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Inflammatory bowel disease (IBD) encompasses chronic idiopathic relapsing and
remitting gastrointestinal autoimmune diseases characterized by chronic inflammatory dis-
orders of complex etiology, posing clinical challenges due to their often therapy-refractory
nature. The primary disorders within the IBD classification are ulcerative colitis (UC) and
Crohn’s disease (CD), sharing similarities but exhibiting distinct differences, sometimes
making their discrimination challenging.

A prominent feature of IBD is the inflammation of the intestinal mucosa, characterized
by the robust and persistent infiltration of immune cells and compromised intestinal barrier
integrity, leading to the phenomenon known as “leaky gut.” The inflammation can manifest
acutely or chronically relapsing and can increase in severity over time, thereby causing
life-long morbidities and reduced quality of life for affected individuals, underscoring the
need for a deeper comprehension of the molecular contributors to disease pathogenesis
and progression.

Despite extensive research, the etiology of IBD is still not fully understood, and so far,
existing treatments are inadequate to effect a complete cure. The disease’s multifactorial
nature implicates genetic, environmental, infectious, and immunologic factors as key
contributors. The dysregulation of both transcellular and paracellular intestinal barriers,
along with the activation of mucosal immune responses, either as a consequence or a trigger,
play pivotal roles in the pathological manifestations.

Recent developments in IBD research are broadening our overall understanding of the
disease enabling the discovery of novel molecular predictive indicators and facilitating the
creation of cutting-edge therapeutic approaches. This Special Issue presents a comprehen-
sive compilation of diverse facets that contribute to the advancement of solving the puzzle
of IBD.

In general, impaired homeostasis is known to be critical for the development of IBD.
A multitude of factors and components are involved in the physiological maintenance of
homeostasis and are found to be affected or to be an effector in IBD. For example, muscarinic
acetylcholine receptors (mAChRs) play a significant role in maintaining intestinal epithelial
homeostasis, and their activation is essential for the maintenance and reinforcement of
epithelial function. Non-neuronal acetylcholine systems are also recognized to be involved
in mAChR activation in epithelial cells. A review in this Special Issue summarizes recent
advances in research on mAChRs and non-neuronal acetylcholine systems as potential
targets for therapy in treating IBD [1].

Shifts in the oxidative status of the intestinal epithelium may not only affect the
epithelium but also gut-microbiota homeostasis. Hypoxia-inducible factor-1α (HIF-1α)
is one of the central players for that. The lysate from the probiotic formulation SLAB51
was found to increase HIF-1α levels in human intestinal epithelium under normoxic
conditions, leading to higher glycolytic metabolism and protection from lipopolysaccharide
(LPS)-induced inflammatory response. The probiotic treatment stabilized HIF-1α via the
activation of the PI3K/AKT pathway, resulting in an inhibition of NF-κB, nitric oxide
synthase 2 (NOS2), and an increase in the IL-1β triggered via LPS treatment [2].
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Another key player for mucosal inflammation has been discussed to be the paracas-
pase MALT1, particularly in the context of IBD. MALT1’s proteolytic activity was shown to
be involved in inhibiting ferroptosis and promoting STAT3 signaling, which is essential for
regulating immune and inflammatory responses as well as mucosal healing. These mecha-
nisms might be used for the identification of novel therapeutic targets for the treatment not
only of IBD but also other inflammatory diseases [3].

Immune cells are one main group of important players in the development and pro-
gression of inflammatory processes in IBD. In this Special Issue, for example, the role
of polymorphonuclear neutrophils (PMNs) and their significance in promoting colonic
pathobiology IBD and colon cancer, which can develop from IBD, is discussed. Special
focus was laid on intracellular lipid droplets (LDs) and transcription factor FOXO3 in
PMNs. The presence of FOXO3-deficient PMNs could be associated with increased trans-
migratory activity, differentially expressed genes linked to metabolism, inflammation, and
tumorigenesis, and predicts colon cancer invasion and poor survival [4].

Food antigen-specific effector T-cells that may respond to barrier disruption and
antigen in patients with celiac disease (CeD) were also found in comparable levels in active
CD patients. The frequency and phenotype of nutritional antigen-specific T-cells in these
two patient groups correlated with the presence of small intestinal inflammation, indicating
that active inflammation in the small intestine plays a crucial role in the development of
peripheral food antigen-specific T-cell responses in CD as well as in CeD and could be a
key factor [5].

A new and innovative methodical approach to identifying immune cells is a label-free
optical technology, which utilizes autofluorescence using NADH and FAD signals. These
can be utilized to classify and characterize different immune cell subtypes and their acti-
vation states in the context of IBD. This study demonstrates the value of autofluorescence
as a tool for identifying innate and adaptive immune cells, determining their relative
amounts, and distinguishing their functional states, which could lead to a label-free clinical
classification of IBD in the future [6].

Besides the intestinal immune system, another major factor in IBD is the epithelial
barrier. The claudin family of tight junction proteins is a crucial component of intestinal
barriers, and their altered expression and localization in IBD may lead to intestinal barrier
dysfunction and worsen immune hyperactivity and disease. While claudins are known to
control the passage of ions and water between cells, emerging evidence suggests additional
non-canonical functions during mucosal homeostasis and healing after injury, leaving
the question open whether claudins play adaptive or pathological roles in IBD responses.
Analyzing current research, it is hypothesized that claudins’ versatility might come at the
cost of specialized mastery, potentially leading to conflicts between maintaining a robust
claudin barrier and facilitating tissue repair, thereby exposing vulnerabilities in the barrier’s
integrity and compromising overall tissue healing during IBD [7].

To study the epithelial barrier in joint context with immune cells Le and colleagues
developed an advanced in vitro inflammation-triggered triple-culture model involving
the human intestinal epithelial cell line Caco-2, mucus-producing goblet cell line HT29-
MTX-E12, and macrophages of different origin. This model demonstrated characteristics
of a “leaky gut” upon an inflammatory stimulus and could be valuable for screening and
evaluating therapeutic drugs for the treatment of IBD, including potential IL-23 inhibitors
that were analyzed in that model [8].

In IBD, there is significant activation and remodeling of mucosal micro-vessels. The
role of the gut vasculature in inducing and persisting mucosal inflammation is increasingly
recognized, where endothelial cell activation and angiogenesis are thought to promote
inflammation. On the other hand, the vascular barrier may offer protection against bacterial
translocation and sepsis, which indicates that other barriers besides the intestinal epithelial
one are of importance in IBD. One review of this Special Issue focuses on examining the
different phenotypical changes observed in the microvascular endothelium during IBD
and presents potential vessel-specific targeted therapy options for the treatment of IBD [9].
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Another review focuses on diseases other than IBD, which affect the intestine. These
may give insights of general importance and could link symptoms and treatments of more
than one disease. Behçet’s disease (BD) is a chronic and recurrent systemic vasculitis
involving almost all organs and tissues. Intestinal BD may have severe gastrointestinal
complications and share similarities with classical IBD, particularly active CD. The review
highlights the dysregulation of immune function as one of the main pathogenes in both,
intestinal BD and IBD. It emphasizes the potential of biological agents, particularly anti-
tumor necrosis factor agents, as effective treatment options for patients with refractory
intestinal BD, a therapy that is also employed in IBD [10].

IBD is often associated with the development of colorectal cancer. Despite extensive
studies of IBD pathogenesis, the molecular mechanism of how IBD is promoting tumori-
genesis is not yet fully understood. Through a comprehensive bioinformatics analysis
of transcriptomics data from mouse models of acute colitis and colitis-associated cancer
(CAC), a set of key genes involved in the regulation of colitis and CAC was identified.
These genes, particularly matrix metalloproteinases (MMPs), can potentially serve as novel
prognostic markers and therapeutic targets for controlling IBD and IBD-associated col-
orectal neoplasia. Additionally, a translational bridge connecting these genes with the
pathogenesis of UC, CD, and CAC was established [11].

