide a new, highly sensitive and accurate
prognostic biomarker of metastasis progression and therapy efficacy.

4.2. Therapeutic Perspectives

Minimal treatment options in current management of LM and BM lead to poor prognosis for
patients due to low efficacy, late therapy initiation, use of common (i.e., not-personalized) therapeutic
schematics and high toxicity. From this, one of the top future priorities is development of novel
targeted and immune therapies. The molecular-targeted nanotechnology platform is highly promising
for targeted drug delivery. For this purpose, nanoparticles should have high sensitivity, specificity
and selectivity as well as safety, multifunctionality, multimodality, ability to penetrate BBB and high
efficiency of drug delivery to tumor. Among existing nanoparticle-based drug cargoes, the most
promising candidates include low toxic individual nanoparticles, high-contrast spasers, liposomes,
polymer micelles, lipid micelles packaged with semiconducting polymer dots as simultaneous MRI and
PA imaging and photodynamic and photothermal dual-modal therapeutic agents, layer by layer based
composite structures (core-shells) and microcapsules (shells) and biocompatible natural magnetic
nanoparticles [87,88,93–98]. The targeting could be achieved by surface modification using targeted
molecules specific to CTCs, exosomes and emboli [88,99]. For example, a single injection of core-shells
in CSF has shown the effectiveness of their use for the long-term delivery of painkillers in the treatment
of persistent pain [100]. Potentially, these drug delivery systems may be effective for treating CTCs
in CSF.

There is a high therapeutic potential of modern technologies for creating synthetic truncated
antibodies [101] and scaffolds [102]. The revolutionary progress in genetic and protein engineering
methods make it possible to directionally modify the molecular size, affinity, specificity and
immunogenicity of an antibody, their derivatives and analogues, oriented to the use in the diagnosis
and targeted therapy of cancer. Today, rational design and molecular engineering allow modelling
of the compounds with preprogrammed properties and to create biotechnological producers of
therapeutic medicines [102–106]. A promising direction is conjugation of these unique theranostic
agents with nanoparticles. The advantages of using nanoparticles in these conjugates include developed
surface of nanoparticles, which can be decorated with biocompatible functional moieties for targeted
delivery; and diagnosis that guides and monitors effects of the nanoparticle-assisted therapy [107–110].
Recently, the design of a hybrid nanocomplex based on an upconversion nanoparticle (UCNP) was
reported [111]. Owing to their unique photophysical properties, UCNPs are high-potential platform
for theranostics complexes. Conversion of near-infrared light, which can deeply penetrate in biological
tissue, to the higher photon energy visible, ultra-violet and near-infrared light is among UCNP’s most
useful properties. Two toxic agents—-beta-emitting radionuclide yttrium-90 and a highly efficient
targeted toxin DARPin-exotoxin A from Pseudomonas aeruginosa—-were coupled to UCNP core to
exert toxicity to cancer cells. As a result, on the one hand, the photophysical properties of hybrid
nanocomplex enable background-free imaging of its distribution in cells and animals. On the other
hand, specific delivery of UCNP complexes to cancer cells results in combined therapy by two toxic
agents with markedly increased synergetic effect [111]. The design of the hybrid multifunctional
nanoheterocomplex proves the principle “when the whole is greater than the sum of the parts.”

The novel targeted CSF therapy may also use the advanced design of heterostructures based on the
barnase:barstar pair [112]. The ribonuclease barnase and its inhibitor, barstar, are small stable proteins.
They form extremely tight complex with a Kd~10−14 M. The strategy is applicable to any proteins or
nanoparticles that can be functionally attached to the barstar and barnase, especially for production
of heterooligomeric constructs because the extremely specific barnase barstar interaction eliminates
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reliably the mispairing problems. This universal platform is a promising alternative to commonly
used chemical conjugation techniques in nanobiotechnology, theranostics and clinical applications.
It provides a straightforward technology to design wide range of multifunctional nanoheterostructures
for the highly efficient delivery of active agents to tumor cells for theranostics [112–117].

A very exciting future direction is the possibility of integration of in vivo molecular
diagnosis, targeted therapy and estimation of therapeutic efficacy in one technological platform
of PAFC [40,79,118]. PAFC’s capability to identify a single high-absorbing CTC and immediately “kill”
it through photothermal-indiced nanobubbles with photomechanical action on CTC membranes and
vital intracellular structures was demonstrated for blood CTCs in experiments and, recently, in clinical
research in blood circulation [40]. Furthermore, the following disappearance of the CTC-associated PA
signals might serve as the criterion of effective therapy. These data bring hope that earliest rare CTCs
might be identified and “killed” directly in CSF before colonization of brain tissue and formation of
BM and LM.

It is expected that technological innovations and ongoing clinical trials would contribute to the
finding of novel approaches to provide advances in BM and LM theranostics at the earliest possible
stages before development of overt deadly lesions, to select patients with high risk of BM and LM
for personalized therapy, to identify early disease progression and thereby improve survival rates of
cancer patients.
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Abstract: Metastasis is the main cause of cancer-related death owing to the blood-borne dissemination
of circulating tumor cells (CTCs) early in the process. A rare fraction of CTCs harboring a stem cell
profile and tumor initiation capacities is thought to possess the clonogenic potential to seed new lesions.
The highest plasticity has been generally attributed to CTCs with a partial epithelial-to-mesenchymal
transition (EMT) phenotype, demonstrating a large heterogeneity among these cells. Therefore,
detection and functional characterization of these subclones may offer insight into mechanisms
underlying CTC tumorigenicity and inform on the complex biology behind metastatic spread.
Although an in-depth mechanistic investigation is limited by the extremely low CTC count in
circulation, significant progress has been made over the past few years to establish relevant systems
from patient CTCs. CTC-derived xenograft (CDX) models and CTC-derived ex vivo cultures have
emerged as tractable systems to explore tumor-initiating cells (TICs) and uncover new therapeutic
targets. Here, we introduce basic knowledge of CTC biology, including CTC clusters and evidence
for EMT/cancer stem cell (CSC) hybrid phenotypes. We report and evaluate the CTC-derived models
generated to date in different types of cancer and shed a light on challenges and key findings associated
with these novel assays.

Keywords: metastasis; tumor-initiating cells (TICs); circulating tumor cells (CTCs); CTC-derived
xenografts; CTC-derived ex vivo models

1. Introduction

Metastatic spread and its resistance to treatment remain the leading cause of death in cancer
patients. This process is fueled by malignant cells that dissociate from the primary tumor and travel
through the bloodstream to colonize distant organs. These cells are referred to as “circulating tumor
cells” (CTCs) and are able to enter vasculature during the early course of disease. Nonetheless,
the majority of the tumor cell population dies during transit as a result of biological and physical
constraints such as shear stress and immune surveillance, and only a minor subset of the surviving
CTCs (0.01%) acquires the capacity of tumor-initiating cells (TICs) [1–4]. The outcome of tumor
dissemination is dependent on a selection process that favors the survival of a small proportion of
cancer cells holding the self-renewal ability of stem cells along with TIC properties, which enables them
to seed tumors and reconstitute tumor heterogeneity [5–7]. These cells are termed “cancer stem cells”
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(CSCs), and CTCs holding a CSC phenotype have been detected and associated with high invasiveness
and tumorigenicity in many cancers including breast cancer (BC), colorectal cancer, and glioma [8–11].

An important aspect of CTC research is to study the mechanistic basis behind their TIC properties
and explore new CTC-based biomarkers and targeting strategies. The generation of CTC-derived
xenografts (CDXs) or CTC-derived cell lines at relevant time points during disease progression is
therefore crucial to achieve a longitudinal and functional characterization of these cells, along with
in vivo and in vitro pharmacological testing. Although this task remains challenging owing to CTCs
scarcity in peripheral blood and technical hurdles related to their enrichment strategies, significant
efforts have been made in the establishment of clinically relevant systems to study CTC biology in
different cancer types. In this review, we briefly cover basic knowledge of TIC-related properties
in CTCs and evaluate the existing CTC-derived models, including both in vivo CDXs and in vitro
functional culture assays in different cancers. We also highlight the important findings which have
helped unveil new insights into CTC biology and novel therapeutic strategies.

2. Brief Glimpse into TIC-Related Properties of CTCs

CTC profile evolves as the initial events of the metastatic cascade take place. Indeed, CTCs undergo
reversible phenotypic alterations to achieve intravasation, survival in vasculature and extravasation,
known as epithelial-to-mesenchymal transition (EMT). During EMT—a key phenomenon in embryonic
development—cancer cells undergo cytoskeletal changes and typically lose their cell–cell adhesion
proteins as well as their polarity to become motile cells and intravasate [12,13]. EMT signatures were
detectable in CTCs of BC patients [14–17]. Increasing experimental evidence draws a potential link
between EMT and acquisition of stemness [12,13,18,19]. In fact, several EMT-inducing transcription
factors have been shown to confer malignancy in neoplastic cells, leading to the emergence of
highly aggressive clones with combined EMT/CSC traits [20–23]. Nevertheless, this association
is not universal. Indeed, it has been suggested that the loss of the EMT-inducing factor Prxx1 is
required for cancer cells to colonize organs in vivo, which revert to the epithelial state and acquire
CSC traits, thus uncoupling EMT and stemness [19,24,25]. Moreover, the requirement of EMT for
CTC dissemination has long been subject to debate. Several studies have shown that mesenchymal
features in tumor cells may indeed be dispensable for their migratory activity but could contribute
molecularly and phenotypically to chemoresistance [26–28]. It is currently hypothesized that CTC
subclones displaying an intermediate phenotype between epithelial and mesenchymal have the highest
plasticity to adapt to the microenvironment and generate a more aggressive CTC population resistant
to conventional chemotherapy and capable of metastatic outgrowth. Our group showed the existence
of a hybrid epithelial/mesenchymal (E/M) phenotype in CTCs from patients with non-small cell lung
cancer (NSCLC) [29]. Heterogeneous expression of EMT markers within SCLC and NSCLC patient
cohorts was described by Hou et al., while Hofman et al. reported the presence of proportions
of NSCLC CTCs which expressed the mesenchymal marker vimentin and correlated with shorter
disease-free survival [30,31]. Recent data in metastatic BC patients showed the enrichment of CTC
subpopulations with a CSC+/partial EMT+ signature in patients post-treatment, which correlated with
worse clinical outcome [32]. Indeed, the CTC population is described as a highly heterogeneous pool
of tumor cells with low numbers of metastasis-initiating cells (MICs) that are sometimes prone to
apoptosis [33]. The different factors influencing MIC properties of CTCs and their survival underlie
the complexity and inefficiency of organ invasion and macro-metastases formation, relevant both
clinically and in experimental mouse models [4,34,35]. Recent advances in single-cell technologies
have unraveled CTC-specific genetic mutations and profiling of the CTC population thus points
out the emergence of subclones with dynamic phenotypes that contribute to the evolution of the
tumor genome during disease progression and treatment [36–39]. CTCs are less frequently found in
clusters, also termed “circulating tumor microemboli” (CTM), which travel as 2–50 cells in vasculature
and present extremely enhanced metastatic competency [40]. This can be explained by the survival
advantage they hold over single CTCs, as CTM were shown to escape anoikis as well as stresses in
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circulation [30,41]. A recent report showed that these characteristics are due to CSC properties of
CTM, notably a CD44-directed cell aggregation mechanism that forms these clusters, promotes their
survival and favors polyclonal metastasis [42]. Another group also investigated the factors behind
CTM metastatic potential: Gkountela et al. reported that CTC clusters from BC patients and CTC
cell lines exhibit a DNA methylation pattern distinct from that of single CTCs and which represents
targetable vulnerabilities [43]. Moreover, CTC-neutrophils clusters are occasionally formed in the
bloodstream and in vivo evidence shows that this association triggers cell cycle progression and thus
drives metastasis formation in BC [44].

3. Brief Introduction to CTC Enrichment and Detection Strategies

A plethora of technologies have been developed over the last decade to respond to specific
CTC applications. CTC identification remains a technically challenging task due to the extreme
phenotypic heterogeneity and rarity of these cells in the bloodstream and therefore requires methods
with high sensitivity and specificity. Enrichment strategies can be based on either biological properties
(i.e., cell-surface markers) or physical characteristics (i.e., size, density, electric charge) and are
usually combined with detection techniques (e.g., immunofluorescence, immunohistochemistry,
FISH) to identify CTCs. CTC capture relies on a positive selection among normal blood cells or a
negative selection by leukocyte depletion. Among biologically-based technologies is the CellSearch
system (Menarini-Silicon Biosystem, Bologna, Italy). It is the most commonly applied assay for
CTC enumeration in which CTCs are captured in whole blood by EpCAM (epithelial cell adhesion
molecule)-coated immunomagnetic beads followed by fluorescent detection using anti-cytokeratins
(CK 8, CK 18, CK 19), anti-CD45 (leukocyte marker), and a nuclear stain (DAPI). It is the only technology
cleared by the US Food and Drug Administration to aid in prognosis for patients with metastatic
breast, prostate, and colorectal cancer [45–49]. Although standardized and reproducible, this method
has a limited sensitivity most likely due to failure in recognizing cells undergoing EMT and thus
inevitably misses an aggressive and clinically relevant CTC subpopulation. Platforms relying on the
depletion of leukocytes (negative selection) are being investigated and used to overcome this bias.
One example is the widely used RosetteSep technique which enriches CTCs without phenotypic a
priori by excluding CD45+ and CD36+ cells in rosettes and eliminating them in a Ficoll-Paque PLUS
density-gradient centrifugation. Physical property-based methods including filtration systems have
been developed to capture CTCs based on their large size compared to leukocytes, notably the ISET®

(Isolation by Size of Tumor Cells) (RareCells Diagnostics, Paris, France) and the ScreenCell® (Paris, France)
methods, which are able to detect CTCs as well as CTM using microporous polycarbonate filters [50,51].
In line with this notion, we and others have reported an overall higher recovery rate using ISET
compared to CellSearch for CTC enumeration in NSCLC and prostate cancer patients [31,52]. Our lab
developed a novel CTC detection approach combining ISET filtration with a FISH assay, optimized
for the detection of ALK- or ROS1-rearranged pattern of NSCLC CTCs on filters [53,54]. To ensure
a wider coverage of CTC heterogeneity, new devices are being developed (and some commercially)
such as the CTC-iChip which relies on both biological and physical properties of CTCs: it applies
size-based filtration using microfluidics processing, followed by positive selection of CTCs with
EpCAM-conjugated beads or negative selection with CD45−-coated beads to deplete hematopoietic
cells [55]. Different technologies have been implemented to isolate live CTCs (without a fixation
step) and perform subsequent functional studies. Some strategies have integrated isolation protocols
for molecular analysis of single CTCs. One example is the DEPArrayTM (Silicon Biosystems S.p.A.,
Bologna, Italy), a microfluidic system which sorts live single CTCs based on image selection followed by
entrapment of CTCs inside dielectrophoretic cages [56–58]. FACS has also been adapted for molecular
characterization of CTCs as well as their isolation in the aim of xenograft establishment [59].

At this point, none of the technologies fully respond to the phenotypic heterogeneity of CTCs.
Indeed, each method has its own advantages and limitations and researchers have based the
development of capture strategies on the specific aim of further CTC characterization studies. New
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insights in CTC biology should be integrated into current enrichment, detection, and isolation
techniques to optimize the process and improve their reliability. As shown in Table 1, RosetteSep and
FACS have been used for CDX establishment. Enrichment using RosetteSep may be advantageous
owing to the lack of phenotypic a priori on tumorigenic CTCs and a higher recovery rate.

4. CTC-Derived Xenografts

Patient-derived xenograft (PDX) technology has rapidly emerged as a standard translational
research platform to improve understanding of cancer biology and test novel therapeutic strategies [60].
PDXs are generated by implantation of surgically-removed tumor tissue (primary or metastasis) into
immunodeficient mice. Although these models have proven utility as a preclinical tool in many
cancers, their feasibility remains challenged by limited tumor tissue availability, as single-site biopsies
may be impossible or detrimental in some malignancies [61]. This limitation can be overcome by
the generation of CDX models after enrichment of CTCs collected from a readily accessible blood
draw and subsequent injection into immunodeficient mice [62–64]. Nevertheless, it is noteworthy
that CDX development still presents an enormous challenge due to low CTC prevalence in several
cancers. Until now, CDXs have been established in breast, melanoma, lung and prostate cancer and are
discussed in this section (Table 1).

In 2013, Baccelli et al. reported the first experimental proof that primary human luminal BC
CTC populations contain MICs in a xenograft assay. Injection of CTCs from 110 patients was
performed. Six recipient mice developed bone, lung, and liver metastases within 6–12 months
after CTC transplant (~1000 CTCs) from three patients with advanced metastatic BC. Cell sorting
analysis of the MIC-containing population shared a common EpCAM+CD44+MET+CD47+ phenotype,
highlighting a CSC characteristic of CTCs. The authors also showed that the number of CTCs positive
for these markers strongly correlated with decreased progression-free survival of metastatic BC patients.
This study has therefore revealed a first phenotypic identification of luminal BC CTCs with MIC
properties, making them an attractive tool to track and potentially target metastatic development in
BC [59]. A second group derived a CDX model from a metastatic triple-negative BC (TNBC) patient
for the first time. The patient selected for CDX establishment had advanced TNBC with a very high
CTC count obtained with CellSearch analysis (969 CTCs and 74 CTC clusters/7.5 mL). Enriched cells
were injected subcutaneously into nude mice and a palpable tumor was observed five months later.
The authors carried out a longitudinal study and samples were collected at two different time points
(metastasis and progression) during the course of the disease, which allowed real-time assessment of
molecular changes between patient tumor, CTCs, and CDXs samples. The obtained CDX phenocopied
the patient tumor. Most importantly, RNA sequencing of the CDX tumor disclosed key mechanisms
relevant in TNBC biology such as the WNT pathway, which is necessary for the maintenance of CSCs
and was shown to correlate with metastasis and poor clinical outcome in TNBC subtypes. CTC analysis
also deciphered a panel of potential tumor biomarkers [65]. An additional TNBC CDX model of liver
metastasis was established very recently by Vishnoi et al. Similar genomic profiling of metastatic tissue
was obtained in four sequential CDX generations, representing the recapitulation of liver metastasis
in all the models. Notably, the authors deciphered a first 597-gene CTC signature related to liver
metastasis in TNBC which, despite small sample size bias, can provide insight into the mechanistic
basis of TNBC disease progression in the liver [66].

In melanoma, Girotti et al. demonstrated the tumorigenicity of advanced-disease CTCs in
immunocompromised mice. The authors resorted to CDX development when tumor material was
inaccessible for PDX generation. They reported a success rate of 13% with six CDX established, 15 failed
attempts, and 26 additional models followed at the time of publication. CDX tumor growth was
detectable as of one month after CTC implantation and was sustainable in secondary hosts. Moreover,
the CDXs were representative of patient tumors and mirrored therapy response. This proof-of-principle
was developed along with PDX technology and circulating tumor DNA analysis as part of a platform

265



Cells 2019, 8, 1145

to optimize precision medicine for melanoma patients. It explored the TIC properties of melanoma
CTCs but did not achieve a biological characterization of these cells [67].

In lung cancer, Hodgkinson et al. showed that CTCs in chemosensitive or chemorefractory
SCLC are tumorigenic. CTCs were isolated from six late-stage SCLC patients having never received
chemotherapy and were subsequently injected into NSG mice. Each patient presented with more
than 400 CTCs and four out of six CTC samples gave rise to CDX tumors detected as of 2.4 months
post-implantation. CDXs recapitulated the genomic profile of CellSearch-enriched CTCs and mimicked
donor patients response to standard of care chemotherapy (platinum and etoposide), proving the
clinical relevance of these models [68]. CDX tumors were subsequently dissociated and expanded into
short-term in vitro CDX cultures (Table 2). These cells maintained the genomic landscape of donor
tumors as well as their drug sensitivity profiles. CDX-derived cells were also labeled in vitro with the
GFP lentivirus and successfully implanted into mice, where they can serve as a tracking tool to study
tumor dissemination patterns in vivo [69]. Additional 16 SCLC CDX models were recently generated
by Drapkin et al. from CTCs collected at initial diagnosis or at progression, with 38% efficiency. Somatic
mutations were maintained between patient tumors and CDX as shown by whole-exome sequencing
(WES) and the genomic landscape remained stable throughout early CDX passages showing clonal
homogeneity. The authors also developed serial CDX models from one patient at baseline of the
combination olaparib and temozolomide and at relapse. Interestingly, the models accurately reflected
the evolving drug sensitivity profiles of the patient’s malignancy, which highlights the potential utility
of serial CDXs to study the evolution of resistance to treatment in SCLC [70]. One CDX model was also
described in NSCLC. In this study, CTC samples were retrieved at two different time points: Baseline
and post-brain radiotherapy. No CDX was developed at baseline. Notably, no EpCAM+ CTCs were
detected during CellSearch analysis at disease progression, yet injection of post-radiotherapy CTCs
gave rise to a palpable tumor 95 days after engraft. Phenotypic and molecular characterizations showed
no epithelial CTCs, but revealed a sizeable population of phenotypically heterogeneous CTCs mostly
expressing the mesenchymal marker vimentin. This study suggests that the absence of EpCAM+ CTCs
in NSCLC does not preclude the existence of CTCs with TIC potential in patients and underlines the
importance of investigating CTCs undergoing EMT in this malignancy [71].

Our group generated the first CDX model of castration-resistant prostate cancer (CRPC) and
derived a permanent ex vivo culture from CDX tumor cells. A total of 22 samples from metastatic
CRPC patients were collected, among which seven were obtained from diagnostic leukapheresis (DLA).
DLA products were generated as part of the European FP7 program CTCTrap which aimed for an
increased CTC yield to perform molecular characterization of the tumor [72]. One patient with a very
high CTC count (~20,000 CTCs) obtained by DLA gave rise to a palpable tumor within 5.5 months.
Acquisition of key genetic drivers (i.e., TP53, PTEN, and RB1) that govern the trans-differentiation
of CRPC into CRPC-neuroendocrine (CRPC-NE) malignancy was detected in CTCs, highlighting
the role of tumorigenic CRPC-NE CTCs in this transformation. Moreover, the obtained in vitro
CDX-derived cell line faithfully recapitulated the genetic characteristics and tumorigenicity of the
CDX and mimicked patient response to standard of care treatments for CRPC (i.e., enzalutamide and
docetaxel) (Table 2) [73,74].
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5. CTC-Derived Ex Vivo Models

Although CDXs represent classical preclinical mouse models that are relatively easy to handle,
they cannot be derived from every patient depending on tumor type and the process could take several
months, a time frame that would not provide proper aid for the clinical guidance of donor patients.
Expansion of viable CTCs ex vivo may offer an attractive alternative allowing both molecular analysis
and high-throughput drug screening in a shorter time, but with CTC scarcity remaining, a fortiori,
a significant limitation. In vitro CTC cultures were reported in colon, breast, prostate, and lung cancer
and are evaluated in this section (Table 3).

The first long-term colon cancer CTC cell line was derived by Cayrefourcq et al. from a metastatic
colon cancer patient who had 302 EpCAM+ CTCs detected by the CellSearch platform. Importantly,
the characterized CTC-MCC-41 cell line shared the main genomic features of both the donor patient
primary tumor and lymph node metastasis [9]. In a second study, the authors established and
characterized eight additional cell lines from the same patient with CTCs collected at different time
points during his follow-up. Transcriptomics analyses in the nine cell lines revealed an intermediate
epithelial/mesenchymal phenotype promoting their metastatic potential, as well as stem cell-like
properties that increased in cell lines isolated at later stages of progression. This may highlight
the selection mechanism of treatment-resistant clones with specific phenotypes that drive disease
progression. Functional experiments showed that these cells favor angiogenesis in vitro, which was
concordant with the secretion of potent angiogenesis inducers such as VEGF and FGF2 as well as the
tumorigenicity of these cells in vivo [9,10].

In BC, Zhang et al. presented the characterization of EpCAM− CTCs and revealed a shared
protein signature HER2+/EGFR+/HPSE+/Notch1+ in CTCs competent for brain metastasis. Indeed,
the three established CTC lines expressing this signature promoted brain and lung localization
after xenotransplantation into nude mice. The authors therefore deciphered a preliminary signature
which provides insight into metastatic competency of BC CTCs and pushes towards using CTC
research to explore new potential biomarkers [75]. Another study reported the establishment of
non-adherent CTC lines under hypoxic conditions (4% O2) with CTCs issued from six patients with
metastatic luminal-subtype BC. Three out of five tested cell lines were tumorigenic in vivo, giving rise
to tumors with histological and immunohistochemical similarities with the primary patient tumor.
This proof-of-concept study also identified targetable mutations acquired de novo in CTC cell lines,
elucidating the importance of monitoring the mutational evolution of the tumor throughout the disease.
To explore this, the authors performed sensitivity assays on the CTC lines with large panels of single
drug and drug combinations targeting the different mutations identified [76]. In vitro phenotypic
analysis of these cell lines and patient CTCs was recently performed. A CTM-specific DNA methylation
status was revealed in which binding sites for stemness and proliferation transcription factors were
hypomethylated, suggesting potential targets. This pattern correlated with poor prognosis in patients
and targeting of clusters with Na+/K+ ATPase inhibitors shed them into single cell and enabled DNA
methylation remodeling, leading to suppression of metastasis. These data therefore highlight a key
connection between phenotypic properties of CTCs and DNA methylation patterns at specific stemness-
and proliferation-related sites [43].
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Despite successful in vitro expansion of patient CTCs in several cancer types as reported above,
important limitations should be noted when handling 2D cultures, including cell morphology alterations
due to adherence to plastic and lack of tumor microenvironment. Moreover, cell-cell and spatial
interactions in vitro are not fully representative of the setting in the tumor mass in vivo [79]. These
constraints can thus interfere with physiological functions and molecular responses of the tumor cells,
making them less representative of the actual malignancy. To circumvent this problem, 3D models were
proposed in prostate and lung cancer [77,78]. In prostate cancer, Gao et al. generated the first seven
fully characterized organoid lines from a CRPC patient including a CTC-derived 3D organoid system
from a patient who had more than 100 CTCs in 8 mL of blood. Success rate for the establishment of the
CTC-derived organoid was not provided. Whole-exome sequencing (WES) analysis showed that all
the 3D models recapitulated the molecular diversity of prostate cancer subtypes and were amenable
to pharmacological assays. Engraftment of the CTC-derived organoid in vivo gave rise to tumors
with a histological pattern similar to that of the primary cancer. This research, therefore, contributes a
patient-derived model of CRPC which, with further optimization, may respond to the pressing need of
in vitro models that faithfully recapitulate CRPC [77]. In lung cancer, Zhang et al. developed a novel
ex vivo CTC-derived model using a 3D co-culture system which stimulated a microenvironment to
sustain tumor development. CTCs were enriched and expanded for a short period of time from 14 to
19 early lung cancer patients. Next-generation sequencing detected several mutations including TP53

found in both cultured CTCs and matched patient primary tumors [78].

6. Discussion

During the last decade, tremendous technological progress has been made to reliably detect,
quantify and characterize CTCs at phenotypic, genomic, and functional levels. The characterization of
CTC-derived models has paved the way toward an improved understanding of tumor dissemination by
these cells (Figure 1). As depicted in Table 1, procedures for developing CDXs can vary from one study
to another. Subcutaneous (SC) injection of cells in mice is the simplest method for tumor engrafts which
has been used for decades and was most recently applied for PDX establishment. It facilitates tumor
growth monitoring as it does not require fluorescent labeling or imaging. Most CDX models published
to date have been developed through SC injection of CTCs. SC tumors do not usually metastasize
probably due to the absence of the human microenvironment and the impact of murine angiogenesis,
which influence dissemination of primary human tumors. Moreover, as the time-frame needed for
tumor growth extends to several months, ethical regulations may not allow waiting for metastatic
spread. To this end, these studies were limited to the characterization of the CDX primary tumor.
Injection in mouse bone marrow as done by Baccelli et al. may also be an appropriate way to investigate
MICs as this microenvironment has been previously described as a reservoir for disseminating tumor
cells [35,59]. Conversely, studies aiming to assess metastatic and not only tumorigenic competency of
CTCs have resorted to intracardiac injection [66,75]. This method, similarly to tail vein (TV) injection,
allows a more rapid spread of the cells as they directly enter the bloodstream and thus mimics CTCs in
their original setting. Propagation of CDX models through intracardiac or TV injection is less common
or completely lacking, most likely due to potential dissemination bias. Indeed, organ metastasis could
be influenced by the injection site of CTCs and defined by the first capillary bed encountered by
cells post-injection. TV has been observed to induce lung metastases, thus generating false-positive
results [80].

Another important challenge is ensuring the CDX consistently maintains its clinical relevance and
serves as a patient surrogate. To this end, stringent validation is required and several aspects must be
addressed. Firstly, it is crucial to verify the human origin of the CDX, as spontaneous tumors could
grow in immunocompromised mouse models. Secondly, confirming cancer type and comparing the
CDX tumor to the donor patient’s biopsy through histopathology, followed by genomic studies to
assess CDX genomic fidelity with patient tumor. Moreover, in the context of establishing preclinical
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models for precision medicine, functional drug sensitivity assays are needed to evaluate recapitulation
of patient response to therapy in the CDX [68].

Figure 1. CTC-derived models as tractable systems to explore tumor-initiating cells (TICs) and new
therapeutic strategies. CTCs isolated from late-stage cancer patients are used to generate CTC-derived
xenografts (CDXs) to perform functional characterizations and pharmacology studies. CDX tumors
can be isolated and dissociated into ex vivo cultures for drug screening and genome-wide analyses.
CDX-derived cultures are amenable to lentiviral infection and can be re-injected into mice and used as
tools to track tumor dissemination. In parallel, CTCs can be expanded in vitro and used as readouts of
drug sensitivity. CTC = circulating tumor cell. CDX = CTC-derived xenograft.

Although PDX models serve as reliable tools for tumor modeling, CDXs offer added value for the
understanding of tumor biology and metastasis. Detection and characterization of metastasis-competent
CTCs using in vivo models offer a more representative molecular snapshot of the disease, as they serve
as easily accessible “surrogates” of metastatic tissue, which is otherwise unobtainable in many cancer
organs (e.g., bones or lungs) [81]. Indeed, CDX models could help showcase tumor heterogeneity
in the metastatic setting in contrast to a localized biopsy in the case of PDX and are attainable at
different time points throughout disease progression [63]. Most importantly, CDX models established
to date reveal the high tumorigenic capacity of CTCs—even at a low number of cells (as low as 400
CTCs [68]). As reviewed above, CTCs with survival and MIC properties are assumed to be selected
for seeding CDX tumors, similar to what has been observed in PDXs [82]. It is expected that the
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proportion of tumorigenic CTCs may vary between cancer types and patients as well as under selective
pressure of treatment, which highlights a potential selective process for the acquisition of minor
metastasis-competent CTC subclones [73]. CTC clusters and hybrid E/M CTCs have been described as
the most aggressive cells with a high propensity for tumorigenesis. However, it is currently difficult to
evaluate the impact each subpopulation could have on CDX tumor take rate. Indeed, as detailed before,
Aceto et al. have shown an increased metastatic competency in CTM vs. single CTCs but this remains
limited to murine models and is difficult to translate to human subjects [40]. It is worth noting however
that, although in vivo models are sustained by the host tissue microenvironment and can faithfully
recapitulate the tumor genome, the absence of immune components constitutes an important bias.

On the other hand, CTC expansion ex vivo is promising but is still very far from routine
applications as culturing conditions are still under investigation and need further optimization.
Therefore, CDX-derived cultures represent an attractive intermediate model to characterize this
aggressive population in vitro. In the event of molecular similarities between the two models, CDX and
CDX-derived cell lines offer complementary, tractable systems for CTC functional characterization and
therapy testing. Re-injection of the CDX-derived cell line in immunodeficient mice could allow the
identification of candidate genes in metastasis and chemoresistance mechanisms [64,69]. Additional
model systems such as the chick embryo chorioallantoic membrane have also opened up new promising
avenues in the in vivo studies of tumor metastasis, as the highly vascularized setting sustains tumor
formation and dissemination rapidly after engraft [83]. Moreover, organoids have recently emerged as
novel robust 3D models optimized to propagate in vitro and reminiscent of tumoral heterogeneity,
with amenability to genetic modifications and drug screening assays [77,84]. One can hypothesize
that the establishment of several CTC-derived organoid lines from the same patient could be useful in
modeling metastatic disease and acquired CTC mutational profiles to monitor disease progression.
However, these models lack in vivo host complexity and recent efforts have been put into the generation
of 3D co-cultures in microfluidic devices to model ex vivo tumor microenvironments by the integration
of different cell populations (e.g., immune cells, fibroblasts) [78,85].

7. Concluding Remarks

CDX models have shown unprecedented opportunities to provide insight into the complex
biology of the metastatic process. However, at the present time, these functional models serve as
proof-of-principle tools as their development is limited to late-stage disease settings and high CTC
counts. The main goal of functional CTC studies being the identification and characterization of MICs
and candidate target genes among CTCs, it is crucial to expand analyses to earlier stages of cancer [63].
Unfortunately, these rare preclinical models are derived from patients in exceptional clinical situations
and we are currently unable to predict if the limitation caused by CTC scarcity could be circumvented.
Nevertheless, the establishment of CTC-derived models from only a few CTCs is a major achievement
today and an invaluable opportunity to decipher new biomarkers, which are urgently needed for novel
therapeutic strategies in advanced cancers.
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Abstract: Circulating tumor cells (CTCs) are cellular elements that can be scattered into the
bloodstream from primary cancer, metastasis, and even from a disseminated tumor cell (DTC)
reservoir. CTCs are “seeds”, able to give rise to new metastatic lesions. Since metastases are the
cause of about 90% of cancer-related deaths, the significance of CTCs is unquestionable. However,
two major issues have stalled their full clinical exploitation: rarity and heterogeneity. Therefore,
their full clinical potential has only been predicted. Finding new ways of studying and using such
tremendously rare and important events can open new areas of research in the field of cancer research,
and could drastically improve tumor companion diagnostics, personalized treatment strategies,
overall patients management, and reduce healthcare costs.

Keywords: CTC; heterogeneity; liquid biopsy; liquid surgery; clinical utility

1. Introduction

In 2004, Cristofanilli and colleagues reported, for the first time, a trial regarding the level of
circulating tumor cells (CTCs) in metastatic breast cancer. The trial results indicated this marker
was a useful predictor of progression-free survival (PFS) and overall survival (OS) [1]. In 2007,
the American Society of Clinical Oncology (ASCO) cited CTCs and disseminated tumor cells (DTCs)
in recommendations on tumor markers. Ten years later, the American Joint Committee of Cancer
(AJCC) proposed a new category for TNM staging in breast cancer M0(i+). The M0(i+) is defined as the
presence of CTC or DTC, respectively, in the blood or in the bone marrow, in case of absence of clinical
or radiological evidence of distant metastases. Fifteen years after the first Cristofanilli study, this
marker was validated as a prognostic marker in a number of clinical settings, and few oncology topics
have been so intensely investigated. [2–6]. However, due to their biological features, the technical
hurdles regarding their investigation, and the lack of methodological standardization that make it
difficult to compare different CTC studies [7–11], CTCs have still not reached the Olympus of the
“clinical utility value”. Their predictive value, which we have been researching for decades, is still far
from being fully demonstrated. Therefore, old promises should be carefully reconsidered and new
directions should be undertaken. A first step in this direction was reported at the beginning of this year.
Bidard and colleagues showed, for the first time, results on actual CTC clinical utility. They observed
that CTC count, in ER+HER- metastatic breast cancer (MBC) patients, may be used to objectively
choose the best therapy [12]. In addition, as other authors stated, another important challenge is how
to trigger a paradigm shift in oncology research: anti-cancer personalized treatments should also strive
to hit CTCs, and not only target the solid tumor compartment [13]. Recently, Gkountela and colleagues
investigated CTC clusters. They observed that CTC clustering could direct the DNA methylation
pattern. Specific FDA-approved drugs may take apart CTC clusters, triggering methylation remodeling
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and metastasis suppression [14]. This is a clear example of how it may be possible to bridge the gap
between a potentially important marker, although still limited (i.e., the current CTC status), and a
very useful theranostic approach, i.e., the new potential clinical utility of CTCs. Hence, although a
lot of work has to be done, the aim is clear: Demonstrating and validating real CTC clinical utility,
and looking for new CTC-targeting theranostic approaches.

2. Being Different, to Be Stronger

CTCs are a major cause of tumor relapse [15]. Disseminated into the bloodstream, CTCs are
the “seeds”, able to give rise to new metastatic lesions. Hence, their significance is unquestionable.
Despite the highly inefficient mechanism of spreading [16], some of them are able to survive into the
bloodstream, resist biophysical and cell-mediated insults, and reach their final destination. There, they
take root in the pre-metastatic niche, most probably already prepared and fueled by tumor cell-derived
messengers. In the niche, CTCs lay dormant for an indefinite period, until some still little known signals
trigger their lethal awakening [17–19]. CTCs are extremely rare and heterogeneous elements [20–22].
Although their quantification in the peripheral blood of cancer patients is quite unpredictable, even
in patients with advanced disease, they have been found down to 1–10 cells/per mL of peripheral
blood of metastatic breast, prostate, and colon cancer patients. Their number may be even lower in
other cancers and/or in nonmetastatic setting [23–26]. Secondly, and equally important, CTCs are
dynamically heterogeneous. Dynamic heterogeneity (DH) can be described as the characteristic of the
tumor to evolve through space and time [20,27–29]. This event can produce solid masses composed
of many clones, which may be different in transcriptomic, proteomic, and functional makeup. DH,
and in particular that of the most aggressive tumors such as triple negative breast cancers (TNBCs),
can be quite striking. It has been shown that no two single cells from TNBCs have an identical
genomic profile [28]. CTC subpopulation onset and spreading may follow the solid tumor clonality
and adaptability. Indeed, CTCs may acquire DH traits with time, from their onset, starting from a more
epithelial-like phenotype and transitioning to a more mesenchymal-like state and vice versa, through
processes known as epithelial-to-mesenchymal and mesenchymal-to-epithelial transitions (EMT and
MET) [30–35]. In addition, EMT can be observed in distinct transitional states. These EMT states are
fairly different and can be detected using cell surface markers and single-cell RNA sequencing. Indeed,
EMT-hybrid CTC could have the highest metastatic potential with different degrees of aggressiveness
due to their capabilities and proteomic and transcriptomic features [36,37]. These elements suggest that
studying only a few biomarkers at a few time points, e.g., at first diagnosis and/or relapse, could only
offer a very limited actionable vision of the disease. Monitoring the tumor evolution and progression
through a timely and accurate multi-marker detection is a crucial investigation opportunity. CTCs lend
themselves to this possibility, being a potential mirror/reflection of the evolving and progressing tumor.
CTCs, indeed, are often genotypically, genomically, phenotypically, and functionally different. Some
have stem cell features (e.g., CD44- or ABC-G2-positivity), others mesenchymal-like characteristics
(e.g., N-Cadherin), others still, hybrids phenotypes [29,38–40]. With an appropriate technical set-up
(Gallerani et al., unpublished), we could detect CTCs of all three types, at different sampling times,
in the blood of esophageal cancer patients. Despite our current inability to see if other populations were
present in the blood, our data agree with previously published reports and confirms that some CTC
subgroups may be more dangerous than others may. Furthermore, some CTCs express endothelial
markers and they reproduce vascular mimicry (VM), a phenomenon present in several human cancers
associated with aggressive diseases. Williamson et al. demonstrated, in small cell lung cancer (SCLC),
that these rare cells (VE-cadherin CTC) exhibit essentially the same copy number of gains and losses
present in other CTCs and in ctDNA from the same patient, a highly related CNA profile and typical
of SCLC [41]. We should also note that several CTC populations that coexist in the bloodstream
could establish a relation with other normal blood cells. Recently, several authors demonstrated a
crosstalk between different CTCs subpopulations and the immune system [42,43]. It is well-known
that CTCs may express the receptor programmed death-ligand 1 (PD-L1) on their membrane [44].
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PD-L1 is probably able to suppress the immune response against CTCs, helping their survival in the
bloodstream [45,46]. Aceto and colleagues proposed a model where the association between CTCs and
neutrophils supports the cell cycle progression during the blood trip [47]. The CTCs with the ability
to survive in the bloodstream and to interact with leukocytes and platelets increase the possibility of
forming metastasis. To this end, CTCs use several strategies to crosstalk with leukocytes and platelet:

(a) High expression of the immunosuppressive molecule PD-L1, which prevents T cell-mediated
destruction [44,48–50];

(b) The expression of CD47, which provides a ‘don’t eat me’ signal [51–53];
(c) An altered expression of the apoptotic FAS and/or FASL proteins that may induce the apoptosis

of T cells [54] or protect tumor cells from FAS-mediated apoptosis [55];
(d) The interaction with platelets, which induces EMT-like features in CTCs [56], and promotes

tumor cell arrest and extravasation [57];
(e) Platelets promote the survival of CTCs during metastasis by conferring resistance to shear

stress and attacks from NK cells [58,59];
(f) Platelet–CTC interaction can lead to the transfer of platelet MHC-I to tumor cells, thereby

preventing the identification of NK cells and aiding the CTCs to escape from the cytolytic activity
mediated by NK cells [60].

Furthermore, a CD14+CD11c+CD45+ myeloid subpopulation has been observed inside circulating
tumor microemboli (CTM) or free in the bloodstream. Adams and colleagues named these cells
‘cancer-associated macrophage-like cells’ (CAMLs). Typically, these cells are giant (30–300 µm in
length) with big multiple or polylobulated nuclei (14–64 µm in diameter) [61]. Adams et al. showed
that CAMLs could be detected in the peripheral blood of patients with breast, prostate, pancreas,
and lung cancer in percentages ranging from 81% to 97% of the total number of patients, contrary
to healthy subjects, in which they are totally absent [61,62]. CAMLs also express epithelial markers,
such as EpCAM and/or CK8/18/19. We still need to clarify if they directly express these epithelial
markers (expression levels depend on the differentiation stage), or if they phagocytize material of
epithelial origin. CAMLs seem to originate in the primary tumor and increase in blood samples from
patients responding to radiotherapy, chemotherapy, or other treatments [63]. However, CAMLs have
also been shown to actively interact with CTCs, or have a proangiogenic activity, as CD146 and TIE2
markers suggest [61]. In support of a pro-tumor role of these cells, in metastatic breast cancer patients,
the presence of EpCAM+ CAMLs correlates with a shorter OS and PFS [64]. We could suppose
that CAMLs might have an active role in helping CTC intravasation, extravasation, or survival in
the bloodstream, thus participating in the metastatic process. The high degree of heterogeneity and
complex relationships between CTC subpopulations and other blood “resident” cells, makes studying
this biomarker more complex. It offers the opportunity to act both with drugs that affect CTCs, but
also with drugs that limit the formation of clusters, as already mentioned [14], or with anticoagulant
agents or those acting by stimulating the immune system to recognize CTCs [65,66].