Taken together, this Special Issue brings together new research and reviews covering
various aspects of IBD. It includes studies by joining functional, genetic, and molecular
research as well as innovative methods. By doing so, it helps piece together multiple
aspects of the complex puzzle of understanding IBD.

Funding: The research of the author is funded by the Deutsche Forschungsgemeinschaft DFG TRR
241-375876048 (B06).

Conflicts of Interest: The author declares no conflict of interest.
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FOXO3 Deficiency in Neutrophils Drives Colonic Inflammation
and Tumorigenesis
Jenisha Ghimire , Rida Iftikhar, Harrison M. Penrose, Patricia Snarski , Emmanuelle Ruiz
and Suzana D. Savkovic *

Department of Pathology and Laboratory Medicine, Tulane University School of Medicine,
New Orleans, LA 70112, USA
* Correspondence: ssavkovi@tulane.edu; Tel.: +1-504-988-1409

Abstract: Inflammatory bowel disease (IBD), characterized by infiltration of polymorphonuclear neu-
trophils (PMNs), increases the risk of colon cancer. PMN activation corresponds to the accumulation
of intracellular Lipid Droplets (LDs). As increased LDs are negatively regulated by transcription
factor Forkhead Box O3 (FOXO3), we aim to determine the significance of this regulatory network in
PMN-mediated IBD and tumorigenesis. Affected tissue of IBD and colon cancer patients, colonic
and infiltrated immune cells, have increased LDs’ coat protein, PLIN2. Mouse peritoneal PMNs with
stimulated LDs and FOXO3 deficiency have elevated transmigratory activity. Transcriptomic analysis
of these FOXO3-deficient PMNs showed differentially expressed genes (DEGs; FDR < 0.05) involved
in metabolism, inflammation, and tumorigenesis. Upstream regulators of these DEGs, similar to
colonic inflammation and dysplasia in mice, were linked to IBD and human colon cancer. Addition-
ally, a transcriptional signature representing FOXO3-deficient PMNs (PMN-FOXO3389) separated
transcriptomes of affected tissue in IBD (p = 0.00018) and colon cancer (p = 0.0037) from control.
Increased PMN-FOXO3389 presence predicted colon cancer invasion (lymphovascular p = 0.015; vas-
cular p = 0.046; perineural p = 0.03) and poor survival. Validated DEGs from PMN-FOXO3389 (P2RX1,
MGLL, MCAM, CDKN1A, RALBP1, CCPG1, PLA2G7) are involved in metabolism, inflammation, and
tumorigenesis (p < 0.05). These findings highlight the significance of LDs and FOXO3-mediated PMN
functions that promote colonic pathobiology.

Keywords: IBD; colon cancer; PMNs; LDs; FOXO3

1. Introduction

Inflammatory bowel disease (IBD), a chronic inflammation of the intestinal tract, in-
cludes two distinct clinical entities, Crohn’s disease (CD) and ulcerative colitis (UC) [1].
Both CD and UC are linked to genetic predisposition, impaired barrier function, aberrant
microbiota, and dysregulation in the immune system [2,3]. One of the hallmarks of IBD
is an excessive infiltration of polymorphonuclear leukocytes (PMNs), also known as neu-
trophils [4,5]. Moreover, chronic inflammation within IBD may lead to dysplasia, and
patients with a history of UC are more predisposed to colon cancer than their healthy
counterparts [6,7]. Although PMNs contribute to this inflammation-induced colonic tu-
morigenesis [8,9], the mechanisms involved in the processes are not fully understood.

PMNs, accounting for ~60% of circulating immune cells, are the first and most rapidly
migrating cells to the sites of tissue damage and microbial invasion, where they neutral-
ize microorganisms, recruit other immune cells, and remodel damaged tissues to resolve
injury [10,11]. In the intestine, hyperactivation of PMNs results in abnormal immune
responses, tissue damage, and aberrant barrier function leading to chronic inflamma-
tion [12,13]. Furthermore, in inflamed tissue, PMNs release reactive oxygen and nitrogen
species in intestinal epithelial cells, causing DNA mutations that consequently drive tu-
morigenesis [14,15]. Additionally, augmented PMNs mediate the breakdown of barrier
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function in the intestine, allowing for the presence of microbiota products [16,17], which
can further foster tumorigenic processes in colonic cells. Recent studies have demonstrated
that intracellular lipid metabolism is critical in driving PMN activity. Specifically, lipid
droplets (LDs), intracellular lipid-storing organelles, are crucial for the development and
differentiation of PMNs. Their increase in PMNs is associated with inflammation and
bacterial infection [18–21]. Inflammatory mediators that activate PMNs are also shown
to elevate their LDs accumulation [22,23]. Additionally, PMNs in the tumorigenic envi-
ronment have elevated LDs, which act as an energy source for cancer cell growth and
survival, as well as release oxidized lipids that can activate dormant tumor cells and
promote metastasis [24,25].

In mouse models of colonic inflammation and inflammatory tumors, LDs are elevated
in colonic cells and infiltrated immune cells [26–30]. Our lab demonstrated the existence
of a self-regulating negative loop between LDs and transcription factor Forkhead Box O3
(FOXO3) in colonic cells that drive inflammatory and tumorigenic processes [27,29–31].
Further, FOXO3 deficiency in the liver leads to hyperlipidemia in mice, with increased
hepatic lipid secretion and elevated serum triacylglycerol and cholesterol levels [32]. In
addition, FOXO3 cellular function is associated with inflammation and tumorigenesis in the
colon [33–36]. Genome-wide association studies (GWAS) have linked the polymorphism
of FOXO3 (leading to its reduced levels) to the severity of inflammation in IBD [37].
Additionally, FOXO3 can act as a tumor suppressor, and its loss correlates with advanced
human colon cancer [33,36]. Given this line of evidence, we hypothesize that this LDs
and FOXO3 negative regulatory network in PMNs acts as a promoter of inflammatory
tumorigenesis in the colon. These findings provide conceptual advances in understanding
mechanisms in PMNs linked to IBD and IBD-facilitated colon cancer.

2. Results
2.1. Levels of PLIN2 Are Increased in Affected Tissue in IBD and Human Colon Cancer

We have previously demonstrated in the inflamed mouse colon elevated levels of LDs
in colonic and infiltrating immune cells [27]. To determine the significance of increased LDs
in human intestinal pathobiology, we assessed the levels of PLIN2, the LDs coat protein, in
affected tissue obtained from UC and CD patients and in tumor tissue from colon cancer
patients. In normal human colonic tissue, immunohistostaining for PLIN2 showed the
presence of the protein in the cytosol of colonic epithelial cells along the crypts. In UC
and CD, PLIN2 levels were increased by more than 2-fold in the affected tissue, which is
significant in both intestinal epithelial cells and infiltrated immune cells (Figure 1A–C).
Similar increased PLIN2 levels were found in human colonic tumor tissue (adenocarcinoma,
Stage IIB, and Stage IIIC) relative to adjacent normal tissue (Figure 1D,E). These findings
demonstrated that LDs are elevated in affected tissue of IBD and human colon cancer as
well as in infiltrated immune cells.