Another pivotal aspect is the contribution of circulating cancer stem cells (C-CSCs), or stem-like
CTCs. Cancer stem cells are cellular elements thought to propel cancer progression and to be
responsible for the rooting of the disease in primary and metastatic sites, and hence, for local and
distant recurrence. Although not fully determined, C-CSCs may derive from CSCs and have been
identified in numerous types of cancer [40,67,68]. If CTCs can be seen as the overall population of
tumor “seeds”, almost an epiphenomenon of cancer spreading, C-CSCs can be described as the actual
first cause of metastasis, the proverbial needle in a haystack, since such events are even rarer than
general CTCs. Furthermore, a close relation between EMT and C-CSCs has been shown, and an
enhanced metastatic competence and a high drug resistance capability have also been described for
these cells [69,70]. Despite being quite controversial elements, difficult to characterize specifically and
unequivocally, C-CSCs may be considered key players in the genesis of cancer metastasis, and may
clearly fulfill the model by Paget [16,71–75]. Specific C-CSC markers are difficult to find, but in
general, some of them are fairly well established, e.g., CD133, CD44 (including different isoforms),
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ALDH1, and ABC transporters. A number of these markers have also been investigated in CTCs, also
aimed at finding diagnostic, prognostic, and predictive indicators. None have been found, validated,
and progressively translated into the clinical setting [25]. In 2017, Whang and colleagues showed that
CTCs could act as potential precursor cells of metastasis and not only act in the intermediate step
of metastatic cascade. Probably due to a stress response, CTCs could evolve in cells that were more
aggressive and became tumor-initiating cells, probably different from the CSC-like cells present in
the primary tumor [76]. The metastatic potential of EpCAM-positive CTCs has been confirmed using
xenograft models in several papers [52,77,78]. A subset of CTCs showed a stem cell-like phenotype,
these C-CSC have been detected in different kinds of cancer such as lung cancer with expression of
BMI1, hepatocarcinoma where C-CSCs are CD90+CXCR4+, colon rectal cancer with CD44v9+ cells.
In breast cancer one or more EMT markers, such as TWIST, AKT2, PI3K-alpha, ALDH1, were detectable
on CTCs. This CTC subset highlights therapy resistance and a poor prognosis [68,79].

As already mentioned earlier, important papers have recently been published. Mirroring C-CSC
potentialities, CTC-clusters have been demonstrated to be 23 to 50 times more capable of giving rise to
actual metastases than single CTCs [80]. This capability has been explained by uncovering the link
between the CTC cluster state and an increased accessibility of stemness-related transcription factors.
CTC clustering is related to a DNA methylation pattern that promotes stemness and metastasis [14].
Again, the same group published a study on the striking importance of the cooperation between
“normal” and cancer cells. The association of CTCs with neutrophils induces a proliferative boost,
making them more competent in metastasis formation [47,81,82].

In conclusion, a number of elements may induce a CTC to gain a CSC-like cluster-state with specific
cellular, molecular, and functional phenotypes and capabilities. More than ten years ago, the exposome
was described as the overall environmental complement to the genome in determining the risk of a
disease. It can be seen as the totality of exposures throughout one’s lifespan [83]. Hence, it can be
inferred that in addition to genetic predisposition, every molecule or element that can prompt tumor
onset and growth can be seen as exposome, or, more specifically, cancer exposome [Fabbri et al., under
review]. Consequently, cancer exposome could include inflammation-related molecules, “normal”
cellular elements associated to cancer progression (e.g., CAMs, CAFs, and platelets), environmental
factors, and other molecules, i.e., elements known to be connected to tumor development, such
as induction of EMT, C-CSCs, and progression. It becomes clear that the cancer exposome could
contributes to the onset of CSC-like CTCs. Only a focused and multidisciplinary approach may truly
help in finding innovative paths to unravel the enigmatic Gordian knot that may well represent cancer
metastasis. In the light of recent results and these exposome-related concepts, we have to strive to find
innovative treatments to suppress the spread of cancer.

3. Clinical Data: Hopes of Utility

In clinical practice, after pre- and analytical standardizations and diagnostic accuracy evaluations,
a test has to demonstrate that it leads to health benefits [84] before being introduced in the decisional path.

Regarding CTCs, the multivariate analysis demonstrated that the CTCs count was the strongest
prognostic biomarkers for patients survival [3,85]. For this reason, CTCs could be used to stratify the
disease, but this biomarker is rarely used in clinical practice. Budd and colleagues studied 138 MBC
patients, who underwent CT scans before and after start treatment. They compared the results with the
CTC count obtained at baseline and after four weeks from the start of therapy, and demonstrated that
CTC count is more reproducible than radiological response. This suggests that CTCs are a superior
surrogate endpoint [86]. In metastatic breast cancer, the first trial designed to study the clinical utility
of CTC count, SWOG S0500, was not able to find a survival difference for patients stratified using CTC
count. This negative result was because the study suffered from a design fault and not a failure of
CTC test [87,88]. In fact, cancers that show early resistance to first line chemotherapy are likely to be
resistant to second line chemotherapy, whenever the second line is started. Moreover, it had already
been reported that early changes of first line chemotherapy never demonstrated a gain in OS, whatever
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the technique used to guide the early change (functional imaging, etc.) [89]. Therefore, SWOG S0500
should not be regarded as the final proof that CTCs are not useful in patients’ management. However,
because of these negative results, the 2015 American Society of Clinical Oncology, in its clinical practice
guidelines, did not recommend the use of CTC count in women with metastatic BC [90]. In Europe,
two other clinical utility trials based on CTC count are currently ongoing:

• The “CirCe01” trial (NCT01349842), similarly to SWOG0500, assesses early changes of CTC count
during treatment in metastatic patients; patients were enrolled before the start of third line of
chemotherapy (CT) and followed with the CTC test throughout the successive lines of CT.

• The “STIC CTC” trial (NCT01710605) investigated the clinical utility of the prognostic value
of baseline CTC count. In this trial, patients were randomized in two arms: In the first arm,
clinically driven patient’s treatment choose between CT and hormone therapy (HT) (CTC count
not disclosed); in the second arm, CTC count driven treatment chooses patients. In fact, such
as first-line treatment, patients with CTC ≥5/7.5 mL received CT, whereas patients with CTC
<5/7.5 mL received HT.

As already discussed, this last trial demonstrated the clinical utility of CTC count in first line
therapy in ER+HER2-MBC. Although results are awaiting a definitive publication, Bidard and
colleagues have shown that in the majority of patients, the treatment chosen based on the CTC count
was the same as the treatment chosen based on the clinic. On the contrary, in discrepant cases, CTC
count may be more reliable for either escalating (i.e., considering CT in patients with high CTC
count) or de-escalating (i.e., considering HT in patients with low CTC count) first line therapies [12].
SWOG0500 and CirCe01 have similar designs. Both studies evaluated CTCs at baseline and after
treatment. In particular, CirCe01 evaluated CTCs number after every new line of CT in patients
randomized in the CTC arm. The number of therapy lines represent the main difference between these
two studies. In fact, CirCe01-enrolled patients about to start third line therapy (a population with
a high chemo-resistance prevalence). On the contrary, SWOG500 enrolled patients just before first
line CT. Moreover, CirCe01 trials, in nonrandomized run-in phase, also wanted to establish a CTC
threshold to be used in the randomized part of the study. The STIC CTC, a randomized trial, focused
on evaluating the health economic interest of taking into account CTCs to determine the kind of first
line treatment for HR–positive MBC. Major limitations of this trial were a) the lack of standardized
clinical criteria for recommending CT in the clinically driven arm, and b) that it was conducted prior
to the widespread use of CDK4/6 inhibitors, now regarded as the standard of care for HR–positive
MBC. The SWOG0500 was the first trial with a goal regarding the clinical utility of CTCs. However,
the heterogeneity of first line treatments allowed in this trial might have variably influenced CTC
behavior. Changing treatment to a different CT agent after the rise of early chemo-resistance may
be not significantly effective, and this most probably influenced the results of the SWOG0500 [91].
A similar problem, given the design of the study, could have occurred in CirCE01. The STIC CTC trial
had a different study design and, as preliminary results presented at the San Antonio Breast Cancer
Symposium showed, it suggested that the CTC count could allow for identifying patients in whom the
dose of therapy can be scaled. If the preliminary results of this study are confirmed, this could lead to
a benefit for patients who will be able to see reduced side effects of the treatment and, in the long term,
an economic saving for the national health systems.

Although still not incorporating recently proposed drugs, e.g., cyclin-dependent kinase 4/6
inhibitors, and indicating to escalate therapy, while it is usually suggested to try to de-escalate regimens
in this clinical setting, the STIC CTC trial is the first investigation that showed an actual CTC-based
clinical benefit. Hopefully, this huge step should be the first of a long series, prompting further
investigations and highlighting the pivotal importance of clearly and specifically designed future
clinical studies not to fall into previous misleading results.

Several studies evaluated the impact of CTC count and CTC characterization in monitoring
treatment. Indeed, in metastatic castration-resistant prostate cancer (mCRPC), CTC elimination (CTC0)
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after short-term treatment proved to be an early response endpoint [92]. In this study, 3000 men
were enrolled in five phase III trials. The response measures were evaluated regardless of the specific
intervention and the changes in CTC status from CTC-positive (T baseline) to CTC-negative (after
13 weeks). This change was shown to be strongly associated with longer survival. Interestingly,
the percentage change from baseline of prostate specific antigen (PSA), which is more widely used
as end-point, did not discriminate survival at the same level of CTC0. In four out of five trials,
the treatments included HT; HT can induce a PSA-level modulation, independent of an effect on cell
killing. This HT-based effect limits the role of post-therapy PSA change measures as a reliable indicator
of efficacy. In this study, CTCs allowed researchers to determine treatment response seven to eight
weeks earlier than determined by standard RECIST criteria and PSA. For these reasons, CTC number,
a biomarker that is not affected by modulations in androgen receptor signaling, should be included in
clinical management of patients. It is important to note that this result could allow for the prevention
of drug toxicity and cause a significant health savings [12,93–95].

4. Challenging the Current Paradigm: Liquid Surgery Premises and Hopes

So far, systemic therapies have aimed at preventing relapse after the removal of the primary tumor
and delaying the already present metastatic tumor, confidently eliminating therapy-resistant clones
and minimal residual disease. To contrast cancer dissemination, preventing metastasis in the first
place, we think it is necessary to expand the conventional line of thinking that aims to hit an already
widespread disease, and start new paths that anticipate its diffusion, e.g., directly and therapeutically
targeting CTCs.

The investigation of the CTCs, and in general everything that can be included in the term liquid
biopsy (LB), has aimed at simple, fast, and cost-effective monitoring of disease status or response
to treatment. LB is less troublesome than tissue biopsy, thanks to the ease of access to body fluids,
in particular when taking a tissue biopsy is often clinically impossible or not recommended [96].
Moreover, as already suggested, the tumor may change and tissue biopsies may not appropriately
reflect the complex profile of a tumor disease, because of its dynamic heterogeneity (DH), which can
only be addressed by taking biopsies from different tumor areas at different time points. Hence, LB may
offer a more comprehensive cross-section of the disease.

LB can be a crucial alternative and/or addition to conventional and tissue-based diagnostic
procedures. Targeting CTCs in the blood of patients could control or avoid metastasis spreading and
the risk of relapse, just like the surgical removal of solid tumor can limit the disease or even cure a
cancer patient. Therefore, two major lines of research could be followed to deplete CTCs as much as
possible, striving not to leave any cells with actual metastasis-generating properties. One possible
approach is to examine, in depth, CTC biology in order to identify actionable targets that could lead to
their depletion and/or to make them harmless, as already cited [14,97]. A second possibility is to find
new paths that can exploit already well-known aspects of CTCs: Their biological features, i.e., surface
marker expression, dimension, clusterization potential, and their ecosystem, the blood flow.

Both ways are necessary to identify better-tailored CTC-based anticancer treatments for individual
patients. The small number of CTCs per mL of peripheral blood is the major challenging physical limit.
Although it may appear to be a simple solution, it is increasingly clear that it is necessary to extend the
volumes of blood that should be analyzed and/or treated. Then, new approaches to overcome this
obstacle, i.e., in vivo CTC collection and/or count devices, and apheresis-based procedures, are under
investigation. The GILUPI CellCollector (CC) allows collecting CTC directly from the blood, in vivo.
It is a functionalized medical wire covered with anti-EpCAM antibodies that, when inserted in the
cubital vein of a patient for 30 min, could trap CTCs from up to one liter and a half of blood. Studies
reported an increased number of CTCs detected compared to standard methods [98–100]. Recently,
Didzdar and colleagues investigated the prognostic impact of CTCs rescued with CC in colorectal
cancer (CRC) [101], but in contrast to other studies, they did not report prognostic significance of
CC-CTC. The authors estimated that recovering CTCs with the CC is similar to extracting tumor cells
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from a blood volume range of 0.33–18 mL, a different volume compared to what was suggested in
previous studies (volume range 1–3 L). Also, in our experience, the median number of CTCs retrieved
from the blood of metastatic non-small lung cancer (NSCLC) patients was quite low (around three
cells per CC device/patient (Fabbri et al., unpublished data). So, despite being a feasible [102] and
promising idea, it seems that the CC has not maintained what it had predicted. In June 2019, Galanzha
et al. exploited a photacoustic (PA) flow cytometry (PAFC) platform (cytophone platform) to count
circulating melanoma cells in vivo. This method allows a noninvasive assessment of a large volume
of blood using the PA effect as a transformation of absorbent laser pulse energy into sound through
thermoelastic expansion of light objects. The probe is placed on the patients’ skin above the selected
vein. The authors utilized 18 melanoma patients as the training set and another 10 new melanoma
patients as the validation set. This system was able to detect circulating single melanoma cells,
circulating clusters of melanoma cells, and it could discriminate between CMC cluster and circulating
blood clots (CBCs). The PAFC detection limit achieved in vivo is about 1 CTC/1 L. The PACF-based
CTC count needs further studies to confirm the great potential of this noninvasive method [103].

To avoid the bottleneck due to the low number of CTCs, the CTCTrap consortium and the Nick
Stoecklein group used and validated the diagnostic leukapheresis (DLA) in order to enrich a higher
number of CTCs. The CTCTrap efforts demonstrated that the procedure used allowed researchers
to improve the number of CTCs isolated in MBC and metastatic prostate cancer (MPC), and that the
procedure could be safely performed in different clinical sites [104]. The DLA product analyzed with
Cell Search demonstrated a 30-fold increase in median CTC numbers detected [105] and an increase in
the number of CTC-positive patients as well as M0 breast cancer patients [106]. This high number of
enriched CTCs was exploited for the single cell molecular characterizations of CTCs [107] and also to
culture CTCs [106]. Despite DLA enrichment, the CTC-cultured success is limited to few patients. Only
in two out of eight patients were CTCs cultured from fresh and cryopreserved DLA [106]. The culture
success rate was reached in samples with more than 300 CTCs, in agreement with other group results;
this is probably because DLA samples with high CTC numbers and lower ratios of apoptotic CTCs
were more likely to grow in culture. [106,108].

Usually, therapeutic apheresis is used for the rapid elimination of harmful or excessive blood
components such as plasma proteins (plasma exchange) or for the harvest or elimination of cells
(leukapheresis and platelet apheresis) and has found broad applications in a vast array of hematologic
and onco-hematologic disorders. Keeping these reasoning in mind, removing CTC by filtration and
adsorption, and reintroducing the blood without tumor cells back into the body would maximize CTC
recovery from individual patients.

Statistically, it has been estimated that to find at least one CTC, the total blood volume (TBV) has
to be analyzed, and that no less than 7.5 L of blood are necessary to detect at least 10 CTCs in almost
every patient [109]. It is generally accepted that the TBV, i.e., the overall amount of fluid circulating
within the arteries, capillaries, veins, and chambers of the heart, at any time in a typical adult human,
is around 5 liters [110]. Interestingly, before metastasis onset, the presence of about 9 ± 6 CTC/L of
blood has been mathematically predicted even in M0 breast cancer patients [111]. Scaling up this
estimation, in low CTC number patients also, analyzing up to 72 L of blood would result in finding at
least 200 to almost 1000 CTCs or more. Therefore, in order to treat a patient by eliminating up to all of
the CTCs, it would be mandatory to perform an approach involving: a) A huge increase in the volume
of blood to process, i.e., more than one TBV; b) a device that can catch all of the CTC subpopulations
and that will not clog; and c) redirecting the blood into the patient after CTC removal. Although highly
pioneering, we can predict that the removal of CTCs from the blood of a patient could control or even
avoid metastasis spreading and the risk of relapse, just as surgical removal of a solid tumor can limit
the disease or even cure a cancer patient. Such a kind of approach could be called liquid surgery
(LS). A medical device able to eliminate CTCs from the blood circulation could substantially improve
cancer management decreasing the overall disease burden, increasing OS and PFS, and could be used
to support clinical decisions, as well as a higher DLA-based CTC retrieval [112,113]. In a long-term
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vision, it could even lower the need for high-cost therapeutic approaches and decrease therapy related
toxicities. Preclinical tests and experimental set ups are currently running in our laboratories in order
to improve and optimize such an approach. In our long-term vision, LB approaches will guide the
decision of executing LS based on CTC presence in peripheral blood, exactly as a solid tumor is
surgically removed after a standard tissue biopsy has revealed its presence and nature. LB could
also monitor CTC levels after a LS procedure to evaluate depletion efficiency. Although reasonably
invasive, the LS will be clinically feasible, not harmful, and manageable, comparable to a standard
hemodialytic procedure used for kidney failure. The benefits of limiting, or even avoiding, metastasis
onset have high preclinical and clinical potential [114,115] and will most probably exceed the possible
drawbacks of extracorporeal circulation. Just like hemodialysis, a medical specialist will decide when
the LS is needed, the therapeutic regimen, and the various parameters for the treatment. These
would include frequency (e.g., treatments per week), duration of each treatment (e.g., up to 4 h or
up to six months), and blood flow rates. As a maximum, up to three treatments per week, for up
to 1–4 h per treatment, repeated during a period of up to six months, similar and in addition to an
adjuvant therapeutic regimen, is predictable. Considering clinical parameters and patient conditions,
the procedure could be repeated one or more times per patient per week, similarly to a standard
chemotherapy infusion regimen. Of course, this pioneering and challenging idea has to be investigated
in depth, tested, and validated, in vitro and in vivo, before becoming a reasonable treatment option
that can be examined in a clinical setting. However, it remains a thrilling breakthrough hypothesis that
should be put to the test.

5. Conclusions

In these last fifteen years, CTCs have been intensively studied in the field of cancer biology. CTC
evaluation may provide clinically relevant and valuable information regarding cancer. The biological
information gained from CTCs will be extremely important for opening new research fields, accurately
targeting CTCs, and discovering new CTC-based treatment strategies. Multidisciplinary research
approaches aimed at the overall “blood ecosystem”, an ecosystem for the CTCs and the metastatic
cascade, are increasingly mandatory to fulfill this challenge. Monitoring CTC counts during therapy is a
tool that may allow the assessment of disease development in real time, even prior to overt clinical signs
of relapse. Targeting CTCs should become a translational objective that could pave the way towards
increasing survival outcomes and reducing distal recurrence, preventing metastasis before it occurs.
In the era of tailored therapy, precision oncology increases the range of treatment options, but to date,
only a relatively small number of people could benefit. Moreover, to apply precision oncology is very
expensive. The high cost is due to screening patients for tailored treatments and designing drugs that
would be utilized in single patients or in limited groups of patients. We should not underestimate that
CTCs could improve the health system costs and savings if the CTC-based diagnostic and therapeutic
application could guide (a) better patient stratification, (b) first appropriate selection of personalized
regimen, and (c) early treatment discontinuation and/or switch. The theranostic use of CTCs, which
may be called LS, could establish a completely new area of research in the field of cancer research and
management, and trigger the further improvement of CTC-based companion diagnostics.
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Abstract: Over the last decade, the immune checkpoint blockade targeting the programmed death
protein 1 (PD-1)/programmed death ligand 1 (PD-L1) axis has improved progression-free and overall
survival of advanced non-small cell lung cancer (NSCLC) patients. PD-L1 tumor expression, along with
tumor mutational burden, is currently being explored as a predictive biomarker for responses to
immune checkpoint inhibitors (ICIs). However, lung cancer patients may have insufficient tumor
tissue samples and the high bleeding risk often prevents additional biopsies and, as a consequence,
immunohistological evaluation of PD-L1 expression. In addition, PD-L1 shows a dynamic expression
profile and can be influenced by intratumoral heterogeneity as well as the immune cell infiltrate in the
tumor and its microenvironment, influencing the response rate to PD-1/PD-L1 axis ICIs. Therefore,
to identify subgroups of patients with advanced NSCLC that will most likely benefit from ICI
therapies, molecular characterization of PD-L1 expression in circulating tumor cells (CTCs) might
be supportive. In this review, we highlight the use of CTCs as a complementary diagnostic tool for
PD-L1 expression analysis in advanced NSCLC patients. In addition, we examine technical issues of
PD-L1 measurement in tissue as well as in CTCs.

Keywords: liquid biopsy; CTCs; immune checkpoint inhibitors; PD-L1 expression; NSCLC

1. Immune Checkpoint Blockade Therapy in Non-Small Cell Lung Cancer (NSCLC): State of
the Art

Lung cancer is the most common cancer in men and the third frequent cancer in women worldwide.
With a poor five-year survival rate of 10–15%, lung cancer is the major cause of cancer-related
deaths [1]. Nowadays, molecular testing in advanced non-small cell lung cancer (NSCLC) patients
includes screening for targetable alterations, e.g., EGFR mutations or ALK rearrangements, and, in
addition, factors predictive of response to immunotherapy, thus, immune checkpoint inhibitors (ICIs).
The introduction of ICIs in the clinic has led to increasing response rates in locally advanced and
metastasized NSCLC [2–5]. ICIs are designed to target inhibitory checkpoint molecules, such as
programmed cell death protein 1 (PD-1), and its ligand programmed cell death protein ligand 1 (PD-L1).
PD-L1, a type I transmembrane protein with an extracellular N-terminal domain, inhibits the immune
response through interaction with its receptor, PD-1, expressed among other immune cells on activated
T- and B-cells [6]. Thereby, PD-L1 upregulation in tumor tissue enables evasion of immune surveillance
by the inhibition of immune cell activation. In contrast to conventional therapies that directly target
cancer cells, anti-PD-1/PD-L1 antibodies reactivate the immune system of patients to eradicate tumors,
which induces durable and long-lasting antitumor immunity in patients with different tumor types,
including lung cancer [7].
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As a biomarker for selection of patients eligible for ICI therapy, the PD-L1/PD-1 axis
has been investigated in many studies [8]. Today, two antibodies blocking PD-1, Nivolumab
(Opdivo, Bristol-Myers Squibb) and Pembrolizumab (Keytruda, MSD SHARP and DOHME GMBH)
as well as one antibody targeting PD-L1, Atezolizumab (Tecentriq, Roche) [9,10], have US Food and
Drug Administration (FDA) approval in NSCLC. In more detail, Pembrolizumab has approval for
both first- and second-line treatment, while Nivolumab also has third-line approval for NSCLC. In
addition, there are ongoing studies for the use of Atezolizumab in the third-line setting as well. This
has led to an increased interest in potential additional clinical applications for these therapeutics.
Currently, there are 97 listed clinical trials for Atezolizumab, 203 trials for Nivolumab, and 225 trials for
Pembrolizumab in lung cancer (status June 3rd 2019, extracted from ClinicalTrial.gov [11] (Figure 1).
Search terms and synonyms are listed in Tables S1–S3. Most of the studies are recruiting patients or are
under investigation. For Atezolizumab, 15% of the studies are in phase III, while for Nivolumab and
Pembrolizumab, 13% and 9%, respectively, are listed as phase III trials. Based on ClinicalTrial.gov, 3%
of studies with Nivolumab, 6% of studies with Atezolizumab, and 3% with Pembrolizumab treatment
have been completed (Figure 1). The efficacy of immune checkpoint inhibitors alone or in combinations
in NSCLC has been summarized in detail elsewhere [12,13].

Figure 1. Overview of listed clinical trials for Atezolizumab, Nivolumab, and Pembrolizumab in lung
cancer (data based on ClinicalTrial.gov).

Not all patients with advanced NSCLC benefit from these drugs. Only 20% of unselected
NSCLC patients show a response to ICIs (summarized e.g., in [14]), underlining the necessity to
select the right patients. The gold standard for treatment decision is an immunohistochemistry
(IHC)-based companion or complementary diagnostic tests for PD-L1. Two anti-PD-L1 antibodies,
Ventana PD-L1 (SP142) assay (Ventana Medical Systems, Inc, Tucson, AZ, USA and PD-L1 IHC 22C3
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pharmDx (Dako North America, Inc. Santa Barbara, CA, USA) have FDA approval for PD-L1 IHC.
However, PD-L1 expression assessed by IHC requires a tissue sample which can be insufficiently
representative of overall tumor/metastasis expression or not available from patients, thus impeding
treatment decision-making. In addition, the PD-L1 expression may be considerably heterogeneous
across tumor boundary to core [15]. Furthermore, dynamic changes of PD-L1 expression in tumor
cells might occur before or during therapy with PD-1/PD-L1 inhibitors, leading to different sensitivity
to PD-1/PD-L1 blockade which would similarly be missed by a single biopsy. With the increasing
number of therapeutic regimens and targeted therapies, molecular profiling of NSCLC is becoming
crucial at every step of disease progression to reveal the biological alterations that are driving resistance
and impact on treatment decisions. Obtaining serial tumor tissue biopsies is highly challenging and
often not feasible. Such patients may benefit from a molecular characterization of PD-L1 expression in
circulating tumor cells (CTCs) extracted from blood. In the last decade, molecular analysis of CTCs in
body fluids (as a “liquid biopsy”) started to have a growing impact on the clinical management of
cancer patients. Today, liquid biopsy is a rapidly expanding field in translational cancer research, and
it shows the potential to complement diagnostic and therapeutic care of cancer patients [16]. CTCs
hold promise to better reflect tumor heterogeneity compared to tissue biopsies because they might
originate from different tumor sites and reflect properties from the primary tumor site as well as from
metastatic sites shown, e.g., in breast cancer [17]. In addition, they could lead to important insights on
how tumor cells become resistant to immune therapy because they can be analyzed longitudinally
as liquid biopsies. Interestingly, circulating tumor DNA (ctDNA) is currently under investigation in
several clinical trials as a biomarker for tumor mutation burden (TMB) rather than CTCs. There is
strong interest in TMB since a positive correlation between TMB in tumor tissue and a clinical benefit
from immunotherapy has retrospectively been observed [18]. However, there are several publications
implying clinical relevance of PD-L1-positive CTCs in cancer including NSCLC [19–22].

2. Clinical Significance of PD-L1-Positive CTCs in NSCLC

Despite the reported value of assessing the overexpression of PD-L1 on cells of different types in
solid tumors—including lung cancer—as a promising marker to predict anti PD-1/PD-L1 treatment
efficacy, the predictive value of PD-L1 expression is still controversial and related investigations face
the three major limitations of tissue biopsies: Invasiveness, sampling error due to tumor heterogeneity,
and mostly unfeasible longitudinal sampling. To overcome these issues and support histological
analysis, the expression of PD-L1 has been explored on CTCs and has been correlated to patients’
clinical outcomes (Table 1). The clinical significance of PD-L1-positive (PD-L1+) CTCs in NSCLC is to
date in its infancy as the first related study was published in 2016 by Schehr and colleagues [23], who
initially focused on technical optimizations of PD-L1+ CTC enrichment. Schehr et al. reported the
presence of a population of co-isolated CD11b+ (marker for myeloid development), CD45-low,
and cytokeratin-positive (CK+) cells—via an in-house produced immunomagnetic enrichment
system—misidentified as CTCs and expressing PD-L1. The quantification of PD-L1 could therefore
be skewed by false positive events, thus requiring careful analysis in order to increase the accuracy
of the assay [23]. However, one has to be aware that inconsistency might be also caused by various
types of therapy since patients in this study were treated with mainly radio- and/or chemotherapy
before blood collection, followed by a first- to fifth- line of therapy with ICIs. On the same line, Bao
and colleagues [24] also focused on the development and optimization of a CTC-sorting system—in
this case a size-based chip—which could give the chance to investigate the PD-L1 expression, achieved
through a RT-qPCR approach. However, the lack of CTC+ patients (~7% based on CK19 mRNA
expression) did not allow for drawing any significant conclusion about the clinical utility of PD-L1 [24].

The predictive utility of PD-L1+ CTCs in a chemotherapy setting has been further investigated
by Kallergi and colleagues [25]. In this study, the ISET (Isolation by SizE of Tumor cells, Rarecells
Diagnostics SAS) technology followed by Giemsa and immunostaining was utilized to detect PD-1+

and PD-L1+ CTCs in metastatic NSCLC patients before (chemotherapy-naïve, n = 30) and after

296



Cells 2019, 8, 809

chemotherapy (after the third chemotherapy cycle at the time of assessment of treatment efficacy,
n = 11). Giemsa staining revealed CTCs in 28 of 30 (93.3%) patients at baseline and in 9 of 11 (81.8%)
patients studied after the third chemotherapy cycle with a median of 5 CTCs/mL of blood (range, 0–23
CTCs/mL of blood). Of interest, using immunostaining, CTCs could be detected in 17 of 30 (56.7%)
patients at baseline and in 8 of 11 (72.7%) after the third treatment cycle. The concordance between the
two detection methods at baseline and after the third treatment cycle was 63.3% and 67%, respectively.
The rate of detection was 30% (9 of 30) and 27% (8 of 30) before treatment, and in 9% (1 of 11) and
46% (5 of 11) after 3 cycles of chemotherapy, respectively for PD-1+ and PD-L1+ CTCs. Interestingly,
an increase of 20% PD-L1+ CTCs (p = 0.096) and a decrease of 21% PD-1+ CTCs (p = 0.785) after
chemotherapy was observed. In addition, a shorter progression-free survival (PFS) could be observed
for patients with >3 PD-1+ CTCs at baseline (p = 0.022) but not for PD-L1 expressing tumor cells, thus
suggesting a potential clinical role for PD-1+ CTCs rather than for PD-L1+ CTCs [25].

Through a different size-based CTC-enrichment approach (CellSieve™ Microfiltration Assay,
Creatv MicroTech) followed by immunostaining, Adams et al. [26] investigated the expression of
PD-L1 in different CTC subtypes, i.e., PDCTCs (prognostically relevant pathologically definable CTCs),
EMTCTCs (CTCs undergoing epithelial-to-mesenchymal transition), and CAMLs (cancer-associated
macrophage-like cells) in a prospective pilot study with 41 NSCLC patients (stage I–IV) undergoing
radiotherapy, while 34% (14 of 41) received prior chemotherapy. The researchers were able to identify
at least one CTC (i.e., PDCTC, EMTCTC, or CAML) in 35 of the 41 samples (85%) at baseline and in
all 41 samples (100%) at a follow-up sample taken two to three weeks after radiotherapy initiation.
Specifically, EMTCTCs were found in 49% of baseline samples and in 66% of follow-up samples.
CAMLs were found in 81% of baseline samples and in 100% of follow-up samples. PDCTCs were found
in only one sample at baseline (2%) and in only three samples at follow-up (7%). Furthermore, Adams
and colleagues confirmed an intra- and interpatient dynamic expression of PD-L1 in CTCs before and
after therapy. The researchers reported 51% patients exhibiting no/low PD-L1 expression at baseline
and follow-up, 17% had persistently medium/high at the two time points, and 32% patients showing
an increase in PD-L1 expression in CTCs from low to medium in the follow-up visit. Furthermore,
concordance between CTCs and matched tumor tissue was highly depending on the antibody clone
utilized for immunohistochemistry (IHC) and also, given the restricted amount of patients, no statistical
analysis could be performed. However, a sequential PD-L1 evaluation in patients two to four months
after the end of radiotherapy, exhibited that 87% expression of the marker was unchanged, suggesting
the importance of longitudinal analysis of PD-L1 expression in CTCs [26].

The impact of radiation therapy on PD-L1 expression in CTCs was recently investigated by Wang
et al. [27] monitoring the dynamic changes of PD-L1 expression in CTCs of 13 nonmetastatic NSCLC
patients who received radiation alone (n = 5) or chemoradiation (n = 8). Serial blood samples from
the patients enrolled in the study were collected before the initiation of radiation, during radiation,
and at follow up, approximately one month after radiation (n = 38 samples). CTCs were detected
in all 38 samples with an average of 21.3 CTCs/mL (range of 4–72 CTCs/mL), while PD-L1+ CTCs
were detected in 24 (66.7%) out of 36 samples analyzed, ranging from 0 to 43 PD-L1+ CTCs/mL. In line
with the results by Adams et al. [26], patients treated with radiation or with concurrent carboplatin
and paclitaxel had increased PD-L1+ CTCs during treatment (PD-L1+ CTC% was higher in visit two
than that in visit one (median 0.7% vs. 24.7%, p = 0.0068)). In addition, PD-L1−positive patients had a
shorter PFS compared to PD-L1-negative patients using a PD-L1+ CTC cut-off ≥5%. Notably, one of
the patients who had a high PD-L1+ CTC count at visit two and visit three was put on therapy with
Pembrolizumab after initial progression and has had stable disease for seven months [27], implying
that patients who become (re-)sensitized to ICIs can be identified by PD-L1 CTC expression analysis.

The largest studies so far, investigating the role of PD-L1+ CTCs in the clinical setting,
were conducted by Ilié et al. [28] and Janning et al. [29], who utilized a sized based CTC-enrichment
approach (Isolation by SizE of Tumor cells (ISET), Rarecells Diagnostics SAS) with, respectively,
the FDA-approved EpCAM-based CellSearch® System (Menarini Silicon Biosystems Inc, Huntingdon
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Valley, PA, USA and the epitope-independent ParsortixTM system (Angle, Guildford, UK) followed by
immunostaining of retained cells. In the study of Ilié and colleagues, CTCs were detected in 80 of 106
(75%) patient samples, while 99% (79 out of 80) CTC-positive samples exhibited more than 5 CTCs per
4 mL blood, with a median of 60 CTCs per 4 mL (range: 2–256 CTCs/4 mL). Furthermore, the researchers
extracted ≥1 PD-L1+ CTCs in 8% of patients with advanced stage III and IV NSCLC (n = 6/71 samples)
with 93% concordance to PD-L1+ tumor cells of matched primary tissue (specificity = 100%; sensitivity
= 55%). In addition, they could observe a trend towards poor clinical outcomes in patients with
PD-L1+ CTCs receiving first line of chemotherapy, similar to the trend observed for PD-L1+ primary
tumors [28]. Janning and colleagues detected ≥1 CTC in 68.5% (n = 61/89 samples) and ≥3 CTCs
in 33.7% (n = 30/89 samples) of NSCLC (mostly stage IV) patients using the ParsortixTM system.
Thereof, the researchers found ≥1 PD-L1+ CTC in 56% (n = 50/89 samples) and ≥3 PD-L1+ CTCs in 26%
(n = 23/89 samples) of patients. Amongst patient samples with at least three CTCs (CD45−/K+), 47%
(14/30) harbored exclusively PD-L1+ CTCs and 47% (14/23) had both PD-L1+ and PD-L1− CTCs [29].
Of interest, the percentage of PD-L1+ CTCs did not correlate with the percentage of PD-L1+ tumor
cells in primary tumor tissue biopsies determined by immunohistochemistry (p = 0.179). In patients
undergoing therapy with Pembrolizumab, Nivolumab, or Atezolizumab the researchers indicated that
in 89% of the responding patients either a decrease or no change of their total CTC counts after three or
five cycles of therapy (decrease: 6/9; no change 2/9, increase: 1/9) was shown. In contrast, upon disease
progression, all patients showed an increase in PD-L1+ CTCs [29].

The predictive value of PD-L1+ CTCs in NSCLC patients under immunotherapy has also been
investigated in several other studies. Nicolazzo and colleagues [30] first focused on the evaluation
of PD-L1+ CTCs utility in patients with stage IV NSCLC treated with the anti-PD-1 Nivolumab.
By utilizing the CellSearch® system as a CTC enrichment approach, they reported a CTC detection
rate of more than the 40% usually described by the literature [31], with an extremely high frequency of
PD-L1 expression (95%) in 83% of the patients at baseline. The number of CTCs detected ranged from
1 to 20 (median number of CTCs 5.2). After three months of treatment, the fraction of PD-L1+ CTCs
ranged from 25% to 100%, while after six months 50% showed PD-L1+ CTCs. Therefore, even though
both the presence of CTCs and the PD-L1 expression were associated with poor clinical outcomes
(statistics not available), the lack of patients with PD-L1-negative CTC fractions did not allow for
any conclusions about the real prognostic and predictive relevance of this marker [30]. In addition
to Nicolazzo et al., Guibert and colleagues [19] detected PD-L1+ CTCs in 93% of advanced NSCLC
patients before Nivolumab treatment, with a median proportion of CTCs expressing PD-L1 of 17.2%
using the ISET technology followed by immunostaining. Interestingly, no correlation could be observed
with PD-L1+ tissue biopsies (72%; r = 0.04, p = 0.77). Furthermore, in a study by Kulasinghe and
colleagues [20], 66% of NSCLC patients exhibiting PD-L1+ CTCs (64.7%; n = 11)—enriched through the
size-based ClearCell FX—were treated with Nivolumab, but no correlation between PD-L1 expression
and clinical outcomes could be observed. The impact of the epithelial-to-mesenchymal transition
(EMT) of CTCs in NSCLC patients under Nivolumab treatment was described in a recent study by
Raimondi et al. [32] using the filtration technology ScreenCell. The researchers investigated 13 patients
with metastatic NSCLC progressing post-prior systematic treatment with Nivolumab. They found ≥1
CTC 69% (9 of 13) of patients with a percentage of 5% to 80% of PD-L1+ CTCs. Interestingly, PD-L1
was found coexpressed with EMT markers in a percentage of cells that was ranging between 50% and
78%. This might provide a biologic explanation for the persistence of PD-L1-positive CTCs in NSCLC
patients after six months of treatment, predicting resistance to the anti-PD-1 Nivolumab shown by
Nicolazzo and colleagues [30].
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Beside the potential predictive role of PD-L1+ CTCs for Nivolumab treatment, its clinical
significance has also been investigated for immunotherapy based on Pembrolizumab (PD-1 inhibitor)
by Dhar and colleagues [33], who also opted for a size-based CTC enrichment system (Vortex HT
chip) followed by immunostaining of captured cells. In this study, ≥1 PD-L1+ CTC were detected in
~97% patients before treatment with a discrete concordance with tissue biopsy. However, due to the
restricted number of primary tumor biopsies available (n = 4), statistical analysis was not possible.
Importantly, patients with >50% PD-L1+ CTCs (n = 3/4) experienced an improved progression-free
survival under Pembrolizumab treatment, indicating the need for further confirmation of the available
data to reconcile the conflicting evidence.

In summary, despite the limited amount of studies published to date, these first results imply
PD-L1+ CTCs might play a role in determining response to different ICI therapeutic approaches
(summarized in Table 1).

Several studies showed that the efficacy of PD-1/PD-L1 blockade could be also affected by PD-L1
expression on tumor-infiltrating cells in different types of cancer, including lung cancer. Herbst et
al. [34] showed across multiple cancer types that responses were observed in patients with tumors
expressing high levels of PD-L1, especially when PD-L1 was expressed by tumor-infiltrating immune
cells. In another study by Kim et al. [35], it was shown that increased numbers of CD8+ or PD-1+

tumor-infiltrating lymphocytes (TILs) were significantly associated with prolonged disease-free survival
of these patients, whereas PD-L1 and PD-L2 expression had no significant prognostic implications.
He and colleagues [36] revealed a 43.2% positive PD-1 staining on TILs in NSCLC tumor tissue,
while PD-L1 was detected on both tumor cells and TILs. Studies investigating the relation between
PD-1 and PD-L1 in lung cancer were focused on tumor tissue samples facing the same issues as
mentioned above.

However, it has to be noted that even though the field of CTCs carries a great potential with liquid
biopsy to better integrate the heterogeneous and potentially dynamic expression of PD-L1 in the course
of NSCLC pathology, it still requires a series of (pre-)analytical standardizations, in order to avoid
misinterpretations and guarantee a reliable clinical treatment decision [37].

3. The Need for (Pre-)Analytical Standardizations

Important aspects need to be taken into consideration when comparing these studies. First and
foremost, a detailed report about patients´ clinical data (e.g., TNM classification, grade) followed
by more technical standardization regarding the sampling, blood stabilization, storage time and
temperature, and CTC enrichment and detection approach, as well as the antibody cocktail utilized
for the immunostaining and the threshold applied for the PD-L1 positivity are necessary (Table 1).
Indeed, variations and lack of consensus in all these steps could lead to major discrepancies among
studies, thereby hampering a proper comparison of results and clinical applications in the near
future [38]. The advent of anti-PD-L1 antibodies gives rise to the question of whether therapeutic
antibodies might interfere with the binding of diagnostic PD-L1 antibodies and might thereby potentially
compromise monitoring of CTC PD-L1 expression in the course of therapy.

In order to address this need for liquid biopsy—including CTC—standardization, several
public–private partnerships and consortia were established: BloodPAC, European Liquid Biopsies
Academy, Liquid Biopsy Consortium, SPIDIA4P, and the European IMI CANCER-ID consortium
currently addressing—among others—the PD-L1 harmonization issue to detect PD-L1+ CTCs in
NSCLC. In a collaboration project within the CANCER-ID consortium, we performed a comprehensive
multicomparison of commercially available anti-PD-L1 antibodies in a NSCLC cell line panel including
a preincubation with Atezolizumab (manuscript in preparation). Indeed, one of the major issues
in translating PD-L1+ (circulating) tumor cells from basic research to the clinical setting for routine
diagnostic application is (i) a heterogeneous detection rate of used CTC enrichment and detection
approaches, (ii) resulting observer bias in calling CTCs, and (iii) the lack of consensus on the use of
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different commercially available anti-PD-L1 antibody clones and their performance and specificity
compared to the antibody clones that are included in the IHC kits that received regulatory approval.