2.2. Increased Migratory Activity of PMNs Is Associated with Elevated LDs and FOXO3
Deficiency

We have demonstrated the critical role of elevated LDs and loss of FOXO3, an estab-
lished regulatory network in colonic cells, in driving inflammation and tumorigenesis in
the colon, the role of which in immune cells is not well understood. As PMNs are critical
players in inflammatory and tumorigenic processes in the colon [5,9,38,39], we investigated
the significance of increased LDs and loss of FOXO3 in PMNs’ activity. Intraperitoneal
PMNs were obtained from wild type (WT) and FOXO3 knock-out (KO) mice following
casein injection [40,41]. After PMNs enrichment, the final fraction contained more than 90%
PMNs (FACS assessment of surface marker Ly6G), and peritoneal PMNs in FOXO3 KO
mice were increased compared to WT. PMNs were seeded in the upper compartment of
a transwell system, and migration activity toward bacterial fMLP or chemokine KC was
assessed by quantification of the activity of myeloperoxidase (MPO), an enzyme released by
activated PMNs. Oleic acid (OA) stimulation of LDs accumulation in PMNs from WT mice
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significantly increased their migration, basally stimulated by fMLP and KC (Figure 2A,
p < 0.05). Further, FOXO3 KO PMNs, relative to WT, had significantly increased migration
in response to fMLP, as shown by the MPO activity (Figure 2B, p < 0.05). These findings
demonstrate that PMNs migration is increased with LDs accumulation and FOXO3 defi-
ciency, suggesting that LDs and FOXO3 regulatory networks in PMNs may play a role in
driving inflammation and tumorigenesis.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 3 of 17 
 

 

 
Figure 1. LDs’ coat protein PLIN2 levels are increased in affected human colonic tissue obtained 
from (A) Ulcerative Colitis (UC), Crohn’s Disease (CD), and (D) Colon Cancer patients. PLIN2 levels 
in tissue were determined by immunohistostaining (IHC) (tissue array). Areas selected in red boxes 
are further magnified sections (scale bar 800 µM, 100 µM, 20 µM) (B,C,E) Graphs represent the 
quantification of IHC of PLIN2 using ImageJ/Fiji 2.1.0, performing spectrum deconvolution for sep-
aration of DAB color spectra. Total number of patients (n = 10) included normal (n = 2), UC (n = 2), 
CD (n = 2), tumor-adjacent mucosa (n = 2), and adenocarcinoma (n = 2). Quantification included 5–
8 separate areas/samples (**** p < 0.0001, *** p < 0.001 vs. normal control, #### p < 0.0001 vs. UC 
samples). 
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gration in response to fMLP, as shown by the MPO activity (Figure 2B, p < 0.05). These 
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Figure 1. LDs’ coat protein PLIN2 levels are increased in affected human colonic tissue obtained
from (A) Ulcerative Colitis (UC), Crohn’s Disease (CD), and (D) Colon Cancer patients. PLIN2
levels in tissue were determined by immunohistostaining (IHC) (tissue array). Areas selected in red
boxes are further magnified sections (scale bar 800 µM, 100 µM, 20 µM) (B,C,E) Graphs represent
the quantification of IHC of PLIN2 using ImageJ/Fiji 2.1.0, performing spectrum deconvolution for
separation of DAB color spectra. Total number of patients (n = 10) included normal (n = 2), UC
(n = 2), CD (n = 2), tumor-adjacent mucosa (n = 2), and adenocarcinoma (n = 2). Quantification
included 5–8 separate areas/samples (**** p < 0.0001, *** p < 0.001 vs. normal control, #### p < 0.0001
vs. UC samples).
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activity showing transmigration of mouse peritoneal PMNs with Oleic acid (OA) stimulated LDs.
fMLP and KC are used as PMNs chemoattractants. (n = 6 mice per group, n = 3 wells per mouse,
* p < 0.05 vs. control, # p < 0.05 vs. fMLP or KC without OA) (B) MPO activity showing transmigration
of peritoneal PMNs from FOXO3 KO mouse relative to wild type (WT) in response to fMLP. (n = 6
mice per group, n = 3 wells per mouse, * p < 0.05 vs. WT, # p < 0.05 vs. WT treated with fMLP).
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2.3. FOXO3 Deficiency in PMNs Is Associated with Mouse Colonic Inflammation and Dysplasia

Next, we determined in FOXO3-deficient PMNs systemic transcriptional changes
and associated molecular pathways driving their activity in the colon. Transcriptional
assessment of intraperitoneal PMNs from FOXO3 KO mice showed 212 increased and
242 decreased differentially expressed genes (DEGs) relative to WT (>|0.5|-fold change,
FDR < 0.05). The diseases and functions associated with these DEGs include gastrointestinal
disorders, metabolic diseases, lipid metabolism, immune responses, immune cell trafficking,
inflammatory pathways, and cancer (Figure 3A). To determine the contribution of loss of
FOXO3 in PMNs to colonic pathobiology, their upstream regulators of DEGs were identified
and compared to transcriptomes from the total colonic tissue of FOXO3-deficient mice,
which has exacerbated inflammatory and tumorigenic processes [27,35,42]. We found
substantial similarities in upstream regulators of DEGs associated with FOXO3 KO PMNs
and total FOXO3 KO colon, which were related to lipid metabolism (eicosapentenoic acid,
LEP), immune response (CD40LG, CpG oligonucleotide), inflammatory pathways (SIRT1,
HNF-4α), and tumorigenesis (NUPR1, ID1, CREB1, CBFB) (Figure 3B). Next, we determined
the significance of FOXO3 KO PMNs in mouse intestinal pathobiology by comparing
FOXO3-dependent DEGs in PMNs with publicly available transcriptomes obtained from
mouse colons with inflammation and dysplasia (GSE31106). Upstream regulators of FOXO3
KO-dependent DEGs in PMNs were similar to those related to both inflammation and
high-grade dysplasia in mouse colon (Figure 3C,D). These shared regulators were linked
to metabolism (LDL, FOS, PPAR-γ), immune response (BTK, CD3, BCL6), inflammation
(SIRT1, MMP9, TRAF2), and tumorigenesis (MAPK1, CDKN2A, KLF5, Sp1, TGFbeta).
These findings revealed the significance of the loss of FOXO3 in PMNs in driving metabolic,
inflammatory, and tumorigenic processes in mouse colon.
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Figure 3. FOXO3 deficiency in PMNs is linked to mouse colonic pathobiology. (A) Top diseases and
pathways associated with FOXO3 KO in PMNs relative to control (p < 0.05, IPA). (B) Top upstream
regulators of DEGs mediated by FOXO3 deficiency in PMNs, shared with FOXO3 KO mouse colon
(IPA, n = 3–5 mice per group, p < 0.05). (C,D) Top regulators of FOXO3 KO-dependent DEGs in PMNs
shared with regulators in mouse colon with inflammation and high-grade dysplasia (n = 3 mice per
group, IPA, p < 0.05, IPA, GSE31106).
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2.4. FOXO3 Deficiency in PMNs Is Associated with Metabolic, Inflammatory, and Tumorigenic
Processes in IBD and Human Colon Cancer

Based on our above findings, we sought to determine the significance of the loss of
FOXO3 in PMNs in IBD and human colon cancer. The transcriptomes from PMNs of FOXO3
KO mouse have shared regulators with those representing publicly available transcriptomes
of affected tissue of different patient cohorts with UC (GSE36807, GSE53306, GSE59071) and
CD (GSE59071, GSE95095, GSE102133) (Figure 4A,B). Similar upstream regulators included
those involved in metabolism (LEP, NR1H4, PLCG2), immune response (CpG oligonu-
cleotide), inflammatory pathways (C5AR1), and tumorigenesis (NFAT5, RHOA, PTEN,
MAPK8). Moreover, DEGs for FOXO3 KO PMNs shared upstream regulators with publicly
available transcriptomes from several human colon cancer patient cohorts (GSE141174,
GSE8671, GSE9348). These regulators had roles in metabolism (ACOX1, NR1H4), im-
mune response (butyric acid, HIC1), inflammation (ETV5, HNF4-α), and tumorigenesis
(Mek, RHOA, EHF, MAPK8, PTEN, LEF1) (Figure 4C). These data demonstrated that loss
of FOXO3 in PMNs is important in driving metabolic, inflammatory, and tumorigenic
processes in affected tissue of IBD and human colon cancer patients.
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Figure 4. FOXO3 deficiency in PMNs is linked to drivers of IBD and human colon cancer. Top
regulators of DEGs in FOXO3 KO PMNs similar to regulators in (A) UC, (B) CD, and (C) human
colon cancer. Publicly available data from three different patient cohorts for each, UC (GSE36807,
GSE53306, GSE59071, total n = 132), CD (GSE59071, GSE95095, GSE102133, total n = 91), and human
colon cancer (GSE141174, GSE8671, GSE9348; total n = 162) were utilized (IPA, p < 0.05).