3.1. The Need for Clinically Applicable CTC Enrichment and Detection Approaches

Today, there is no consensus on CTC enrichment in NSCLC patients resulting in the use of different
enrichment strategies. The EpCAM-based CellSearch® System which is FDA approved for clinical
utility in metastasized breast, prostate, and colorectal cancer, remains challenging in NSCLC and
studies using this system have to view with caution. To overcome the low sensitivity in advanced
NSCLC patients using the CellSearch® System, alternative methods for CTC detection were used in
most studies (Table 1).

Recently, Janning and colleagues [29] compared the EpCAM-based CellSearch® System with the
epitope-independent ParsortixTM system (Angle) for the assessment of PD-L1 expression of CTCs
extracted from NSCLC patients. They showed a 50% higher detection rate of CTCs per blood sample
with the ParsortixTM system (>1 CTC in 59 of 97 samples (61%) compared to 31 of 97 samples (32%)
with >1 CTC using the EpCAM-based system). Another promising method is the filter- and size-based
ISET system which was used in several recent CTC-related studies in NSCLC patients (see Table 1).
Similar to the ParsortixTM system, an increased detection of CTCs compared to the CellSearch method
was shown with the ISET method [39,40] as well as with a miniaturized microcavitiy array (MCA) [41].

Using the ISET method, Farace et al. [39] showed concordant results in only four patients (20%)
while 16 (80%) patients had CTC counts markedly higher with ISET than CellSearch. In addition,
Krebs and colleagues [40] detected 32 of 40 (80%) NSCLC patients using ISET compared with 9 of 40
(23%) patients using CellSearch. A subpopulation of CTCs isolated by ISET did not express epithelial
markers. Using MCA, Hosokawa et al. [41] detected CTCs in 17 of 22 NSCLC patients using the MCA
system versus 7 of 22 patients using the CellSearch system. On the other hand, CTCs were detected in
20 of 21 small cell lung cancer (SCLC) patients using the MCA system versus 12 of 21 patients with the
CellSearch® system. Significantly more CTCs in NSCLC patients were detected by the MCA system
(median 13, range 0–291 cells/7.5 mL) than by the CellSearch® system (median 0, range 0–37 cells/7.5
mL, p = 0.0015). However, statistical significance was not reached in SCLC, though the trend favoring
the MCA system over the CellSearch® system was observed (p = 0.2888). The MCA system also
isolated CTC clusters from patients who had been identified as CTC negative using the CellSearch®

system [41].
Since most PD-L1 CTC studies use different enrichment techniques and methods for CTC detection,

it becomes clear that comparisons between these studies (like those summarized in Table 1) have to
be interpreted with caution. Additionally, the use of different anti-PD-L1 antibody clones reinforced
this situation.

3.2. The Need for Harmonized Immunostaining Protocols

Numerous multicomparison studies already tried to clarify this situation with regards to IHC on
tissue biopsy, summarized in Table 2. These reports concordantly highlight different immunostaining
patterns, signal intensities, and therefore variable cut-off values regarding percentage of stained tumor
or immune cells obtained by using the various antibody clones used.

Despite their scientific contribution on the topic, most PD-L1 analyses on CTCs were performed
using different antibody clones (see Table 1)—with the only exception of Ilié and colleagues focusing on
the clone SP142, which is part of the FDA approved Roche (Ventana) PD-L1 IHC assay. Furthermore, as
Ilié et al. describe in their publication, some CTCs—as well as some screened tumor cell lines—exhibited
cytoplasmic staining with or without a membranous signal, pointing out the necessity to extend the
PD-L1 immunostaining assay to other clones.
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Table 2. Harmonization studies on immunohistochemistry (IHC) PD-L1 staining of NSCLC
tissue biopsies.

Study Antibody
Clone

Company PD-L1 +
Tumor Cell

Cut-Off

Patients Main Findings

Parra et al. [42]

E1L3N, E1J2J Cell Signaling

≥1%
185 +

(cell lines)

E1L3N, E1J2J, SP142, 28-8, 22C3,
5H11 and SP263: comparable

staining patterns on membranes;
SP263: higher IHC score

22C3, 28-8 Dako

SP263, SP142 Ventana

5H11
Not

commercialized

Ratcliffe et al.
[43]

22C3, 28-8 Dako ≥1%, ≥10%,
≥25%, ≥50% 493

All assays show concordant
staining patternsSP263 Ventana

Scheel et al.
[44]

E1L3N Cell Signaling

≥1%, ≥50% 21
22C3, 28-8 and SP263: concordant
staining patterns; SP142 as outlier

22C3, 28-8 Dako

SP263, SP142 Ventana

Adam et al.
[45]

E1L3N Cell Signaling
≥1%, ≥5%,
≥25%, ≥50% 41

28-8, 22C3, SP263, E1L3N: highly
concordant; SP142 as outlier

22C3, 28-8 Dako

SP263, SP142 Ventana

Rimm et al.
[46]

E1L3N Cell Signaling
≥1%, ≥5%,
≥50%

90

SP142: significant lower PD-L1
IHC score; 22C3: significant

reduction in PD-L1 staining; 28-8
and E1L3N concordant

22C3, 28-8 Dako

SP142 Ventana

4. Conclusions and Future Perspectives

Immune checkpoint inhibition therapy represents a breakthrough in treatment of non-small cell
lung cancer patients. However, there are still major challenges in selecting NSCLC patients likely
to benefit from targeting the PD-1/PD-L1 axis. CTC-based liquid biopsy may be an option for the
development of blood-based tests that address this issue. The successful implementation of such tests
will critically depend on consensus on the use of different anti-PD-L1 antibody clones, CTC enrichment
technologies, and well-established standardized clinically feasible standard operating procedures.
Furthermore, a deeper understanding of the different mechanisms of PD-L1 regulation at genetic,
epigenetic, transcriptional, translational, and posttranslational levels in cancer is needed to develop
appropriate protocols. In addition, the regulation of PD-L1 expression during metastasis might be
different from the primary tumors, potentially making longitudinal monitoring of patients necessary
and liquid biopsy an even more favorable diagnostic option. The latter is further supported when
taking into account that PD-L1 expression assessed by IHC requires a tissue sample which could be
insufficient, or even lacking, in advanced lung cancer patients. This may compromise the level of
confidence with which a therapy decision can be made. Several studies suggest a promising role
for PD-L1+ CTCs in determining response to different therapeutic approaches. However, the lack of
consensus on anti-PD-L1 antibody clones persists, when most PD-L1 analyses on CTCs were performed
with different antibody clones compared to tissue PD-L1 analysis. In addition, the value of CTC analysis
for clinical practice is strongly determined by the sensitivity of the CTC isolation technology and the
specificity of the diagnostic test to discriminate cells with malignant features from nonmalignant cells
captured as background. To this end, the clinical benefit of immune checkpoint blockade in NSCLC
using circulating tumor cells remains uncertain. CTCs have not been investigated in clinical trials
relevant for regulatory approval of Atezolizumab, Nivolumab, and Pembrolizumab. More recently,
a phase Ib study to evaluate safety and tolerability of durvalumab (anti-PD-L1) and tremelimumab
(anti-CTLA-4) (NCT03275597) uses CTC number and CTC PD-L1 expression as exploratory endpoints
for efficacy and target engagement. Future research will show whether CTC PD-L1 expression
together with additional biomarkers like tumor mutational burden assessed by the analysis of CTCs or
ctDNA, constitute clinically relevant blood-based biomarkers for immune checkpoint blockade therapy
patient selection.
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Supplementary Materials: The following are available online, Table S1: Clinical trials in lung cancer
(drug: Nivolumab), Table S2: Clinical trials in lung cancer (drug: Atezolizumab), Table S3: Clinical trials
in lung cancer (drug: Pembrolizumab).
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Abstract: Commonly, circulating tumor cells (CTCs) are described as source of metastasis in cancer
patients. However, in this process cancer cells of the primary tumor site need to survive the physical
and biological challenges in the blood stream before leaving the circulation to become the seed
of a new metastatic site in distant parenchyma. Most of the CTCs released in the blood stream
will not resist those challenges and will consequently fail to induce metastasis. A few of them,
however, interact closely with other blood cells, such as neutrophils, platelets, and/or macrophages to
survive in the blood stream. Recent studies demonstrated that the interaction and modulation of the
blood microenvironment by CTCs is pivotal for the development of new metastasis, making it an
interesting target for potential novel treatment strategies. This review will discuss the recent research
on the processes in the blood microenvironment with CTCs and will outline currently investigated
treatment strategies.

Keywords: circulating tumor cells; hematological cells; neutrophils; platelets; liquid biopsy

1. Introduction

Circulating tumor cells (CTCs) have been extensively studied over the last decades, in particular
as they play a crucial role in the diagnosis and the prognosis in many solid tumors as well as due to
their predictive value associated with cancer targeted therapies as well as with immunotherapies [1–3].
CTCs are present in the blood stream as isolated CTCs (iCTCs) or in clusters of variable sizes that are
often referred to as circulating tumor microemboli (CTMs) [4]. Following their migration from the
primary site of the tumor into the blood, the tumor cells are constrained to high pressure and turbulences
due to the blood stream and have to develop mechanisms of resistance for survival to consequently be
able to adhere to the endothelium for tissue invasion and development of metastases [5]. Moreover,
some CTCs are also able to come back to the primary tumor site and, consequently, to participate to
the tumor growth [6]. However, the physical characteristics allowing the CTCs to survive are only
partially known. Nevertheless, the biological characteristics of these cells and the phenotypic, genetic,
and epigenetic modifications occurring during their migration from the primary tumor site until the
development of distant metastases are beginning to be unraveled.

CTCs need to undergo significant changes to survive in the bloodstream—a new different
environment. Thus, CTCs are challenged by physical forces in the circulation, they have to avoid being
detected and killed by the immune system and finally, they need to extravasate from the blood stream
to become the seed of new metastatic site(s) [7]. Recent works demonstrated that most of CTCs are
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not single cells travelling the blood alone but are accompanied by a plethora of blood cells and other
CTCs and that a close interaction in the blood microenvironment is certainly needed to establish novel
metastasis [8]. Interfering with this new microenvironment might help to develop strategies reducing
the metastatic potential of tumors [8].

The aim of this review is therefore to summarize current knowledge concerning the role of the
blood microenvironment and the different biological mechanisms occurring during its cross talk with
CTCs. Additionally, potential therapeutic strategies and clinical approaches are discussed.

2. Brief Background on the Pathophysiology of CTCs Into the Blood Stream

2.1. The CTCs and the Constraints Due to the Blood Circulation

CTCs derive from primary tumor and/or metastatic sites and are consequently not adapted to
the manifold challenges in the blood stream. Importantly, the flow of the blood stream, especially
when passing the heart chambers, exposes cells to high mechanical sheer forces that can either directly
destroy non-adapted cells or induce apoptosis in them [5,9,10]. Interestingly, CTCs seem to be stiffer
than blood cells demonstrating their low adaptation to the blood stream [11] and tumor cells seem to
be sensitive to those sheer forces indicating that the majority of CTCs will undergo apoptosis rather
than forming metastasis in patients [12]. However, the different hemodynamic forces are important to
allow the extravasation of tumor cells as they also remodel the endothelium [13], and consequently
more knowledge on the biophysical properties allowing the formation of metastasis are needed [11].
Additionally, CTCs are directly exposed to the immune system and consequently they need to evade
the detection from immune cells. Interestingly, programmed death ligand 1 (PD-L1), a costimulatory
molecule inhibiting immune response can be expressed on CTCs and is associated with worse prognosis
in lung [14,15] and head and neck cancer patients [16]. This indicates the active modulation of the
immune response of CTCs to survive in the blood stream.

Lastly, as CTCs from cancers are of epithelial origin, they are adapted to grow in a network
with other cells and are tightly interconnected by transmembrane proteins called integrins [17,18].
CTCs that leave the primary tumor site and enter the bloodstream lose the tight interaction with the
surrounding cells, which can induce apoptosis in those cells through a phenomenon called anoikis [19].
Consequently, suppression of anoikis is required for survival of CTCs in the bloodstream [20], either by
interaction of CTCs with other blood cells or by internally suppressing anoikis by activation of integrin
signaling independent of cell–cell contacts [21].

2.2. Isolated CTC and Circulating Tumor Microemboli

While single CTCs are travelling in the blood stream, it has been demonstrated that CTC
clusters or circulating tumor microemboli (CTMs) have a dramatically increased metastatic potential,
as demonstrated in lung [4] and breast cancers [22]. Interestingly, a recent study conducted in 43 breast
cancer patients demonstrated that CTC clustering alters DNA methylation patterns and increases
stemness and consequently metastasis [23]. Single-cell bisulfite sequencing of single CTCs and CTCs
derived from clusters revealed that transcription factors that are associated with a stem cell-like
phenotype, like OCT4, NANOG, or SOX2, where hypomethylated in CTC clusters compared to single
CTCs [23]. Interestingly, the authors also performed a drug-screening using 2486 FDA approved
drugs to analyze their ability to interfere with CTC clustering. Thirty-one drugs have been detected
that could serve as novel treatment to reduce the metastatic potential in breast cancer patients [23].
Consequently, the metastatic potential of CTCs might be limited in isolated CTCs and more research
focusing on CTC clusters (CTMs) rather than on single cells might allow the design of novel treatment
strategies to interact with the formation of CTC cluster to avoid metastasis in cancer patients.
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3. Interaction of CTCs with Neutrophils

The role of neutrophils in cancer progression has been extensively studied recently [24,25].
Previously, it has been demonstrated that increased levels of circulating neutrophils are associated
with bad prognosis in advanced cancer patients [26,27]. Moreover, the neutrophil-to-lymphocyte ratio
has been demonstrated to be a prognostic factor in solid tumors [28]. In a recent study, Szczerba et al.
demonstrated that within white blood cells (WBCs)–CTCs clusters of breast carcinoma, CTCs are
associated with neutrophils in the majority of the cases [29]. Interestingly, using single-cell RNA
sequencing, the authors showed that the transcriptome profiles of CTCs associated with neutrophils
are different from those of CTCs alone, with differentially expressed genes that outline cell cycle
progression leading to a more efficient metastasis formation. The authors noted that WBC–CTC clusters
are relatively rare (less than 3.5%), whereas iCTCs alone are present in 88% of cases and CTCs clusters
in less than 9% of the cases [29]. Despite, neutrophils directly interact with CTCs via ICAM-1 and
neutrophils bound to CTCs facilitate the interaction of CTCs with endothelial cells in the liver, thereby
promoting extravasation and liver metastasis [30]. Consequently, neutrophils play a major role for the
CTC extravasation across the endothelial barrier and the onset of metastases (Figure 1) [31].

Figure 1. Compelling evidence indicates that blood neutrophils can offer proliferative and survival
advantages to circulating tumor cells (CTCs) during their journey in the blood stream, rendering
them more competent for metastasis development. Tumor-derived inflammatory factors strongly
stimulate neutrophils to extrude chromatin webs called “neutrophil extracellular traps” (NETs). NETs,
in turn, provide a niche to CTCs, arrest CTCs rolling, and promote metastasis. As such, understanding
interaction of inflammatory N2 neutrophils with CTCs provides new potential therapeutic targets
for disrupting these deadly metastatic seeds. As an example, blockade of NET formation using
peptidylarginine deiminase 4 (PAD4) pharmacologic inhibitor or DNAse may decrease CTC colonization.

Neutrophils are able to generate neutrophil extracellular traps (NETs) by secreting their chromatin
content during a process known as NETosis [32]. Initially, this process was described to be a mechanism
to kill bacteria [33]. However, recent studies demonstrated that NETs are also promoting metastasis
across various cancers [34–38]. Tohme et al. demonstrated that the NET formation induces a TLR-9
mediated response in cancer cells, which increased the migration and proliferation of CTCs [37].
Interestingly, it was shown that NETs promote extravasation of CTCs but in an IL-8 dependent manner.
Consequently, blocking of IL-8 reduced the extravasation of tumor cells and neutrophils (Figure 1) [31].
Additionally, tumor-derived exosomes were also able to induce NET formation in neutrophils isolated
from mice treated with granulocyte colony-stimulating factor (G-CSF) [39]. This phenomenon is even
more important for tumors producing a large quantity of G-CSF associated with a high number of
blood neutrophils [40,41]. Mechanistically, it has been demonstrated that the interaction of CTCs
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with NETs is mediated by β1-integrins expressed on tumor cells [42]. It is noteworthy that this
integrin is physiologically overexpressed during infections and sepsis [42]. Generally, resolving NETs,
for example, using DNAse I administration, reduced the number of metastasis making the NETs an
interesting target for novel treatments reducing metastasis in patients (Figure 1) [34–38].

Different populations of neutrophils have different tumor promoting effects, and neutrophils are
heavily modulated during cancer progression [43,44]. Consequently, extensive research is necessary to
better decipher the role of the interaction of neutrophils and CTCs.

4. Interaction of CTCs with Myeloid-Derived Suppressor Cells

Myeloid-derived suppressor cells (MDSCs) are a heterogenous group of cells that are derived
from the bone marrow and that are able to suppress the immune response via the suppression of T-cell
response [45]. Commonly, MDSCs are classified in polymorphonuclear MDSCs (PMN-MDSC) and
monocytic MDSCs (M-MDSC) [45]. As MDSCs are enriched in tumor tissue and able to suppress
the immune system, it has been proposed that the interaction of CTCs with MDSCs might also
promote metastasis [46]. Indeed, heterogenic clusters of CTCs and MDSCs have been reported in
melanoma, pancreatic, and breast cancer patients [47,48], and co-culture of MDSCs with CTCs and
T-cells demonstrated the T-cell suppressive effect of MDSCs [48]. Moreover, CTCs and MDSCs interact
directly with each other, and increased reactive oxygen species (ROS) production in MDSCs induced
NOTCH1 in CTCs, hereby promoting CTC proliferation [47]. Consequently, blocking the MDSC–CTC
interaction might inhibit CTC proliferation and CTC immune evasion and might be an interesting
target in anti-cancer therapy.

5. Interaction of CTCs with Platelets

In 1973, the role of platelets in cancer metastasis was already described, and the following work
highlighted the role of platelets in cancer progression, especially during cancer metastases [49]. Indeed,
different mechanisms occur during platelet–cancer cell interactions and crosstalk: (i) cancer cells can
induce platelet activation; (ii) platelets support cancer metastasis and enhance cancer cell adhesion
and arrest in vasculature; (iii) platelets assist immune evasion of cancer cells, and finally, (iv) platelets
can enhance cancer evasion and tumor angiogenesis (Figure 2).

 

Figure 2. The dialogue between platelets and CTCs is reciprocal: CTCs activate and educate platelets
while platelets contribute to CTCs’ survival, escape from immune surveillance, tumor–endothelium
interactions, and dissemination. Secretion of α-granules by activated platelets release high levels of
TGF-β and ATP, a powerful activator of epithelial-to-mesenchymal transitioned (EMT) state and an
endothelium relaxation factor (via P2Y), respectively. Inhibition of platelet α-granules secretion (Cox1)
by aspirin, or of P2Y may abolish the metastatic potential of CTCs.
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Interestingly, platelets can take up circulating mRNA from the CTCs, suggesting a possible
modification in the platelet transcriptome that resembles the tumor profile [50]. In this context, platelets
that circulate through and contact tumor sites can undergo modification due to the sequestration of
RNA and biomolecules, which led to the concept of tumor-educated platelets (TEP) and may serve
as an informative tool in cancer diagnosis [51,52]. This adherence could also help to decrease the
impact of the pressure and the turbulence, especially in the heart chamber on the CTCs and can protect
the CTCs against the physical stress in the blood stream (Figure 2) [53]. Indeed, platelets can form
aggregates with CTCs, and CTCs induce platelet aggregation in a process known as tumor-cell-induced
platelet aggregation (Figure 2) [54].

Platelets interact with tumor cells during blood dissemination leading to platelet activation
and release of soluble mediators that alter the phenotype of the tumor cells and surrounding host
cells [55]. However, the proximal events that initiate platelet activation are only partially characterized.
It has been recently demonstrated that CD97 expressed on tumor cells may be involved in platelets
activation [56]. CD97 is a g-protein coupled receptor that is undetectable in normal tissues except
for smooth muscle cells but is abnormally expressed in different types of solid tumors. Ward et al.
demonstrated that CD97 is able to activate platelets, which in turn secrete several mediators of
the endothelial barrier, including ATP, which promotes evasion of CTCs off the blood stream and
consequently promotes metastasis [56]. Additionally, the platelet P-selectin interacts with tumor CD44,
and the fibrinogen receptor GPIIb-IIIa are involved in platelet rolling on CTCs and in platelet–CTC
emboli (Figure 2) [57,58]. This leads to several alterations of platelets including protein synthesis,
exosome release, blebbing of the membrane, and splicing of mRNAs [59]. Therefore, it seems that
platelets form homotypic aggregates at the center of clusters that are surrounded by tumor cells at the
periphery [54].

Despite the alterations induced by a direct contact between platelets and CTCs, the production of
cytokines by platelets modifies the phenotype of CTCs. Molecular mechanisms by which CTCs maintain
an epithelial-to-mesenchymal transitioned (EMT) state remain unclear. CTC clusters isolated from
patients with advanced breast cancers highly exhibit mesenchymal markers and show an abundance
of attached CD61-positive/platelets [60]. TGFβ1 secretion by alpha granules induces or increases the
EMT observed in CTCs [55]. Likewise, platelets increase the tissue factor (TF) and the P2Y12 receptor
activity, and both participate in EMT [61,62]. Moreover, platelets are involved in the adherence of
CTCs to the endothelial barrier and to the transmigration of CTCs into the tissue for the development
of metastasis [63]. One of the receptor ligand pair identified with such function is the ADAMA9
on CTCs that binds to the integrin α5β1 on the surface of platelets. This interaction is believed to
promote platelet activation, granule secretion, and the transmigration of tumor cells through the
endothelium [64]. Other mechanisms arising during the interaction between platelets and CTCs
promote the migration of CTCs across the vasculature barrier: CTC-induced platelet aggregation leads
to the release of ATP stored in dense granules; released ATP binds to the P2Y2 receptor stimulating
cancer cell intravasation and metastatic dissemination [65]. Additionally, platelets and megacaryocytes
play a major role in the survival of CTCs in the blood stream by different mechanisms. Platelets can
protect certain CTCs against anoikis (a form of apoptosis that is induced when adherent cell lose
contact to the surrounding cells) [66]. Even more, the adherence of platelets at the surface of CTCs
may protect the CTCs to be recognized by some circulating immune cells, thereby promoting cell
survival (Figure 2) [59,67]. Interestingly, platelets exert paracrine suppression of NK-mediated cytolytic
activity. TGFβ released from activated platelets counteracts NK granule mobilization, cytotoxicity,
and interferon-γ secretion [68]. Besides, platelet–CTC interaction can lead to the transfer of platelet
major histocompatibility complex class I (MHC-I) to tumor cells preventing NK cell recognition via
direct cell contacts [69]. This phenomenon is complex and not completely understood, and the platelets
need to be activated at contact of CTCs entering in the circulation. Therefore, CTCs can release
thrombin that attracts, activates, and aggregates platelets on their surface [54,59,70]. Several factors
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such as TF, thrombin, and ATP secreted by either platelets or CTCs induce platelets activation and
formation of platelet–cancer cell aggregates [54,70].

Due to their multifaceted role in cancer metastasis, blocking of platelet–CTC interaction has also
been studied as pharmacological target to reduce metastasis. Recently, Gareau et al. demonstrated
that blocking this interaction using the P2Y12 inhibitor ticagrelor, reduced the number of metastasis
and prolonged survival in a murine breast cancer model [71]. Additionally, in a clinical phase II
study investigating the effect of aspirin on CTCs, less CTCs were detected in colorectal cancer patients
upon aspirin treatment and the detected CTCs showed a more epithelial phenotype. Unfortunately,
the results were not confirmed in a breast cancer model [72]. However, both aspirin and P2Y12
inhibitors inhibit platelet activation and demonstrate that modulation of platelets can reduce CTCs and
metastasis, and the recent trials paved the way to actively investigate how the modulation of platelets
can prevent metastasis-related cancer death [71,72].

6. Interaction of CTCs with Macrophages

Tumor-associated macrophages (TAMs) play a key role in activating dissemination and providing
protection against the immune system [73]. However, the interplay of macrophages and CTCs is poorly
understood. Previous works have been made to investigate the interaction between the macrophages
and the CTCs in small cell lung carcinoma (SCLC) [74,75]. In these latter studies, different interactions
have been observed by establishing SCLC cell lines and co-culture experiments with peripheral blood
mononuclear cells (PBMCs). The authors showed that interaction of PBMCs with SCLC cells promote
the differentiation of monocytes into macrophages, which express CD14, CD163, and CD68. These
macrophages can secrete different cytokines such as osteopontin, monocyte chemoattractant protein-1,
IL-8, chitinase 3-like 1, platelet factor, IL-1ra, and the matrix metalloproteinase-9 [74]. Likewise,
PCa prostate cancer cells cultured with monocyte conditioned cell culture media, showed an increased
invasion in vitro mediated by the IL-13Rα2 receptor expressed on cancer cells [76]. Additionally,
Wei et al. demonstrated that the crosstalk of macrophages with tumor cells is necessary for the induction
of EMT and release of CTCs into the blood stream. In their study, expression of IL6 of TAMs increased
the secretion of CCL2 in tumor cells, which in turn recruited new macrophages [77].

The discussed studies demonstrate that the interaction of macrophages and tumor cells is not
only important for progression at the primary tumor site but also for the promotion and differentiation
of CTCs [77]. However, the interaction might be much closer than previously expected. Zhang et al.
demonstrated that some circulating macrophages might be able to phagocyte apoptotic CTCs and
incorporate the tumor DNA into their nuclei, consequently obtaining some malignant features like
expression of epithelial markers (such as cytokeratins) and stem cell markers (e.g., OCT4) [78].
Consequently, circulating monocytes from solid cancer patients can express both CD163 and EpCAM.
This led to the concept of “tumacrophages,” which have the potential of invasive tumor cells but are
protected against the immune system [78]. Even more, Gast et al. showed in a seminal work that viable
tumor cells can fuse with macrophages to create hybrid cells, sharing markers of both tumor cells and
macrophages [79]. Hybrid cells sharing epithelial (EpCAM expression) and hematological cell markers
(CD45) were protected from detection by the immune system and correlated with disease stage and
overall survival across several cancers [79]. Similar results were recently confirmed in a glioblastoma
model where tumor cell–macrophage fusion cells demonstrated an increased invasive potential [80].

Consequently, the interplay of CTCs with macrophages is certainly important for metastasis and
the discovery of tumor cell–macrophage fusion cells will help to develop novel biomarkers for cancer
progression as well as novel potential therapeutic targets to block metastasis in patients.

7. Interaction of CTCs with Lymphocytes

Tumor cells constantly need to avoid being detected by immune cells to avoid being killed by
them [81]. Likewise, CTCs in the blood stream are constantly required to avoid activation of the
immune cells. The recent success of anti-cancer immunotherapy, most notably of checkpoint blocking
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antibodies, in several cancers have demonstrated that the immune system can be reactivated to target
cancer cells [82]. Unfortunately, only limited studies have been carried out on the interaction of
CTCs and lymphocytes. However, an inverse correlation between CD3+, CD4+, and CD8+ peripheral
T-lymphocytes and CTCs in NSCLC [83] and between CD8+ peripheral lymphocytes in breast cancer [84]
have been shown. Moreover, several studies demonstrated that regulatory T-cells infiltrating the
tumor or detected in the peripheral blood are significantly more prevalent in breast cancer patients
with CTCs than in patients without detectable CTCs [83–85]. While unfortunately mechanistic studies
evaluating the interplay between T-lymphocytes and CTCs are lacking, the present studies, however,
indicate that immune suppression by regulatory T-cells help in tumor cell dissemination in the blood
stream. However, the responsible targets and mechanisms have to be unraveled to better understand
the interplay of CTCs with lymphocytes.

Additionally, CTCs seem to be able to block interaction with lymphocytes by upregulating the
programmed death ligand 1 (PD-L1) that inhibits the activation of T-lymphocytes [2]. This allows the
CTCs to avoid being detected by the immune system and was indeed correlated with worse prognosis
in NSCLC patients undergoing radio (chemo)-therapy [86]. Nevertheless, this might be only one
of many mechanisms CTCs have to adapt to avoid detection by immune cells in the blood stream,
and further research and clarification is needed.

8. Challenges and Perspectives

While CTCs have long been considered to be isolated cells floating in the blood stream, recent
research demonstrated the close interaction of CTCs with the blood microenvironment. CTCs need to
establish close interaction not only with platelets and neutrophils, but also with macrophages and
endothelial cells to resist the physical stress in the blood stream and to evade detection by the immune
system to finally leave the blood stream to establish new metastatic sites (Table 1).

Table 1. Summary of interactions of circulating tumor cells with other cell types in the
blood microenvironment.

Interaction of CTCs with
Other Cell Type

Interacting Targets/Processes Effect References

Neutrophils
ICAM-1

Facilitating interaction with endothelial cells and
consequently extravasion off the blood stream.

[30]

β1-integrin, tumor-derived
exosomes

Formation of neutrophil extracellular traps (NETs)
promoting proliferation and extravasion.

[31,37,39,42]

Myeloid-derived suppressor
cells (MDSCs)

Reactive oxygen species (ROS)
production by MDSCs

Increased proliferation of CTCs and inhibition of T-cells. [47,48]

Blood platelets

Exosomes Formation of tumor-educated platelets (TEPs). [50–52]

CD97, CD44, ADAMA9-α5β1
integrin, ATP

Modulation of endothelial cells by platelets leading to
extravasion of CTCs.

[56,63–65]

Cytokines produced by
platelets

Induction of epithelial-to-mesenchymal transition
in CTCs.

[55,60–62]

TGFβ secreted by platelets Suppression of cytolytic NK cells. [68]

Macrophages

Cytokines produced by
Macrophages

Increased invasion EMT of CTCs and immune
suppression.

[74,76,77]

Fusion with CTCs
Formation of “tumacrophages” that are protected from

immune detection with invasive potential.
[78–80]

Lymphocytes PD-L1 Suppression of cytotoxic T-cells. [2]

While seminal research demonstrated well that the blood microenvironment is crucial for cell
seeding, the mechanisms and interaction networks are not fully understood, and more research is
needed. However, blocking the interaction of CTCs with platelets [71,72] as well as the resolving
of NETs [34–38] demonstrated that targeting the interaction of CTCs with other cells is a promising
therapeutic target and future research will certainly establish novel treatments to improve survival in
cancer patients.
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Abstract: The main issue concerning localized prostate cancers is the lack of a suitable marker which
could help patients’ stratification at diagnosis and distinguish those with a benign disease from
patients with a more aggressive cancer. Circulating Tumor Cells (CTC) are spread in the blood by
invasive tumors and could be the ideal marker in this setting. Therefore, we have compiled data
from the literature in order to obtain clues about the clinical impact of CTC in patients with localized
prostate cancer. Forty-three publications have been found reporting analyses of CTC in patients with
non-metastatic prostate cancer. Of these, we have made a further selection of 11 studies targeting
patients with clinical or pathological stages T1 and T2 and reporting the clinical impact of CTC.
The results of this search show encouraging data toward the use of CTC in patients with early-stage
cancer. However, they also highlight the lack of standardized methods providing a highly sensitive
and specific approach for the detection of prostate-derived CTC.

Keywords: prostate cancer (PCa); circulating tumor cells (CTC); liquid biopsy

1. Introduction

Globally, prostate cancer (PCa) is the most commonly diagnosed type of cancer in men, with
180,890 newly diagnosed cases and 26,120 deaths in the United States (US) in 2016 [1] and estimated
164,690 new cases and 29,430 deaths in 2018 [2]. As the fifth leading cause of cancer death worldwide,
PCa accounted globally for 1.6 million newly diagnosed cases and 366,000 deaths in 2015 [1]. Increased
risk factors for PCa include genetic predisposition, family history of prostate or breast cancers and
older age, with a median age at diagnosis of 72 years [3]. Accordingly, the steady increase in PCa
incidence in the US since 1950 appears related to an overall increase in life expectancy. In the US, the
lifetime risk of being diagnosed with prostate cancer is of 11% and the lifetime risk of dying of prostate
cancer is 2.5% [4]. Importantly, in autopsies of men who died of other causes, more than 20% of men
aged 50 to 59 years and over 33% of men aged 70 to 79 years were found to have prostate cancer [5].
At diagnosis, 79% of prostate cancer cases were localized; in 12%, the cancer had spread to regional
lymph nodes, and 5% of patients had distant metastasis. The 5-year relative survival rate for localized
and regional prostate cancer is 100%, compared with 29.8% for metastatic cases.

PCa is recognized as a genetically heterogeneous disease [6] comprising a large scope of
malignancies, from indolent localized cancers that may never progress to rapidly progressing
castration-resistant PCa. Currently, the diagnosis of PCa is based on the pathological evaluation of
tissue biopsy but the treatment options are determined by risk stratification based on both Gleason
score and serum PSA level [7]. For example, high-risk PCa was defined by D’Amico as PSA ≥20 ng/mL
and/or biopsy Gleason Score ≥8 and/or clinical stage ≥2c [8].

Elevated serum prostate-specific antigen (PSA) levels are often seen in the context of PCa but
can also reflect other prostatic diseases such as benign prostatic hyperplasia, prostatic infection, and
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prostatic infarction [9]. Relatedly, the low specificity of the PSA screening test has raised concerns in the
scientific community regarding the over-diagnosis of PCa [10]. Since the implementation of the PSA
screening test into clinical practices in the 1990s, a significant shift towards localized PCa at diagnoses
has been observed, with >95% of diagnoses being of clinically localized PCa [11]. Furthermore, only
approximately 40 to 50% of patients with elevated PSA testing undergoing a biopsy have prostate
cancer. However, a recent study evaluating the ERSPC and PLCO clinical trials has shown that
PSA testing reduces the mortality due to PCa by approximately 30% [12]. In cases of localized PCa,
radical prostatectomy remains the gold standard treatment option [7]. Importantly, up to 30% of
patients treated with radical prostatectomy eventually develop recurrence [13]. More performant risk
stratification and prognostic markers are urgently needed to improve the management of patients with
localized prostate cancer and identify cases with a high risk of progression.

Circulating tumor cells (CTC) are cells that detach from the primary or secondary tumor sites
and invade the bloodstream. As primary actors of the metastatic dissemination, CTC represent a very
promising biomarker to aid cancer diagnosis, treatment decision and patient follow-up [14]. In fact, CTC
could provide a valuable complement to PSA or other tests with the aim to identify patients with more
aggressive cancers. The prognostic value of CTC collected by the epithelial marker-dependent method
CellSearch has been established in the context of metastatic PCa [15]. However, the clinical utility
of CTC in the context of localized PCa remains unclear. Here, we review studies on non-metastatic
prostate cancer to evaluate the potential clinical utility of CTC in localized PCa.

2. Materials and Methods

The present review was prepared by selecting English-written research papers describing the
detection and/or characterization of circulating tumor cells in the context of localized prostate cancer. To
that end, we searched PubMed using the following keywords: “circulating tumor cells” or “circulating
cancer cells” and “localized prostate cancer” or “non-metastatic prostate cancer” or “early-stage
prostatic carcinoma”. Reviews and studies on liquid biopsy that did not concern localized PCa, as well
as studies that did not report on CTC were excluded from the systematic review. Preclinical models, as
well as methods for detection of disseminated tumor cells (DTC) in the bone marrow of localized PCa
patients, were also excluded. A total of 43 studies were included in the systematic review, as shown in
Table 1. It should be noted that several selected studies also reported on locally advanced prostate
cancer (T3 and T4) cases. The American Cancer Society defines localized PCa as clinical or pathological
tumor stages T1 and T2. PCa with the T1 stage corresponds to a clinically unapparent tumor that is
neither palpable nor visible by imaging while T2 corresponds to a tumor that is confined within the
prostate and that is either palpable or visible by imaging or demonstrated in radical prostatectomy [16].
In contrast, a pathological tumor stage T3 defines a tumor that has extended through the prostatic
capsule and T4 defines a tumor which is invading adjacent organs such as the bladder, sphincter or
rectum [16].
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3. CTC Detection in Non-Metastatic Prostate Cancer

In light of the published data, the extensive variability of CTC detection results in the
context of localized PCa appears related to the diversity of distinct methods used for CTC
collection/detection. Therefore, the present review will classify the published results depending
on the CTC collection/detection methods used.

3.1. CTC Detection by RT-PCR in Non-Metastatic Prostate Cancer

Reverse transcription-polymerase chain reaction (RT-PCR) is commonly used to generate amplified
cDNA from target mRNA [60]. Therefore, the RT-PCR results largely depend on the specific mRNA
that is targeted. As a surrogate test for CTC detection in localized PCa, RT-PCR has mainly been
used to target the mRNA of prostate-specific antigen (PSA), prostate-specific membrane antigen
(PSMA) and prostate stem cell antigen (PSCA). The only study having compared those three targets
as surrogate markers of CTC in localized PCa reported that the detection of PSCA mRNA in blood
was the most accurate preoperative predictor of disease-free survival (DFS), probably because PSCA
was the only mRNA not detected in 71 non-malignant disorders (PSA detected in 1 and PSMA in 2
of 71 non-malignant disorders) [29]. However, the very low detection rate of PSCA mRNA in that
study (detected in only 1 of 43 localized PCa patients) begs caution when interpreting the results.
Additionally, Joung et al. reported no association of PSCA mRNA detection with clinical variables on a
larger cohort of localized PCa patients [39].

Most studies have focused on PSA and PSMA detection in localized PCa and have yielded
somewhat contradictory results. Sabile et al. reported that the density gradient separation of
mononuclear cells had a higher isolation efficiency than epithelial marker-dependent immunocapture
for CTC detection based on PSA RT-PCR [23]. However, by using density gradient separation and
PSA RT-PCR, Moreno et al. failed to detect CTC in 4 patients with localized PCa, possibly owing to
distinct RT-PCR primer sequences [17]. By studying patients with a mean follow-up of 13.6 months,
Olsson et al. determined that PSA mRNA detection was a significant predictor of disease recurrence
after prostatectomy [19] while Mejean et al. found a statistical association of PSA-positive RT-PCR
with metastasis and recurrence after a follow-up of 26 months [24]. Interestingly, the latter study also
tested 11 patients with prostatitis and found positive PSA RT-PCR results in 2 of 11 cases (18%). Other
studies including longer follow-up periods reported no correlation of PSA mRNA detection with
clinical variables such as overall survival (OS), progression-free survival (PFS), Gleason score, tumor
stage or preoperative serum PSA level [20,21,25,27,30,31,34]. Israeli et al. reported that PSMA RT-PCR
was more sensitive than PSA RT-PCR in detecting hematogenous tumor cell dissemination but their
results were not correlated to clinical variables [18]. Okegawa et al. compared the detection of PSA
and PSMA mRNAs as prognostic indicators in a small cohort of 31 localized PCa and determined that
PSMA mRNA detection in blood was a significant predictor of PFS after a mean of 16.7 months of
follow-up [22]. In contrast, studies including larger casistics and longer follow-up times reported no
significant correlation of PSMA mRNA detection with clinical variables [30,34]. Eschwege et al. argued
that more specific PSMA RT-PCR primers should be used and that only dual PSA-PSMA-positive
blood samples could be considered as reflecting the presence of CTC in blood [36]. Interestingly, the
latter study included a rather large cohort of 155 localized PCa patients, more than 100 healthy controls,
none of which tested positive for both PSA and PSMA, and 5-year follow-up data showing that the
preoperative detection of both PSA and PSMA mRNAs in blood was an independent prognostic factor
of disease recurrence [36]. Similarly, Yates et al. showed that both PSA and PSMA mRNA detection
improved the prediction of biochemical recurrence over Kattan nomogram [40]. Slawin et al. took a
slightly different approach by amplifying the human KLK2 gene, coding for an androgen-regulated
protein (hK2) that has an 80% amino acid sequence identity with PSA [26]. Although the Authors
determined that RT-PCR-hK2 results allowed for the prediction of lymph node-positive disease, the
positivity of their test in 14% of 14 healthy controls indicates a lack of specificity of CTC detection via
hK2 RT-PCR [26]. Multiplex RT-PCR approaches may be more efficient in identifying hematogenous
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prostatic cell dissemination. Yet, the major shortcoming of any RT-PCR approach as a surrogate
marker for CTC detection is the related inability to count and further characterize CTC from blood.
Furthermore, methodological variability related to different cell extraction methods, primers used
for RT-PCR, controls of specificity and sensitivity and the timing of sample collection and storage is
expected to account for the heterogeneity of the results obtained and their clinical relevance.

3.2. CTC Detection by CellSearch in Non-Metastatic Prostate Cancer

The CellSearch method uses the epithelial cell adhesion molecule (EpCAM) to capture circulating
cells and defines CTC as nucleated cells (DAPI+) of epithelial (CK+) and non-hematopoietic (CD45−)
origin, which, in fact, better corresponds to a definition of circulating epithelial cells (CEpC). It is
important to note that CEpC have been found in the blood of patients with benign colon diseases [61]
and benign pancreatic diseases [62]. The lack of specificity of the CellSearch method is exemplified by
the finding of CTC in up to 20% of healthy donors tested [33].

The preoperative detection of CTC by CellSearch in localized PCa has been reported in 0% to 73%
of patients, depending on the study (see Table 1). The fact that distinct cutoff values were used to define
CTC positivity in those studies complicates the task to compare their results. For example, Davis et al.
and Pal et al. chose to place the cutoff at 1 CTC per 22.5 mL of blood, corresponding to the finding of at
least 1 CTC in 3 CellSearch samples of 7.5 mL each [33,47]. In contrast, the majority of studies using
CellSearch to detect CTC in localized PCa have used a cutoff of 1 CTC in 7.5 mL [41–44,49,51]. None of
the ten studies using CellSearch to detect CTC in localized PCa have reported a significant correlation
of CTC numbers with clinical variables such as OS, PFS, Gleason score, tumor stage or preoperative
serum PSA level.