2.5. Transcriptomic Signature Representing FOXO3-Deficient PMNs Is Highly Prevalent in
Transcriptomes of IBD and Human Colon Cancer

To further determine the significance of the FOXO3-deficient PMNs in colonic pathobi-
ology, we established their transcriptional signature, which represents a panel of 389 DEGs
(PMN-FOXO389), with stringent differential expression and statistical thresholds relative to
WT (log2 fold-change >|1.5| and an adjusted p-value < 0.001). Unsupervised hierarchi-
cal clustering demonstrated that the PMN-FOXO3389 signature separated transcriptomes
(publicly available data, GSE4183) of affected IBD tissue (UC and CD) and colon cancer
samples (adenomas and adenocarcinomas) from the control (unaffected) group (Figure 5A).
Additionally, principal component analysis (PCA) showed that in the transcriptome of
patients with IBD and colon cancer, the PMN-FOXO3389 signature stratified samples of
the affected colon from the normal (Figure 5B,C). The PCA index score indicated that
PMN-FOXO3389-dependent differentiation of the two groups was strongly significant, with
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p = 1.8 × 10−4 for IBD (vs. normal) and p = 3.7 × 10−3 for colon cancer (vs. normal)
(Figure 5D,E).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 7 of 17 
 

 

 
Figure 5. Transcriptional signature for FOXO3-dependent PMNs in IBD and human colon cancer. 
(A) Hierarchical clustering, as shown by a heatmap, revealing the separation of transcriptomes rep-
resenting IBD (blue) and colon cancer (adenomas (pink) and adenocarcinomas (CRC, violet)) from 
normal (green) by the PMNs-FOXO3389 signature. PMN-FOXO3389 signature on x-axis and human 
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(PCA) of active IBD and matched control transcriptomes, as well as human colon cancer and control 
transcriptomes, to estimate variation between samples. (D,E) Two-axis values of the PCA showed 
that PMN-FOXO3389 significantly differentiated IBD from matched control tissue (p = 0.00018) and 
colon cancer tissue from control (p = 0.0037) (n = 53, GSE4183). 
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of colon cancer samples from normal, which was further quantified by PCA index score 
between two groups (p = 2 × 10−16) (Figure 6A,B). In addition, PMN-FOXO3389 signature 
separated colon cancer samples according to the probability for invasions in the vascula-
ture (PCA, p = 0.046), lymphovasculature (PCA, p = 0.015), and perineural space (PCA, p 
= 0.03) (Figure 6C–E). Moreover, Kaplan–Meier estimates showed that the increased pres-
ence of PMN-FOXO3389 signature in transcriptomes of colon cancer is linked to poor 5-
year patient survival rates of 47% (28–65%) when compared to 65% (55–74%) for lower 
presence (p = 8.2 × 10−4) (TCGA) (Figure 6F). Together, these data demonstrated that the 
loss of FOXO3 in PMNs is associated with human colon cancer progression, metastasis, 
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Figure 5. Transcriptional signature for FOXO3-dependent PMNs in IBD and human colon cancer.
(A) Hierarchical clustering, as shown by a heatmap, revealing the separation of transcriptomes
representing IBD (blue) and colon cancer (adenomas (pink) and adenocarcinomas (CRC, violet)) from
normal (green) by the PMNs-FOXO3389 signature. PMN-FOXO3389 signature on x-axis and human
samples on y-axis. (B,C) FOXO3389 signature was used to perform principal component analysis
(PCA) of active IBD and matched control transcriptomes, as well as human colon cancer and control
transcriptomes, to estimate variation between samples. (D,E) Two-axis values of the PCA showed
that PMN-FOXO3389 significantly differentiated IBD from matched control tissue (p = 0.00018) and
colon cancer tissue from control (p = 0.0037) (n = 53, GSE4183).

Moreover, we determined the significance of PMN-FOXO3389 in a large number of
colon cancer patients using publicly available transcriptomes from the TCGA database. In
unsupervised hierarchal clustering, PMN-FOXO3389 signature separated transcriptomes
of colon cancer samples from normal, which was further quantified by PCA index score
between two groups (p = 2 × 10−16) (Figure 6A,B). In addition, PMN-FOXO3389 signature
separated colon cancer samples according to the probability for invasions in the vascula-
ture (PCA, p = 0.046), lymphovasculature (PCA, p = 0.015), and perineural space (PCA,
p = 0.03) (Figure 6C–E). Moreover, Kaplan–Meier estimates showed that the increased pres-
ence of PMN-FOXO3389 signature in transcriptomes of colon cancer is linked to poor 5-year
patient survival rates of 47% (28–65%) when compared to 65% (55–74%) for lower presence
(p = 8.2 × 10−4) (TCGA) (Figure 6F). Together, these data demonstrated that the loss of
FOXO3 in PMNs is associated with human colon cancer progression, metastasis,
and survival.
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in colon cancer patients is associated with metastasis (lymphovascular invasion, vascular invasion, 
perineural invasion. (F) Increased PMN-FOXO3389 signature presence in transcriptomes of colon 
cancer patients revealed worse overall 5-year survival with a high PCA index score (pink)) com-
pared to low score (green) (p = 0.00082). 
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deficient PMNs (vs. WT) by qPCR (Figure 7B). Specifically, the genes included purinergic 
receptor P2X 1 (P2RX1), which belongs to G-protein-coupled receptors, RalA-binding pro-
tein 1 (RALBP1), which plays a role in receptor-mediated endocytosis, and melanoma cell 
adhesion molecule (MCAM), as well as cell cycle progression gene 1 (CCPG1), which is 
involved in the immune response to endoplasmic reticulum stress and cyclin-dependent 
kinase inhibitor 1A (CDKN1A). Further, Phospholipase A2 Group VII (PLA2G7) is respon-
sible for phospholipid metabolism, and Monoacylglycerol lipase (MGLL) catalyzes the 
conversion of monoacylglycerides to free fatty acids and glycerol. In addition to MGLL, 
adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) were lowered in 
DEGs from FOXO3 KO PMNs (NS). These lipases are responsible for the breakdown of 
triacylglycerols from LDs [43], suggesting that loss of FOXO3 in PMNs may regulate LDs 
utilization. These findings establish the importance of FOXO3-mediated gene expression 
in PMNs that regulate human colonic inflammatory and tumorigenic pathobiology linked 
to lipid metabolism. 

Figure 6. Transcriptional signature for FOXO3-dependent PMNs in human colon cancer. (A,B) Hier-
archical clustering, shown by heatmap, revealed distinct clusters separated by the PMN-FOXO3389

signature differentiating human colon cancer (pink) from matched normal (green) transcriptomes
(n = 432, TCGA). PMN-FOXO3389 signature on x-axis and human samples on y-axis. PMN-FOXO3389

stratify the colon tumor samples from normal. (C–E) Increased PMN-FOXO3389 signature presence
in colon cancer patients is associated with metastasis (lymphovascular invasion, vascular invasion,
perineural invasion. (F) Increased PMN-FOXO3389 signature presence in transcriptomes of colon
cancer patients revealed worse overall 5-year survival with a high PCA index score (pink)) compared
to low score (green) (p = 0.00082).

2.6. FOXO3-Dependent Genes Regulate Metabolic, Inflammatory, and Tumorigenic Processis
in PMNs

We identified the top FOXO3 KO-dependent DEGs in PMNs, as shown in the heatmap
(Figure 7A) and Table 1. Among these DEGs, we selected for validation genes involved
in diverse PMN functions, such as signaling receptors important for their recruitment,
adhesion molecules essential for their tissue infiltration and expansion, as well as genes
involved in lipid metabolism in PMNs. These DEGs were validated in FOXO3 deficient
PMNs (vs. WT) by qPCR (Figure 7B). Specifically, the genes included purinergic recep-
tor P2X 1 (P2RX1), which belongs to G-protein-coupled receptors, RalA-binding protein
1 (RALBP1), which plays a role in receptor-mediated endocytosis, and melanoma cell
adhesion molecule (MCAM), as well as cell cycle progression gene 1 (CCPG1), which is
involved in the immune response to endoplasmic reticulum stress and cyclin-dependent
kinase inhibitor 1A (CDKN1A). Further, Phospholipase A2 Group VII (PLA2G7) is respon-
sible for phospholipid metabolism, and Monoacylglycerol lipase (MGLL) catalyzes the
conversion of monoacylglycerides to free fatty acids and glycerol. In addition to MGLL,
adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) were lowered in
DEGs from FOXO3 KO PMNs (NS). These lipases are responsible for the breakdown of
triacylglycerols from LDs [43], suggesting that loss of FOXO3 in PMNs may regulate LDs
utilization. These findings establish the importance of FOXO3-mediated gene expression in
PMNs that regulate human colonic inflammatory and tumorigenic pathobiology linked to
lipid metabolism.
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Figure 7. FOXO3-mediated differentially expressed genes in PMNs. (A) A heatmap of the top DEGs 
specific to FOXO3-deficient PMNs relative to control (>|0.5|-fold change, FDR < 0.05). (B) Validation 
of select FOXO3 dependent P2RX1, MGLL, MCAM, CDKN1A, RALBP1, CCPG1 and PLA2G7 tran-
scripts in peritoneal PMNs (qPCR, n = 3 mice per group, * p < 0.05, ** p < 0.01, ns = not significant). 

Table 1. Differentially expressed genes in FOXO3-deficient mouse PMNs relative to control (n = 5–
6, FC ≥|1.5|, p < 0.5). 
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1 UBE2D2A Ubiquitin-conjugating enzyme E2D 2A 4.98 8.9 × 10−3 
2 CATSPERE2 Cation channel sperm associated auxiliary subunit epsilon 2 4.77 1.4 × 10−2 
3 LALBA Lactalbumin alpha 3.58 4.8 × 10−2 
4 DLL3 Delta-like canonical Notch ligand 3 3.31 1.2 × 10−2 
5 ANO2 Anoctamin 2 3.30 4.2 × 10−2 
6 ASCL4 Achaete-scute family bHLH transcription factor 4 3.24 4.9 × 10−2 
7 HIST1H3B Histone cluster 1, H3b  3.17 2.4 × 10−2 
8 CCDC85A Coiled-coil domain containing 85A 3.12 1.7 × 10−2 
9 FAM198A Family with sequence similarity 198 member A 3.05 1.9 × 10−2 

10 CDKL1 Cyclin-dependent kinase-like 1 3.00 2.0 × 10−2 
11 GBP2B Guanylate binding protein 2b 2.56 3.0 × 10−2 
12 MYRFL Myelin regulatory factor-like 2.47 5.3 × 10−2 
13 MRAP2 Melanocortin 2 receptor accessory protein 2 2.43 1.6 × 10−2 
14 SYNPO2 Synaptopodin 2 2.37 4.4 × 10−3 
15 RNF183 Ring finger protein 183 2.37 1.4 × 10−2 
16 CACNA1H Calcium voltage-gated channel subunit alpha1 H  2.35 2.6 × 10−2 
17 DLG2 Discs large MAGUK scaffold protein 2 2.26 4.9 × 10−2 
18 LRIG3 Leucine-rich repeats and immunoglobulin-like domains 3 2.25 5.7 × 10−3 
19 MAP3K19 Mitogen-activated protein kinase kinase kinase 19 2.22 1.7 × 10−2 
20 TECTA Tectorin alpha 2.14 2.1 × 10−2 
21 CUBN Cubilin 1.98 1.0 × 10−2 
22 LDHD Lactate dehydrogenase D 1.92 1.8 × 10−2 
23 IQCN IQ motif containing N 1.87 4.0 × 10−2 
24 AMD2 S-adenosylmethionine decarboxylase 2 1.82 7.8 × 10−4 
25 SNORD15A Small nucleolar RNA, C/D box 15A 1.78 2.7 × 10−2 

Figure 7. FOXO3-mediated differentially expressed genes in PMNs. (A) A heatmap of the top DEGs
specific to FOXO3-deficient PMNs relative to control (>|0.5|-fold change, FDR < 0.05). (B) Validation
of select FOXO3 dependent P2RX1, MGLL, MCAM, CDKN1A, RALBP1, CCPG1 and PLA2G7 transcripts
in peritoneal PMNs (qPCR, n = 3 mice per group, * p < 0.05, ** p < 0.01, ns = not significant).

Table 1. Differentially expressed genes in FOXO3-deficient mouse PMNs relative to control (n = 5–6,
FC ≥ |1.5|, p < 0.5).