3.3. CTC Detection by Other Marker-Dependent Methods in Non-Metastatic Prostate Cancer

A recent study comparing CellSearch with another EpCAM-dependent method (CellCollector)
and the EPISPOT assay (based on the negative enrichment of CTC by leukocyte depletion) reported
that only CTC detected by EPISPOT in 58.7% of patients were significantly correlated with clinical
parameters such as PSA serum values (p < 0.0001) and the clinical tumor stage (p = 0.04) [51]. Using
the EpCAM-dependent immune-magnetic enrichment of CTC followed by telomerase detection via an
enzyme-linked immunosorbent assay, Fizazi et al. detected CTC in 70% of 83 localized PCa patients
without false-positive results in 22 healthy controls tested [32]. Unfortunately, the latter study did not
include any prognostic evaluation. The EpCAM-dependent microfluidic isolation of CTC has been
reported by Stott et al., showing the detection of up to 222 CTC per mL of blood tested and a decline of
CTC numbers in 6 of 8 patients 24 h after radical prostatectomy [38]. However, in the latter study, the
finding of CTC in healthy controls implied the need for a cutoff value at 14 CTC per mL of blood. By
using the AdnaTest, relying on EpCAM and MUC-1 antigens for immune-magnetic isolation and on
RT-PCR of Androgen Receptor (AR), c-kit, c-met, ALDH1 and TYMPS for CTC detection, Russo et
al. failed to demonstrate a significant association of CTC with clinical parameters [57]. In contrast,
Puche-Sanz et al. used cytokeratin-mediated immune-magnetic enrichment of CTC and reported a
significant correlation of CTC detection with AR expression in the tumor tissue [54]. The assessment
of the AR-V7 splice variant protein in plasma, performed through a capillary nano-immunoassay
platform was proposed by Garcia et al. as a surrogate marker for CTC in localized PCa patients [53].
Interestingly, the authors reported a significant correlation of AR-V7 detection with preoperative
serum PSA levels and the expression of the stem cell marker CD133. However, the latter study did
not perform a longitudinal follow-up of localized PCa patients for further prognostic evaluation [53].
Murray et al. took a different approach by using density gradient isolation and detection of CTC by
PSA immunocytochemistry on a large cohort of localized PCa patients [59]. Importantly, the authors
reported a significant correlation between CTC detection and clinical variables such as PFS after a long
follow-up period of 15 years. However, Murray et al. stored the blood samples at 4 ◦C during 48 h
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before analyzing them, which could significantly impact the CTC detection results. Furthermore, the
authors neither provided counting of the CTC nor exemplar CTC images.

3.4. CTC Detection Following Size-Based Isolation Methods in Non-Metastatic Prostate Cancer

To date, few studies have used size-based separation methods to study CTC from localized PCa
patients. Giesing et al. were the first to use blood filtration followed by RT-PCR of PSA and a selection
of antioxidant genes (AOX) to detect CTC in 42 localized PCa patients [37]. The authors determined
that the detection of antioxidant gene expression in CTC could predict tumor diagnosis with 86%
sensitivity and 82% specificity. A few years later, Kolostova et al. used MetaCell®filtration followed
by a short-term in vitro culture to identify CTC in 28 of 55 localized PCa patients [45]. Unfortunately,
no correlation was found between CTC detection and the clinical parameters. Similarly, Todenhöfer
et al. failed to demonstrate a significant correlation with the clinical parameters of CTC detected by
fluorescence imaging (EpCAM+ & CD45−) following microfluidic enrichment based on cell-size and
deformability [50]. Interestingly, Renier et al. used a similar size-based microfluidic enrichment of CTC
followed by the immunofluorescent detection of cytokeratins (CK), PSA and CD45 and reported that
some cells did not express epithelial markers (CK) but mesenchymal markers instead (Vim, N-cad),
thereby pointing to the process of epithelial to mesenchymal transition (EMT) in circulating prostate
cells [56]. Awe et al. also reported on distinct subpopulations of CTC following size-based enrichment
and immunostaining for cytokeratins, CD45 and the androgen receptor (AR) but they did not evaluate
the clinical impact of those CTC [55]. Efficient risk stratification of localized PCa patients by means
of a liquid biopsy was only recently achieved by Miyamoto et al. using the size-based microfluidic
enrichment of CTC followed by whole transcriptome amplification and multiplex droplet digital PCR
of a panel of 8 genes [58]. By using the differential weighting of 6 genes from the panel, the authors
could predict early prostate cancer dissemination in localized disease [58].

4. Analysis of the Clinical Value of CTC Detection in Localized Prostate Cancer (Stages T1, T2)

Among the 43 studies targeting non-metastatic patients with PCa included in the present review,
31 investigated the potential clinical impact of CTC detection, looking for a statistical correlation
between the detection of CTC and PCa clinical and/or pathological characteristics. Studies reporting
on PCa with early (T1–T2) and advanced (T3–T4) stages but without a separate statistical analysis of
T1–T2 cancers were further excluded. The details of the remaining 11 studies reporting on the analysis
of the clinical value of CTC detection in localized (T1–T2) PCa are shown in Table 2. For clarity, the
diagnostic value refers to a test’s ability to identify a disease or a specific condition, with degrees of
specificity and sensitivity to express its confidence and accuracy [63]. The predictive value refers to a
test’s ability to predict the patient´s response to a specific treatment while its prognostic value identifies
risks of progression of the disease independently of a specific treatment [64].
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The first conclusion of our literature review is that very few studies investigated the clinical impact
of CTC selectively in patients with localized prostate cancer. Overall, there is a definite trend toward
a value of CTC in correlation with the pathological stage and toward a prognostic and predictive
impact of CTC detection in early-stage prostate cancer since several studies have reported significant
correlations of CTC numbers with the survival of patients and/or recurrence of the disease after
treatment [19,20,24,28,40]. However, those studies used PSA RT-PCR to detect CTC, a method which
has yielded contradictory results in other studies [25,27,34], thereby calling for further validation of
those results in large cohorts of localized PCa patients. The diagnostic value of CTC detection in
early-stage prostate cancer has been less extensively investigated than in metastatic patients. In this
regard, the most interesting results come from Giesing et al. with a CTC test demonstrating an 86%
sensitivity and an 82% specificity with a 69% positive predictive value and a 92% negative predictive
value for PCa diagnosis [37]. However, the latter study reported on both early-stage (T1–T2) and locally
advanced (T3–T4) PCa. Puche-Sanz et al. have also investigated the possibility of a diagnostic CTC test
for PCa [54]. Yet, with a 14.2% sensitivity and a 78.4% specificity, their test would not further improve
on the PSA screening test. The lack of further investigation of a potential diagnostic CTC test could, in
fact, stem from the substantial difficulty of detecting CTC in a consistent and specific manner in the
context of localized PCa. The presence of circulating prostatic cells in benign prostatic hyperplasia
and prostatitis impacts the specificity of certain CTC isolation techniques such as PSA RT-PCR [24,29].
Furthermore, the phenotypic heterogeneity of CTC has been established in the context of metastatic
PCa [65]. Additionally, the occurrence of a phenotypic transition (EMT) in CTC from early-stage PCa
patients, evidenced by Renier et al. [56], supports the notion of phenotypic heterogeneity among CTC
from localized PCa patients as well. The heterogeneity of CTC is relevant to the potential theranostic
interest of various CTC tests. Particularly, the expression of the androgen receptor (AR) is of substantial
importance for therapy strategy decision in PCa. In fact, a recent review evaluating clinical trials in
the context of metastatic PCa determined that the expression of a specific variant of the androgen
receptor (AR-V7) was significantly correlated to the limited efficacy of abiraterone and enzalutamide
treatments compared with taxane therapy [66]. Whether such an association still holds true in the
context of early-stage PCa remains to be demonstrated. Miyamoto et al. also reported a considerable
heterogeneity among prostate CTC, including heterogeneous patterns of AR splice variant expression,
following microfluidic enrichment and single-cell RNA-seq analyses [67]. So far, only two studies
have reported correlations of CTC detection in localized PCa patients with AR expression [54,57].
Puche-Sanz et al. observed a direct association of the expression of AR in the prostatic tissue and the
presence of CTC in blood [54]. Russo et al. determined that the expression of AR and TYMS on CTC
are frequent events but the implications of such results for a personalized treatment strategy in PCa
remain to be elucidated [57]. Further studies are needed to evaluate the potential theranostic utility of
CTC in the context of localized PCa.

5. Perspectives and Future Directions

The major issue concerning localized prostate cancer is the lack of a suitable marker which could
identify benign cases from aggressive prostate cancers. The present study shows a trend toward
a possible clinical impact of CTC detection in patients with localized prostate cancer. Despite this
trend, the study raises key issues in particular about the technical approaches used, the need for CTC
counting and characterization, the sensitivity and specificity controls and the timing of blood sampling.
Overall, our analysis encourages the development of a CTC cell-based specific test able to identify and
count CTC in a highly sensitive and specific manner in patients with localized cancers and single-cell
CTC analyses in patients with localized prostate cancer to specifically study the CTC heterogeneity. It
also stimulates the use of a standardized approach to be employed in large clinical studies.
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Abstract: Circulating tumor cells (CTCs) and circulating tumor microemboli (CTM) have been shown
to correlate negatively with patient survival. Actual CTC counts before and after treatment can be
used to aid in the prognosis of patient outcomes. The presence of circulating tumor materials (CTMat)
can advertise the presence of metastasis before clinical presentation, enabling the early detection of
relapse. Importantly, emerging evidence is indicating that cancer treatments can actually increase
the incidence of CTCs and metastasis in pre-clinical models. Subsequently, the study of CTCs, their
biology and function are of vital importance. Emerging technologies for the capture of CTC/CTMs
and CTMat are elucidating vitally important biological and functional information that can lead to
important alterations in how therapies are administered. This paves the way for the development of
a “liquid biopsy” where treatment decisions can be informed by information gleaned from tumor
cells and tumor cell debris in the blood.

Keywords: circulating tumor cells; CTC; liquid biopsy; CTM; CTMat; CTC biology; CTC capture
technology

1. Introduction

Cancer remains a leading cause of death in all areas of the world [1]. The primary cause of death
however, is not the primary tumor but metastases. The complete biology of metastasis remains unclear,
but several general processes are recognized. The initial steps are understood to include the local
invasion of the tumor into neighboring tissues followed by intravasation into the circulation, involving
either the epithelial to mesenchymal transition (EMT) or the physical shedding of tumor cells into
leaky, poorly formed vessels. Both EMT and shedding lead to the dissemination of tumor cells into the
lymphatic and hematogenic systems [2]. Of these two methods, hematogenous spread is the most lethal.

Integral to the process of dissemination is circulation in the vasculature. Detached cells are termed
circulating tumor cells (CTCs) or, in the case of cell clusters, circulating tumor microemboli (CTM). These
cells circulate until they either attach to the vessel endothelium or become lodged in small capillaries.
From this point, there can either be migration through the tissue or, in the case of CTMs, possible
vascular rupture [3]. Cells which have survived these processes can serve as the seeds of eventual
metastatic recurrence.

It has been estimated that tumor cells shed from the primary tumor at a rate of 3.2 × 106 cells
per gram of tumor tissue per day, but over half quickly perish [4]. What remains is one cell per
106–7 leukocytes [5]. The rarity and importance of these CTCs has led to the development of many
technologies designed to enrich for this small population. Among the challenges inherent in isolating
CTCs are the methodologies used for characterizing them. The two main methods that have been
employed involve cell surface markers and the physical characteristics of the cell [6], both of which
have advantages and pitfalls. The intent of this review is not to exhaustively catalog technologies,
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but to discuss the principles behind several stand-outs, the importance of CTC isolation in general,
possible applications in functional studies and the clinical importance of CTCs in view of biology and
new ideas in dissemination modality.

2. Diagnostic Importance of CTCs

The presence of CTCs in the blood has been proportionally correlated with poor prognosis,
and CTMs are even more strongly correlated with patient outcome [7,8]. For a widespread use of
CTC/CTM detection as a diagnostic tool, clinical acceptance is critical. The American Society of Clinical
Oncology (ASCO), the National Academy of Clinical Biochemistry, the American Association for
Clinical Chemistry, and the American Joint Committee on Cancer have all declined to recommend
CTC/CTMat assays in the detection, monitoring or staging of cancer until the benefits of the technique
are clarified [9–11].

The CellSearch system was approved by the FDA in 2004 for the clinical detection of CTCs but
there are numerous challenges inherent in the platform. Problems of physics, statistics, translation,
preparation time, and the constraint of fixed cells stained for limited biomarkers have led to inconsistent
results [12]. These challenges impact results in detection rate, patient positivity, and correlation with
prognosis [6,13–15]. Discounting phenotypic heterogeneity between CTCs, there are also numerous
technical factors involved in these discrepancies, including differences in technique and bias between
operators, sample size and lack of a common reference standard, among many others.

Toward a standard protocol that minimizes these issues, two new trends have a great deal of
potential. These are the detection of circulating tumor materials (CTMat) and telomerase activity.
As previously mentioned, half of the cells shed from the primary tumor die in circulation. Due to
many factors, the membranes of these cells are perforated and cellular contents leak into the blood
stream [16]. The physical forces in drawing blood are also a contributing factor to the destruction of
viable cells, leading to the accumulation of cellular debris. CTMat is usually captured by the same
methods outlined below, but where standard capture technologies would overlook these cell fragments
as negative, CTMat capture technology can visualize and enumerate them. Using the CellSpotter
technology, which can differentiate between intact tumor cells, damaged tumor cells and tumor cell
fragments, CTMat was found to comprise the largest subpopulation in 18 blood samples from prostate
cancer patients [16]. CTMat has not only been found to correlate well with viable CTC detection in
prognostic capacity, but could also potentially provide an avenue for standardization, insofar as CTMat
detection can be more easily quantified. It is also less restrictive in the identification of targets and the
process of imaging can be automated [17].

In contrast to the release of cell fragments through apoptosis in the blood stream, another component
of CTMat, circulating tumor DNA (ctDNA), is believed to stem mainly from cellular death in the
solid tumor [18]. Levels of ctDNA have been found to correlate well with primary tumor resection,
chemotherapy and metastasis [19,20]. Although the difficulty in producing primers for PCR of ctDNA
fragments is not trivial, this process has been shown to discover relapse well before other conventional
methods [21,22] Indeed, ctDNA is already being used for treatment response monitoring, the early
detection of relapse [23,24] and even therapy decision (e.g., therapies related to the presence of mutant
Epidermal Growth Factor Receptor [EGFR]) [25]. ctDNA from viral associated cancer has also been
employed to monitor treatment response [26]. To this end, the analysis of ctDNA can be used to monitor
therapeutic success. Increases in mutant alleles as a result of therapy resistance have been shown in
patients monitored over a period of two years [25,27]. Finally, the FDA has approved the Cobas EGFR
Mutation Test v2 as a companion diagnostic for non-small cell lung cancer therapy with Erlotinib.
Standard clinical imaging detection involves the visualizing of a tumor mass, which is a process
requiring millions of cells. ctDNA can be monitored and relapse discovered well before this timepoint.

Many of the most utilized platforms for the detection of CTCs utilize epithelial markers for
identification, such as cytokeratin and EpCAM (epithelial-cell-adhesion-molecule). This can provide
information as to cellular origin but neglects biological behavior. It has also been reported that tumor
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cells can downregulate or completely lose expression of these epithelial markers during the process
of migration and/or dissemination [28]. This creates difficulty for epithelial-based isolations due to
their reliance on the EpCAM surface marker for their capture technology. Telomerase, however, has
been found to be re-activated in most cancers including prostate, ovarian, breast, lung, colon and
bladder [29–32]. Telomerase activity is also associated with malignancy, is often detected in stage IV
cancers and is a marker of stem cell activity [33]. Despite the requirement of lysing the sample for assay
preparation, the above factors make this enzymatic activity an attractive choice to detect circulating
tumor cells for diagnosis. Especially appealing is the possible application of this assay in the detection
of relapse. Basal telomerase activity levels due to T-cell activity and other factors could be established
and significant variations from this (apart from infections) could indicate possible tumor relapse.

Subsequent increases in activity could also reduce the occurrence of false positives. A possible
second step to this process that would circumvent the establishment of basal activity would be to
negatively select (as outlined below) leukocytes from the sample. If used in combination with monitoring
ctDNA, this could be a powerful tool for treating relapse much earlier than currently possible (Figure 1).

Figure 1. Workflow concept for the analysis of therapy and the early detection of relapse. After
chemotherapy, patient CTCs can be analyzed for viability. An increase in viable CTCs can indicate
increased mobilization and possible increased risk of relapse. After successful treatment, monitoring
patient blood for telomerase activity or ctDNA can give a clinician a much earlier indication of relapse.

3. Clinical Relevance

The mobilization of tumor cells into the circulation is integral to distal metastasis. Current thought
is that treatment failure due to metastasis is caused by micrometastasis present at the time of treatment
or residual local disease [34]. However, there is mounting evidence that treatment methods themselves
could cause an increased dissemination of cells into the vasculature or even the activation of dormant
metastatic sites [35–41]. As outlined below, surgery, radiotherapy and systemic chemotherapy can alter
tumor biology and possibly influence the risk of metastasis in unforeseen ways. The increase in CTCs
as a side effect of treatment is a consideration that deserves careful study.

The effect of radiotherapy on metastasis has long been studied. Early studies indicated that
lower doses of radiation resulted in higher rates of metastasis. Breast cancers transplanted into mice
and subjected to non-curative doses of radiation had a 43.5% rate of metastasis compared to 9.6%
in the control [42]. Metastasis rates were also 10% higher in transplanted mammary tumors given
radiation in addition to resection compared to surgery alone [43]. In experiments with lung cancer
and fibrosarcoma, it was shown that irradiated mice had higher rates of distal recurrence compared to
control. This was initially explained by the activation of dormant micrometastasis and the modification
of local tumor cells into a more aggressive and invasive phenotype [44].

Typical regimens of radiotherapy involve fractionated low doses over the course of many days. After
longer periods, tumor cells have typically lost reproductive capacity with successful treatment. However,
during the early course of the therapy, tumor cells are much more likely to repair therapy-induced DNA
damage [45]. These cells have a higher probability of survival if disseminated into the blood stream.
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This can be the result of surrounding tissue damage as well as the increased plasticity and genomic
instability of irradiated cells [46]. Radiation-induced hypoxia was reported to upregulate the expression
of surface markers that increased invasiveness [47]. An increased expression of Vascular Endothelial
Growth Factor (VEGF) has also been observed following treatment [48].

The importance of radiation as a therapy cannot be understated. Its clinical value has been
demonstrated in many settings. Nevertheless, it has been recently reported that radiation therapy
on Non-Small Cell Lung Carcinoma (NSCLC) can mobilize CTCs into the blood stream early in
therapy [49]. CTC counts were highest after the first doses of radiation and were shown to originate
from the primary tumor. These cells were shown to have increased growth capacity in culture compared
to CTCs collected pre-treatment. They also had increased mesenchymal characteristics and were more
often found in clusters [8].

Not only radiation, but surgical procedures and chemotherapy have been linked to increased CTCs.
Both needle and incisional biopsies have been correlated with increased CTC counts [50,51]. Tumors
have also been reported to have formed along the track left by the biopsy needle [52]. Survival rates and
local dissemination have been found to be worse with pre-operative biopsies in colorectal cancer, and
increased CTCs compared to baseline have also been found both during and after surgery as well [53].
Karigiannis and colleagues have recently reported that neoadjuvant paclitaxel increases both CTCs
and metastasis in an MMTV-PyMT (mouse mammary tumor virus-polyoma middle tumor-antigen)
murine model [38]. After harvesting the lungs of mice treated with neoadjuvant paclitaxel, they found
an increase in both the number and incidence of micrometastasis as well as the presence of single
metastatic cells. There was also a twofold increase in CTCs in all experimental models examined, which
included xenotransplanted cell lines, the spontaneous PyMT transgenic model and patient-derived
xenografts (PDX) [38]. The interrelation between therapy, CTCs and metastasis underscores the vital
need to understand the biology of rare circulating cells with the goal of developing targeted treatments.
If conventional therapies can potentially increase CTC count and conversely metastasis in some cases,
then combination treatments targeting CTCs can potentially improve outcomes.

4. Isolation of Cells

The importance of CTCs in diagnosis, prognosis and therapy outcome seems to be clear. Several
technologies have been developed for their capture and enumeration. The assays involving ctDNA
and CTMat are exciting prospects in the monitoring of recurrence, but neither involve the capture of
CTCs for further analysis. Problematically, even with whole cell capture, many techniques kill the
cell along the way. Even the FDA-approved gold standard of CTC detection, the CellSearch system,
involves chemical fixation. This process is lethal to cells and does not allow for further characterization
of viable cells or expansion in culture. Many of the technologies reported in table 1 involve chemical
fixation. This does not preclude the modification of the platform’s protocol such that live cells may be
captured, but what is commonly reported is outlined in Table 1. In contrast to this, there are many
established and developing technologies that have proven to be more sensitive than the CellSearch
system and are also designed to capture viable cells, allowing for further biological study [6].
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There are several competing modalities in CTC capture methodology, but all of them fall under
two conceptual umbrellas: label-based and label-free. Label-based (or affinity-based) capture is the
most widely used strategy, with CellSearch as the only technology approved by the US Food and Drug
Administration. The prevailing idea behind this methodology is that tumor cells display different
surface markers than blood cells and can therefore be separated from the rest of the circulatory
cells on this basis. The three most commonly employed biomarkers utilized for tumor cell selection
and identification are the epithelial-cell-adhesion-molecule (EpCAM), cytokeratins, and the antigen
CD45 [96]. EpCAM is used to positively select for CTCs, while CD45 negatively depletes white blood
cells and cytokeratins are used to positively identify CTCs post-enrichment. These three biomarkers
have been expanded upon in some technologies in the use of antibody cocktails including, for
example, the human epidermal growth factor 2 (HER2) for breast cancer and the prostate-specific
membrane antigen (PSMA) for prostate cancer. In most cases, magnetic beads are conjugated to the
antibodies allowing for a magnetic field to capture the cell after the antibody binds to its target. Capture
strategies also include microfluidic devices with surface-coated antibodies. Cells of interest bind to
these antibodies as the sample flows over the surface. Unfortunately, due to the complexity of CTC
biomarker expression, there is no single antigen which allows for 100% error-free capture. This makes
effective capture a continuing challenge. Table 1 outlines a variety of capture technologies that fall
under the umbrellas of “label-based” and “label-free”. Platforms are further characterized by their
enrichment principle and their reported capture of live cells.