Gene Gene Name FC p-Value

1 UBE2D2A Ubiquitin-conjugating enzyme E2D 2A 4.98 8.9 × 10−3

2 CATSPERE2 Cation channel sperm associated auxiliary subunit epsilon 2 4.77 1.4 × 10−2

3 LALBA Lactalbumin alpha 3.58 4.8 × 10−2

4 DLL3 Delta-like canonical Notch ligand 3 3.31 1.2 × 10−2

5 ANO2 Anoctamin 2 3.30 4.2 × 10−2

6 ASCL4 Achaete-scute family bHLH transcription factor 4 3.24 4.9 × 10−2

7 HIST1H3B Histone cluster 1, H3b 3.17 2.4 × 10−2

8 CCDC85A Coiled-coil domain containing 85A 3.12 1.7 × 10−2

9 FAM198A Family with sequence similarity 198 member A 3.05 1.9 × 10−2

10 CDKL1 Cyclin-dependent kinase-like 1 3.00 2.0 × 10−2

11 GBP2B Guanylate binding protein 2b 2.56 3.0 × 10−2

12 MYRFL Myelin regulatory factor-like 2.47 5.3 × 10−2

13 MRAP2 Melanocortin 2 receptor accessory protein 2 2.43 1.6 × 10−2

14 SYNPO2 Synaptopodin 2 2.37 4.4 × 10−3

15 RNF183 Ring finger protein 183 2.37 1.4 × 10−2

16 CACNA1H Calcium voltage-gated channel subunit alpha1 H 2.35 2.6 × 10−2

17 DLG2 Discs large MAGUK scaffold protein 2 2.26 4.9 × 10−2

18 LRIG3 Leucine-rich repeats and immunoglobulin-like domains 3 2.25 5.7 × 10−3

19 MAP3K19 Mitogen-activated protein kinase kinase kinase 19 2.22 1.7 × 10−2

20 TECTA Tectorin alpha 2.14 2.1 × 10−2

21 CUBN Cubilin 1.98 1.0 × 10−2

22 LDHD Lactate dehydrogenase D 1.92 1.8 × 10−2

23 IQCN IQ motif containing N 1.87 4.0 × 10−2

24 AMD2 S-adenosylmethionine decarboxylase 2 1.82 7.8 × 10−4

25 SNORD15A Small nucleolar RNA, C/D box 15A 1.78 2.7 × 10−2

26 ASTN2 Astrotactin 2 1.67 7.0 × 10−3
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Table 1. Cont.

Gene Gene Name FC p-Value

27 MIR146 MicroRNA 146 1.65 3.8 × 10−4

28 GBP11 Guanylate binding protein 11 1.65 4.3 × 10−2

29 GUCY2C Guanylate cyclase 2C 1.64 6.0 × 10−6

30 MDRL Mitochondrial dynamic related lncRNA 1.59 4.8 × 10−2

31 ADAMTS13 ADAM metallopeptidase with thrombospondin type 1 motif 13 1.56 4.1 × 10−2

32 RAPGEF4 Rap guanine nucleotide exchange factor 4 1.56 3.4 × 10−2

33 STX1A Syntaxin 1A 1.55 1.0 × 10−2

34 NECTIN3 Nectin cell adhesion molecule 3 1.54 3.9 × 10−2

35 SLC22A1 Solute carrier family 22 member 1 1.54 7.1 × 10−3

36 MEX3A Mex−3 RNA binding family member A 1.52 5.0 × 10−2

37 RALBP1 RalA-binding protein 1 −0.44 9.0 × 10−5

38 CDKN1A Cyclin-dependent kinase inhibitor 1A −0.55 1.0 × 10−3

39 PLA2G7 Phospholipase A2 Group VII −0.6 1.0 × 10−3

40 TLR9 Toll Like Receptor 9 −0.8 1.7 × 10−2

41 CCPG1 Cell cycle progression gene 1 −1.12 2.0 × 10−3

42 MGLL Monoacylglycerol lipase −1.29 3.0 × 10−3

43 GFI1B Growth factor independent 1B transcriptional repressor −1.50 2.1 × 10−3

44 HGF Hepatocyte growth factor −1.52 6.1 × 10−3

45 BATF2 Basic leucine zipper ATF-like transcription factor 2 −1.52 2.2 × 10−2

46 P2RX1 Purinergic receptor P2X 1 −1.53 1.4 × 10−3

47 ZFP469 Zinc finger protein 469 −1.56 1.0 × 10−2

48 TMEM26 Transmembrane protein 26 −1.56 7.0 × 10−3

49 HUNK Hormonally up-regulated Neu-associated kinase −1.58 2.2 × 10−2

50 SIGLECF Sialic acid binding Ig-like lectin F −1.58 7.4 × 10−3

51 FAIM2 Fas apoptotic inhibitory molecule 2 −1.59 2.0 × 10−2

52 MCAM Melanoma cell adhesion molecule −1.61 1.9 × 10−3

53 MYLK3 Myosin light chain kinase 3 −1.62 1.2 × 10−2

54 IL4 Interleukin 4 −1.65 5.0 × 10−3

55 CCR3 C-C motif chemokine receptor 3 −1.67 8.4 × 10−3

56 POM121L2 POM121 transmembrane nucleoporin like 2 −1.85 1.1 × 10−2

57 PLA2G3 Phospholipase A2 group III −2.12 7.6 × 10−3

58 SLC27A2 Solute carrier family 27 member 2 −2.35 3.6 × 10−3

59 IL13 Interleukin 13 −2.54 5.4 × 10−3

60 PDK4 Pyruvate dehydrogenase kinase 4 −2.54 1.1 × 10−2

61 CTSG Cathepsin G −2.80 3.3 × 10−3

62 TNXB Tenascin XB −2.85 3.6 × 10−3

63 VSNL1 Visinin like 1 −3.16 1.7 × 10−2

64 MPO Myeloperoxidase −3.37 2.0 × 10−3

65 TDG-PS Thymine DNA glycosylase, pseudogene −3.38 5.6 × 10−4

66 BPI Bactericidal permeability-increasing protein −3.40 2.2 × 10−2

67 ELANE Elastase, neutrophil expressed −3.54 5.2 × 10−3

68 CAPN1 Calpain 1 −24.1 1.3 × 10−15

3. Discussion

Chronic inflammation in IBD, characterized by massive infiltration of PMNs, is asso-
ciated with increased risk and progression of colon cancer [4–7]. Here, we demonstrated
that PMNs promote inflammation and inflammatory tumorigenesis in the colon via the
LDs and FOXO3 negative regulatory network. Further, we identified the PMN-FOXO3389
transcriptional signature, which is increased in IBD and human colon cancer and is highly
significant in their pathobiology. Ultimately, we identified FOXO3-dependent differentially
expressed genes in PMNs with roles in metabolism, inflammation, and tumorigenesis.
Together, these findings establish a novel mechanism in PMNs involving LDs and FOXO3,
driving inflammatory and tumorigenesis processes in the colon.

Aberrant PMN function exacerbates inflammation and tumorigenesis in the colon [8,9,14,38].
In DSS-induced colitis in mice, depletion of PMN leads to lowered inflammation and colitis-
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associated tumorigenesis [9]. In humans, impaired PMN function during chronic inflamma-
tion can promote tumorigenesis, as demonstrated in lung and pancreatic cancer [44–46].
PMNs can also cluster with cancer cells, aiding tumor growth and metastasis [47,48]. Al-
tered lipid metabolism in PMNs is linked to inflammatory conditions. Accumulation of
LDs facilitates early innate response to viral infection through modulation of interferon
signaling, in part via TLR7 and TLR9 pathways [23,49]. Similarly, our data showed in
FOXO3-deficient PMNs increased TLR9, suggesting their sensitivity to viral components.
Moreover, this LDs and FOXO3-mediated immune sensitivity to infection is shown in
FOXO3 KO colon with increased bacterial LPS sensing TLR4 [35]. Additionally, LDs ac-
cumulation in PMNs is accompanied by elevated inflammatory mediators, which in turn
promotes PMN activity [22]. Further, increased LDs in PMNs, due to deficiency of adipose
triglyceride lipase (ATGL), also increase PMN activity [19]. For instance, in metastatic
breast cancer in the lung, reduced ATGL elicits LDs accumulation in PMNs, promoting the
invasive capacity of cancer [24]. Moreover, PMNs can release oxidized lipids that reactivate
dormant cancer cells and facilitate tumor recurrence [25]. Hence, PMNs with elevated
LDs can facilitate inflammatory and tumorigenic processes in various tissue, including
the colon.

Moreover, we demonstrated that in PMNs, a negative regulatory network of LDs and
FOXO3 might be one of the mechanisms of colonic inflammation and tumorigenesis within
IBD and colon cancer. We have previously demonstrated that this regulatory network
drives pathobiological processes in human colonic cells [27,29–31]. In mice, global FOXO3
deficiency increases PMNs in the spleen, bone marrow, blood, and colon [35,50]. Similarly,
FOXO3 inactivation results in elevated PMNs and aberrant immune response in bronchial
epithelia [51]. We speculate that the increased infiltration and elevated transmigration of
these PMNs are supported by their FOXO3-dependent metabolic reprogramming. Further,
our findings revealed, in FOXO3 deficient PMNs, decreased farnesoid X receptor (FXR;
NR1H4), a sensor of intracellular bile acid levels. FXR protects against bile acid toxicity,
and it is reduced in CD patients [52].