The CellSearch and Adnatest platforms both make use of magnetic beads attached to antibodies
to EpCAM, but Adnatest employs additional cancer-specific antibodies depending on the requirement.
CellSearch uses downstream immunostaining to identify CTCs. Positive ID is dependent on the
expression of cytokeratins, negative expression of CD45 and positive DAPI nuclear stain. The Adnatest
further differs from CellSearch in that it does not rely on downstream immunostaining. Instead, it
employs cell lysis and RT-PCR to measure tumor-associated gene expression. A limitation of these
technologies is a reliance on EpCAM. EpCAM expression has been shown to vary widely, and cells
with low or negative expression can be missed by these platforms [96–100]. Cytokeratin expression
can also be lost following EMT [101]. A further drawback is that neither of these technologies allows
for further live-cell phenotypic analysis as the captured cells are either fixed or lysed.

Several technologies have been formulated that bypass the requirement for fixation or lysis. Recent
advances in microfabrication have allowed the creation of devices with features smaller than a cell.
With controlled use of the properties of fluid, cellular contact with these microstructures can be directed.
The first among these devices to be developed utilized arrays of antibody-coated microposts [55].
In these devices, sample blood is passed over the chip allowing for the capture of marker-expressing
cells. Although some require the pre-lysis of red cells, many enable the use of whole blood with
no pre-preparation. The accompanying drawback is that flow rates are most often quite slow at
@1–2 mL/h [55,56,102]. The most commonly employed antibody is EpCAM, but several devices employ
a cocktail of antibodies that can be specialized for the particular cancer being studied. Today, there are
many devices available including the CTC chip, nanopillar chip, micropillar chip, GEDI (geometrically
enhanced differential immunocapture) chip, and the OncoCEE among others. These devices have all
shown higher capture efficiency than the CellSearch [6], and have the advantage of smaller size and
lower cost than the magnetic benchtop devices.

The CTC-chip’s first iteration (preceding the herringbone chip) captured a median of 155 cells/mL
in each of 55 samples tested from 68 patients with non-small cell lung cancer, while the CellSearch only
captured cells in 20% of patient samples and had a mean of <6 cells/mL [103]. The GEDI chip employs
hydrodynamic chromatography by offsetting the microposts in such a way as to separate cells by size
and minimize non-specific leucocyte adhesion [56]. The OncoCEE employs a customizable cocktail
that can include antibodies for both cancer and mesenchymal specific markers. It also allows for in situ
fluorescent staining of the captured cells by staining the capture antibodies [57].
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To increase imaging and production efficiency, the field has begun to explore the idea of
surface-capture devices that eschew the concept of posts altogether. Microchannels and surface
patterns are designed to maximize mixing and surface contact with cells. The simpler design allows for
larger scale production and with opaque posts and three-dimensional structure removed, imaging is
enhanced. Another welcome enhancement is the allowance of higher flow rates, leading to more rapid
throughput [60,62,63]. Devices which use this technology include the microvortex herringbone chip,
sinusoidal chip, GEM chip, and the graphene oxide chip.

Biomarkers may also be used to negatively enrich samples containing CTCs. Blood cell markers
such as CD45 and/or CD66 can be used to deplete white blood cells from the larger population
enriching for CTCs in the remainder. Technologies utilizing this method include EasySep and RosetteSep.
RosetteSep incorporates the additional step of density centrifugation, while EasySep uses a magnetic
field. A pitfall inherent in this technique is the fact that not all cells in the blood express these markers,
resulting in a much poorer purity than with positive selection [74,104,105]. Another downfall is possible
CTC loss being caught up in the large movement of concentrated blood cells during depletion. For these
reasons, this technique is often used as a preparatory step for other enrichment methods [106].

Despite the utility and many benefits of cellular biomarkers, there are drawbacks as well. It is
becoming established that tumor cells express EpCAM at varying levels. In fact, expression can be
ablated entirely in some sub-populations, including those which have undergone EMT [107]. Tumor
cells have also been reported to express the white blood cell marker CD45 [108]. With these problems in
mind, alternative assays which employ only the biophysical properties of the cell have been developed.

These label-free physical detection methods include cell size, deformability, density and electric
charge. The most widely employed biophysical selection criterion is cellular size [12]. Tumor cells are
larger on average than blood cells [109], and this morphological difference is employed to differentially
capture CTCs and CTMs. There are multiple platforms which use these properties such as the micro
double spiral chip, the Parsortix and Vortex systems, the micro crescent chip, the Cellsee system, micro
column wall chip, ISET, Clear Cell FX, cluster chip, micro pinching chip and the CellSieve among
others. Each of these assays have proven to be more selective than the CellSearch system in isolating
tumor cells [6].

There are different ways of using size in the process of selection, however. Two-dimensional
microfiltration involves a single membrane with variable pore size used to filter out smaller cells while
leaving the larger CTCs trapped on the membrane. Cell pore sizes come in a variety of sizes ranging
from 6 to 9 um. CellSieve filtration has not only been used to detect cancer-associated macrophages
and cancer-associated macrophage-like cells, [110,111] but, using 7.5 mL patient samples, it detected
CTCs in 100% of metastatic breast cancer patients tested [88]. CellSieve, ISET and ScreenCell use this
methodology, but require pre-processing of the patient sample. FMSA (Flexible Microspring Array)
can use whole blood and has been validated in the detection of CTCs in 76% of samples tested in
various cancers [112].

Three-dimensional filtration systems exploit the larger size of tumor cells, but use multiple layers
of filter to capture them. The FaCTChecker, Parsortix system, and cluster chip fall into this category.
The FaCTChecker takes advantage of multiple vertical layers with different sized pores [113], while the
Parsortix has developed a horizontal stair-type scheme that reduces the channel width stepwise [80].
Viable CTCs can be harvested using either platform. Our lab has employed the Parsortix system to
isolate CTCs from breast cancer patients. We subsequently tethered these live cells on a proprietary
PEM+Lipid technology [114] and imaged them for Microtentacles (Figure 2). The Cluster Chip is
unique in size selection technologies, as its sole target are CTMs. Many technologies have reported on
the capture of CTMs, but this novel approach enriches for them specifically while allowing single CTCs
to pass through [89]. The design involves staggered rows of triangular pillars. The repeating unit of the
design is the cluster trap. This three-triangle arrangement is reminiscent of a biohazard sign insofar as
two triangles side by side to create a tunnel that is bifurcated by the third triangle beneath them. This
simple design can capture CTMs as small as two cells. The utility of the device was shown in breast,
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melanoma and prostate cancers, isolating clusters in 41%, 30% and 31% of patients, respectively [89].
Large downsides to filtration systems exist, however. Despite the capture of viable cells without labels
that are difficult to remove, the systems are prone to clogging and parallel processing is needed for
large volumes. Purity is also an issue as it can range below 10%.

Figure 2. Live CTCs isolated with Parsortix technology. Whole blood was taken from a stage IV
metastatic breast cancer patient. The Angle Parsortix was used to isolate CTCs from the blood (15 CTCs
in 10 mL). CTCs were tethered to proprietary PEM+Lipid slides and stained with CellMask membrane
dye (red). Cells are CD45- and contain a nucleus (blue). Arrows indicate microtubule-based structures
termed Microtentacles (McTN).

Two exciting new technologies to recently emerge involve the use of inertial fluid forces to
passively separate CTCs from the rest of the blood population based on cell size. A combination of
shear gradient and wall lift forces interact to stably trap the CTCs. The Vortex platform capitalizes
on these forces to inertially focus trapped CTCs in micro vortices created in reservoirs apart from the
main fluid channel. Smaller blood cells simply flow by in the main stream. CTCs remain in the device
until a slower flow rate flushes them out of the reservoirs. The Vortex Chip processes the standard
7.5 mL sample size in 20 minutes using whole unprocessed blood. Confirmation has come in breast
and lung cancers with a purity of 57–94%, much higher than that normally attained with size-based
techniques [90]. The ClearCell FX uses inertial forces in combination with secondary flow arising from
curved channels [115]. When a channel is curved, there is a difference in the flow rates between the
center of the channel and the walls. This difference in flow rates is termed a “Dean’s” flow and, when
combined with inertial forces, can be calculated to precisely position cells. The trapezoidal channel
results in larger cells on the shorter wall and smaller cells on the larger wall. This channel then splits
into two collection outlets, where CTCs are isolated and captured. This technology requires red cell
lysis prior to flow but has an impressive 8-minute run time. It has been confirmed in breast and lung
cancers with a higher capture rate than the Vortex [116]. Both processes involve minimal stress on cells
without the use of labels and are much simpler to fabricate than those previously mentioned.

Dielectrophoresis (DEP) exploits the electrical characteristics of tumor cells. These characteristics
depend on phenotype, composition and morphology. DEP polarizes cells by using a nonuniform
electric field. This results in the ability to physically manipulate the cells by exerting attractive
or repulsive forces (positive pDEP or negative nDEP). ApoStream employs a strategy wherein the
electrical field separates tumor cells and leukocytes, using differences in their conductivity. The field
attracts CTCs and repels leukocytes. After pre-processing by centrifugation, the ApoStream can process
captured CTCs from 10mL of whole blood in less than an hour [117].

The DEPArray applies the second DEP strategy, retention, by trapping single cells in DEP cages
generated via an array of individually controllable electrodes [118]. DEPArray as a platform is not
designed for the bulk enrichment of cells, however. It is intended for single cell capture. Multiple
studies have shown the utility of the technology in this capacity [95,119,120], but an unfortunate
drawback is large cell loss during sample preparation [121].
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5. CTC Biology

The prognostic importance of CTC counts is well established, but counts have not yet been widely
employed to affect clinical decisions, due to unclear relevance to treatment. CTC counts have therefore
not been recommended clinically to affect treatment decisions, as of yet [122]. Consequently, a more
robust understanding of CTC biology is required. Tumor heterogeneity is increasingly being reported
in the literature, not only between primary and secondary tumors, but intratumor as well. There can be
as many as six different clonal cell lines within just one tumor [123]. Standard biopsy techniques such
as fine needle aspiration and core biopsy are insufficient to capture this variety. These techniques, by
design, take tissue from one area of the tumor for further analysis. Even with multiple samples, such
as those taken in prostate cancers, there is not sufficient tissue to encompass all of the heterogeneity.
“Liquid biopsy” is a term being increasingly used to describe analysis of CTC populations. The CTC
population is thought to encompass more of the clonal populations in a tumor [122]. By analyzing
the captured cells, an investigator can get a more complete picture of tumor composition and how it
changes over time.

Studies of the composition of CTCs can further shed light into the process of metastasis.
The complete process of metastasis is unclear, but conventional wisdom describes a process where tumor
cells undergo the epithelial mesenchymal transition (EMT). This process involves cells detaching from
the main tumor body, migrating through the extracellular matrix and extravasating into the circulation
(Figure 3). During this process, the cell downregulates the expression of its epithelial markers, such as
E-cadherin, and upregulates EMT markers, such as N-cadherin, snail, twist, vimentin and detyrosinated
tubulin [123].) CTC/CTMs have been shown to upregulate vimentin and detyrosinated tubulin as
well [124]. After extravasation, the cell then undergoes the reverse process of mesenchymal-to-epithelial
transition (MET). This has been widely held to be the main mode of metastatic dissemination, but new
reports have begun to challenge this.

Figure 3. Epithelial to Mesenchymal Transition (EMT) and metastasis. (A) Epithelial-like cells in the
primary tumor undergo a transition to a mesenchymal phenotype and migrate towards the vasculature.
(B) Detached tumor cells in the circulatory vessels display microtubule-based structures, termed
Microtentacles (McTN). (C) McTN aid in reattachment and extravasation. Extravasated cells undergo a
mesenchymal to epithelial transition, and seed tumors at distal sites.

Fischer and colleagues described an experiment with a triple transgenic mouse that tracked
mesenchymal lineage in breast cancer tissue. The system utilized an irreversible color switch that was
activated by the expression of fsp1, a crucial protein in EMT initiation. With the expression of fsp1,
cells experiencing EMT would undergo an irreversible color change from red to green, allowing for the
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tracking of any metastatic cell that had gone through the process. What was observed was that the
vast majority of metastatic tumor tissue was red and had not undergone EMT. This was confirmed
using multiple oncogenes and EMT tracing proteins. Interestingly, the following chemotherapy tumor
recurrence was mostly green [125]. Similar findings were reported independently in the same issue of
Nature, from a lab using twist and snail in pancreatic tumor lines [126].

The ramifications of these findings are manifold and beyond the scope of this review to cover.
It is however important to note that this is a proof-of-principle that the process of EMT can be
dispensable for initial metastasis, in some cases. This underscores the importance of understanding the
biology in circulating cells. Which proteins CTCs express, and the resulting phenotypes, are crucial to
understanding how cancer spreads to distal sites. It is indeed possible that the bulk of tumor spread
results from simple CTC shedding into the vasculature. This does not reduce the importance of EMT in
cancer, however. Cancer cells displaying the mesenchymal phenotype have been shown to be more
aggressive, stem-like, and resistant to treatment [127]. Both Zheng and Fischer also observed EMT cells
persisting after treatment despite original metastasis composition. What this highlights is that there can
be multiple modes of metastasis, and the study of cells in transition can give us insights into the process.

Aceto et al. have recently shown that CTMs are 23–50 times more metastatic than CTCs [8]. Their
use of fluorescently labeled cells also highlighted that clusters arise from oligoclonal groupings of cells
that differentially express the cell junction protein plakoglobin. These studies, along with the results of
Zheng and Fischer, further emphasize the importance of circulating cell study. They give us insight into
the probable mechanism of metastasis. In the 323 lung foci that Aceto observed, 171 were CTM-derived,
although CTMs only comprised 2–5% of the total population of tumor cells in the circulation.

Previous thought was that CTMs were likely to break up in the physical pressures of the blood
stream, or to become lodged very quickly in smaller capillaries, negating their capability of seeding
distant metastasis [128]. Recent work has shown this is not the case. Au et al. demonstrated with
microscopy and capillary tubing that tumor clusters migrated in a single file fashion without dissociation.
Moreover, the clusters were viable upon capillary exit [129]. Taken together with the evidence that
clusters have a much higher metastatic potential, the benefit of elucidating biological differences between
CTCs and CTMs is clear. In fact, very recent evidence has indicated that the disruption of CTMs leads
to the suppression of metastasis [130].

It has been hypothesized that CTMs could arise either by passive shedding or through collective
migration [101,131]. Collective migration has been observed in multiple tumor types, but it has only
been directly correlated to local invasion [101]. Metastasis, through collective migration, has merely
been inferred by the presence of clusters in the blood. Tumor vasculature is improperly formed,
tortuous, leaky, and possessive of blind shunts [132]. It has been reported that tumor cells can actually
replace vascular endothelium in places, a process known as vasculogenic mimicry [133]. With these
factors in mind, it is quite feasible that CTCs and CTMs mainly arise through the passive sloughing of
cells. This would correlate well with the data showing that breast cancers arising from neu and PyMT
transgenes undergo very little EMT.

Interstitial fluid pressure (IFP) could contribute to CTC shedding as well. IFP is the fluid pressure
measured within tumors and is the direct result of hyperpermeable blood vessels. Fluid and plasma
proteins extravasate into the tumor tissue and elevate the pressure in the interstitium [47]. Not only
could this increased pressure disrupt cell–cell junctions, but it could cause physical pressures that assist
in cells detaching from the tumor bulk. High IFP is correlated strongly with poor prognosis [134].
As higher interstitial pressure is a direct result of improperly formed vessels, and stronger pressure could
result in cell detachment, it follows that cells could break off at a higher rate as capillaries become leakier.

6. Functional CTC Studies

Translating lab research into clinical practice involves the study of how cells function, both in vitro
and in vivo. As outlined above, it has been clearly shown that higher CTC counts in peripheral blood
correlates with poor prognosis. Functional studies can broaden the spectrum of applications to CTC
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analyses. The challenges in obtaining stable cultures are significant but advances in CTC expansion
from patient samples have been achieved. The subsequent functional studies can give clues into the
identity of metastasis-initiating cells and can point the way to new avenues of therapy. A workflow, as
outlined in Figure 4, illustrates the concept of CTC study, beginning with isolation and ending with
the functional study of cultured CTCs. The first step in a workflow of this kind would be sample
preparation and isolation using one of the methods outlined above. This would result in the capture of
differing circulating materials, depending on the capture technology. These captured materials could
eventually be used for prognosis and relapse decisions.

Figure 4. Workflow concept for the isolation of CTCs and subsequent analysis. Patient blood is passed
through a capture device which enriches for tumor cells. Captured cells are then identified, enumerated
and characterized. Cells can then be cultured and subjected to further biological and functional analysis.

Functional analysis of CTCs has been performed in multiple studies. Zhang et al. reported a
protocol for the primary culture of breast cancer CTCs from patients with advanced stage and brain
metastases [135]. The cultures survived for several weeks. This study allowed the elucidation of several
biomarkers, including HER2 and EGFR, as brain metastasis selected markers (BMSM). Cells which
expressed this BMSM signature exhibited significant invasiveness and resulted in brain metastases in
murine xenografts. Oligoclonal breast cancer CTC cell lines were cultured for >6 months in 2014 [136].
Of five tested lines, three proved to be tumorigenic. The culture allowed for the discovery of new
mutations in the estrogen receptor gene, fibroblast growth factor and PIK3CA. A long term culture of
a CTC line from prostate cancer was also established using a novel 3D organoid system [137]. This
included TRMPRSS2-ERG fusion proteins, overexpression of SPINK1 and SPOP and CHD1 mutations
and loss, respectively. Lung cancer CTCs were successfully expanded ex vivo using a 3D co-culture
which used a simulated tumor microenvironment. CTCs expanded from 14/19 patient samples and
had matched mutations with their respective primary tumors, including tp53 [138].

Captured breast cancer CTCs were injected into murine tibia bone resulting in lung, liver and
bone metastases [104]. The study of protein expression in the metastasis revealed universal expression
of EpCAM, MET, CD44 and CD47. This could reveal important information on necessary proteins in
the process of engraftment and metastatic outgrowth. Further study in an additional cohort revealed
that metastases increased with the number of CD44/CD47/MET/EpCAM-positive cells. Importantly,
these cells were obtained from advanced stage patients with high numbers of CTCs. This underscores
the need to obtain and expand tumor cells from early stage patients to confirm this protein expression
profile as metastasis-initiating in all stages.

Migratory capabilities of isolated metastatic prostate CTCs were shown in NOD/SCID mice [139].
Tumor cells were found in the spleen and the bone marrow after xenografting. Hodgkinson et al.
showed that CTC xenografts of small cell lung cancer (SCLC) are not only tumorigenic in murine
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models but respond similarly to chemotherapy as in the original donor patient. SCLC patients have
been reported to have the highest CTC counts of all solid tumors [140]. Notably, these tumors are often
inoperable and difficult to biopsy. Expanding tumors which mirror patient response is an important
step in furthering treatment less invasively.

7. Conclusions

Metastasis remains the number one cause of death in cancer patients. This is the result of
the migration of cells from the primary tumor to distal sites. Indispensable to this process is the
migration/shedding of CTCs into the vasculature. These circulating tumor cells can be analyzed for
a breadth of beneficial information. Currently, prognostic indications can be made based on the
enumeration of CTCs in the blood. With further technological development, the presence of metastasis
could be detected before clinical manifestation, by monitoring tumor materials in the blood. It is also
feasible that patients with known genetic risk factors could be monitored for ctDNA, using primers
for known tumor mutations. This could possibly advance diagnosis by years, and increase survival
rates significantly.

Even after disease control is accomplished with surgery and/or therapy, metastasis can remain a
problem. This can be partially due to cancer cell mobilization caused by therapy itself. Radiation has
been shown to select for and to convert tumor cells to phenotypes that are more mobile and aggressive,
allowing for the generation of metastases. Tissue disruption and the leakage of blood containing tumor
cells during surgery can also promote tumor spread. This includes procedures such as routine biopsy.

These problems underscore the need for the capture and study of viable tumor cells. Many
technologies exist, but many involve the fixation of cells and their subsequent death. Emerging platforms
have developed ways to isolate live CTCs which allow for downstream biological analysis. These
studies have led to valuable insights into the mechanisms of metastasis and cellular survival in the harsh
environment of the circulation. Functional studies with cultured CTCs and xenografts have revealed
important information on protein expression and genetic composition. With the standardization of
capture techniques, inconsistencies in efficiency can be greatly reduced, allowing for more robust
information to be attained.

All these principles could support the goal of improving drug discovery to reduce metastasis.
The current cancer detection and drug treatment paradigm involves tumor growth and visualization.
Current technological parameters limit the tumors we can visualize to upwards of ten million cells.
A shift of focus to the detection of ctDNA/CTMat/CTC/CTMs can improve detection sensitivity and
improve treatment strategies. If surgery and radiation can promote cellular dissemination, then
therapies that specifically target circulating cells could increase survival outcomes and reduce distal
recurrence. Overall, developing therapies that target cancer’s ability to ever survive in circulation can
prevent metastasis before it occurs.
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