Further, we identified several FOXO3-dependent differentially expressed genes in
PMNs involved in metabolism, inflammation, and tumorigenesis. Specifically, MGLL is
involved in fatty acid metabolism and plays roles in tumorigenesis and metastasis [53].
P2RX1 is linked to the modulation of microbiota and the alleviation of inflammation in
colitis [54]. PLA2G7, which is shown to be reduced in FOXO3 KO PMNs, is associated
with inflammation [55]. Two other DEGs, MCAM and CDKN1A, in FOXO3 KO PMNs,
are involved in tumorigenesis [56,57]. RALBP1 has a key effector function in cancer cell
survival [58]. Moreover, we found several DEGs in FOXO3 KO PMNS involved in lipid
metabolisms linked to LDs utilization. MGLL, ATGL, and HSL lipase, critical for the break-
down of triacylglycerols stored in LDs [43], are decreased in FOXO3 KO PMNs. ATGL
deficiency in PMNs leads to increased LDs and hyperactivation [19]. These findings suggest
that although FOXO3 deficiency in colonic epithelial cells leads to increased LDs biosynthe-
sis [27,30,31,35], in PMNs, it may lead to increased LDs by lowering their utilization. In
addition, the significance of the loss of FOXO3 in driving PMN function is at least multifac-
torial, and while multiple differentially expressed genes were insignificantly altered, their
synergistic effects on the transcriptomic and metabolic remodeling of PMN drive colonic
inflammation and tumorigenesis.

One of the hallmarks of IBD is excessive infiltration of PMNs that intensify the inflam-
matory pathobiology, leading to tumorigenesis [4,5,12,13,15], the mechanisms of which
are poorly understood. Here, we showed that PMNs drive colonic inflammation and
tumorigenesis by facilitating a self-reinforced LDs and FOXO3 negative regulatory network.
Additionally, we demonstrated the significance of this mechanism in both IBD and colon
cancer. It is important to highlight that, in addition to LDs and FOXO3 in PMNs, complex
processes drive IBD and colonic tumorigenesis that include multiple cells, different path-
ways, and regulators. Further, this network altered the expression of multiple genes, which,
even if insignificant, may orchestrate systemic changes in PMNs functions. As PMNs are
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highly sensitive cells to multiple stimuli and may initially be protective to infiltrated tissue,
it is required to further delineate these mechanisms in context to other cells and regulators.
Together, our findings establish an important mechanism that drives PMN activity, bringing
us one step closer to solving the complex puzzle of IBD and inflammatory colon cancer.

4. Materials and Methods
4.1. Human IBD and Colon Cancer Samples

Tissue microarray samples included human intestinal tissue representing normal,
Inflammatory Bowel Diseases (Ulcerative Colitis and Crohn’s Disease), and colon adeno-
carcinoma with tumor-adjacent colonic mucosa (tissuearray.com LLC). These tissues were
obtained from different individuals, males and females, aged 20 to 66 (total n = 10, n = 2 of
each for normal, UC, CD, tumor-adjacent mucosa, and adenocarcinoma).

Publicly available transcriptomes were obtained for control and affected tissue from
three different patient cohorts of UC (total n = 132; GSE36807, GSE53306, GSE59071) and
CD (total n = 91; GSE59071, GSE95095, GSE102133). Publicly available transcriptomic
data from tumor tissue obtained from three colon cancer patient cohorts (total n = 162;
GSE141174, GSE8671, GSE9348) were used. Moreover, publicly available transcriptomic
data of colon cancer patients, including normal controls, were also utilized (n = 498, TCGA).
These data were acquired by using NCBI’s GEO2R.

4.2. Mice

Mice, strain C57BL/6, male and female, were housed under pathogen-free conditions
at Tulane University School of Medicine. Both wild type (WT) and FOXO3 knock-out
(FOXO3 KO) mice had free access to a standard chow diet and water. All littermates were
genotyped to identify homozygous WT and FOXO3 KO, according to the guidelines of
Tulane Institutional Animal Care and Use Committee [34]. Transcriptomic data from the
colon of FOXO3 KO and WT mice were acquired as described before (n = 5–6 mice per
group) [35].

Moreover, publicly available transcriptomes obtained from mice with colonic inflam-
mation (n = 3) and dysplasia (n = 3) were utilized (GSE31106) [59].

4.3. Histological Analysis

Immunohistostaining against antibody PLIN2 (LS Bio, Seattle, WA, USA) of tissue
microarray with samples from IBD and human colon cancer patients was performed by
The Pathology Core Laboratory at Tulane University Health Sciences Center as described
previously [35]. Images were obtained using the Phenolmager fusion slide scanner (Akoya,
Menlo Park, CA, USA) and Phenochart 1.2.0 software. Images were quantified utiliz-
ing ImageJ/Fiji 2.1.0 by performing spectrum deconvolution for the separation of DAB
(diaminobenzidine) color spectra. The DAB image was then analyzed pixel by pixel for
immunohistochemistry quantification.

4.4. Mouse Peritoneal Polymorphonuclear Neutrophils (PMNs)

Experimental mice (six to eight weeks old) were injected intraperitoneally with 1 mL
of sterile casein (Sigma, St. Louis, MO, USA) solution, followed by a second injection the
next day, which caused a response of peritoneal PMNs [41]. Three hours after the second
injection, mouse peritoneal cells were harvested from the abdominal cavity and pelleted
(200× g for 3 times). Next, PMNs were isolated from the peritoneal fluid using histopaque
separation media using a density gradient centrifugation method [40].

4.5. Transmigration Assay

Mice peritoneal PMNs, 10 × 106 cells in assay buffer, HEPES containing 10 mM
glucose, 0.1% BSA, pH 7.4, and 1% penicillin/streptomycin, was incubated with oleic
acid (OA) (50 µM), for 2 h, and were placed on the top of transwells, an 8 mM pore size
polycarbonate filter. In the lower compartments of transwells, 1 mL of the assay media with
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N-Formylmethionyl-leucyl-phenylalanine (fMLP) (1 mM) or chemokine KC (29 ng/mL)
was added. After 30 min, at 37 ◦C, assay media from the lower compartment was collected
and centrifuged at 400× g for 5 min to assess for migrated PMNs.

4.6. Myeloperoxidase (MPO) Colorimetric Activity Assay

Enzymatic activity of the activated PMN’s marker, known as myeloperoxidase (MPO),
was quantified in PMNs from WT (n = 6) and FOXO3 KO (n = 6) mice (n = 3 wells per mouse)
using MPO Colorimetric Activity Assay Kit according to the manufacturer’s protocol
(Sigma, St. Louis, MO, USA). Briefly, collected PMN samples were rapidly homogenized
in MPO assay buffer and centrifuged at 13,000× g for 10 min at 4 ◦C to remove insoluble
material. These samples were then plated in a 96-well plate, further assessed, and used for
colorimetric detection of MPO activity at 412 nm.

4.7. RNA Isolation and cDNA Synthesis

Total RNA from harvested PMNs (n = 5–6 mice per group) was isolated using the
miRNeasy kit (Zymo Research, Irvine, CA, USA), following the manufacturer’s instructions.
First, RNA was evaluated for quality using Agilent Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA). Samples having RNA integrity numbers (RIN) of more than 8
were utilized. RNA was then reverse transcribed to cDNA with qScript cDNA Super-
Mix (Quantabio, Beverly, MA, USA) and used for qPCR as described previously [35].
The primers used for the amplification of mouse cDNA are as follows: (mP2RX1-FOR
5′-GACAAACCGTCGTCACCTCT-3′, mP2RX1-REV 5′-TCACGTTCACCCTCCCCA-3′,
mMGLL-FOR 5′-TTTCCTTCCCTAAGCGGTCG-3′, mMGLL-REV 5′-GGGGTCTTTAGGCC
CTGTTT-3′, mMCAM-FOR 5′-CGGGTGTGCCAGGAGAG-3′, mMCAM-REV 5′-GGTTCCT
CTGGGGCTTTGAA-3′, mCDKN1A-FOR 5′-GCAGAATAAAAGGTGCCACAGG-3′, mCDKN1A-
REV 5′-AGAGTGCAAGACAGCGACAA-3′, mRALBP1-FOR 5′-CTCGTCCTGTTCTGTCCC
AA-3′, mRALBP1-REV 5′-ACCTATCCATTACACCAGTGCC-3′, mCCPG1-FOR 5′-AGAAA
GCAGCGCAAACAACA-3′, mCCPG1-REV 5′-CTAGGCTGAGATGAAAAGACGGG-3′,
mPLA2G7-FOR 5′-TCCCTGGAGCTAGTGTTGTG-3′, mPLA2G7-REV 5′-TGGCTTCAGTTT
GATGTTCTGGT-3′. The comparative Ct method was used to determine mRNA expression
with actin as a housekeeping control. cDNA was quantified using the C1000 Thermal Cy-
cler system (Bio-Rad, Hercules, CA, USA) and PerfeCTa SYBR Green FastMix (Quantabio,
Beverly, MA, USA).

4.8. RNA Sequencing and Differential Expression Testing

RNA sequencing (RNAseq) was performed as described previously [35]. Sequencing
data are submitted in NCBI’s Sequence Read Archive and are available under GSE234072
study accession number. Transcriptomic analysis for RNAseq was performed using Inge-
nuity Pathway Analysis (IPA) (Qiagen, Germantown, MD, USA). Differentially expressed
genes (DEGs) with an expression threshold of >|0.5|-fold change relative to control and
a false discovery rate (FDR) of less than 0.05 were evaluated in IPA. Clustered heatmaps
of z-scaled transcripts per million (TPM) values for the top DEGs across all samples were
obtained using a Python data visualization package (Seaborn v0.12.0).

4.9. Hierarchical Clustering

Hierarchical clustering of transcriptomes among experimental groups was performed
using an uncentered correlation as a symmetric matrix, as described before [28].

4.10. Principal Component Analysis

Principal component analysis (PCA) of FOXO3-deficient PMNs’ signatures with IBD
(GSE4183) and human colon cancer (TCGA) transcriptomes was performed with the Fac-
toMineR R package with the PCA function, as described before [28].

16



Int. J. Mol. Sci. 2023, 24, 9730

4.11. Statistical Analysis

All results are represented as mean ± SD. The statistical analysis of experiments
was carried out by Student’s unpaired t-test or through ANOVA for one-way analysis of
variance in Graph Pad Software. A p-value of <0.05 was considered significant.
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Abstract: Inflammatory bowel diseases (IBDs) are characterized by acute or chronic recurring in-
flammation of the intestinal mucosa, often with increasing severity over time. Life-long morbidities
and diminishing quality of life for IBD patients compel a search for a better understanding of the
molecular contributors to disease progression. One unifying feature of IBDs is the failure of the gut to
form an effective barrier, a core role for intercellular complexes called tight junctions. In this review,
the claudin family of tight junction proteins are discussed as they are a fundamental component
of intestinal barriers. Importantly, claudin expression and/or protein localization is altered in IBD,
leading to the supposition that intestinal barrier dysfunction exacerbates immune hyperactivity and
disease. Claudins are a large family of transmembrane structural proteins that constrain the passage
of ions, water, or substances between cells. However, growing evidence suggests non-canonical
claudin functions during mucosal homeostasis and healing after injury. Therefore, whether claudins
participate in adaptive or pathological IBD responses remains an open question. By reviewing current
studies, the possibility is assessed that with claudins, a jack-of-all-trades is master of none. Potentially,
a robust claudin barrier and wound restitution involve conflicting biophysical phenomena, exposing
barrier vulnerabilities and a tissue-wide frailty during healing in IBD.

Keywords: claudin; tight junctions; barrier function; gut; colitis; inflammatory bowel disease; ZO-1;
actin; cell migration; cell division

1. Barrier Loss in IBD

Inflammatory bowel diseases (IBDs) encompass Crohn’s disease (CD) and ulcerative
colitis (UC). Both diseases are progressive, characterized by abdominal pain, diarrhea,
occult blood in the stool, anemia, and weight loss, incurring significant lifelong morbidities
and decreased quality of life for patients [1,2]. IBDs have unclear etiologies and are believed
to be initiated by genetic abnormalities combined with environmental factors such as diet
and smoking. While the primary causes of IBDs are unclear, a maladaptive inflammatory
response to enteric bacteria and/or mucosal barrier dysfunction have been implicated in
disease initiation. Early studies of IBD pathogenesis demonstrated penetration of small
tracer molecules in IBD patients when compared with healthy relatives, indicating some
degree of intestinal barrier loss [3–5]. More recently, genome-wide association studies
(GWAS) identified a host of genes linked to IBD, many of which are involved in either
maintenance of the mucus barrier or epithelial integrity [6–8]. This has led to the suppo-
sition that a subset of IBD patients likely have an intestinal barrier deficiency as a root
cause of their disease [1–3]. Furthermore, aberrant inflammation is known to compromise
the mucosal barrier. Therefore, the inability to maintain an effective barrier to luminal
antigens is a unifying pathological feature of IBDs, regardless of initiating events [9–11].
Such studies add support to calls for increased attention to the development of therapies
aimed at supporting mucosal barrier integrity to resolve IBD [1,4–6].

IBD-associated barrier dysfunction falls into two categories, loss of the barrier or
degradation of the barrier quality. For example, barrier failure would be expected in highly
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ulcerated regions due to epithelial cell loss. This should be contrasted with increased leak,
which refers to a decrease in the ability of the epithelial cells to exclude disease causing lumi-
nal antigens [7,8]. Studies in animal models of colitis suggest bacterial products induce IBD,
including lipopolysaccharides, N-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLP),
and flagellin [12–15]. However, the role of barrier leak in IBD initiation and progression
remains in question given our understanding of immune tolerance mechanisms and some
conflicting evidence provided by laboratory models of colitis (reviewed here [16]). This
review attempts to bring some clarity by discussing the functions of the claudin family of
transmembrane proteins. Claudins act within tight junction structures to regulate material
passage through the paracellular space (see Figure 1). The ability of claudins to regulate
barrier permeability comes in large part through complex differential gene expression.
Importantly, claudin expression and localization are altered in IBD, and these alterations
are believed to play a role in IBD pathogenesis [17–21].

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 2 of 13 
 

 

IBD-associated barrier dysfunction falls into two categories, loss of the barrier or deg-
radation of the barrier quality. For example, barrier failure would be expected in highly 
ulcerated regions due to epithelial cell loss. This should be contrasted with increased leak, 
which refers to a decrease in the ability of the epithelial cells to exclude disease causing 
luminal antigens [7,8]. Studies in animal models of colitis suggest bacterial products in-
duce IBD, including lipopolysaccharides, N-formyl-L-methionyl-L-leucyl-L-phenylala-
nine (fMLP), and flagellin [12–15]. However, the role of barrier leak in IBD initiation and 
progression remains in question given our understanding of immune tolerance mecha-
nisms and some conflicting evidence provided by laboratory models of colitis (reviewed 
here [16]). This review attempts to bring some clarity by discussing the functions of the 
claudin family of transmembrane proteins. Claudins act within tight junction structures 
to regulate material passage through the paracellular space (see Figure 1). The ability of 
claudins to regulate barrier permeability comes in large part through complex differential 
gene expression. Importantly, claudin expression and localization are altered in IBD, and 
these alterations are believed to play a role in IBD pathogenesis [17–21]. 

 
Figure 1. Schematic showing tight junction localization in an epithelial monolayer. Paracellular clau-
din proteins form both cis and trans interactions, thereby sealing the paracellular space. Claudins 
anchor scaffolding and signaling proteins at the junction. Scaffolds also connect the claudins to the 
actin network. 

  

Figure 1. Schematic showing tight junction localization in an epithelial monolayer. Paracellular
claudin proteins form both cis and trans interactions, thereby sealing the paracellular space. Claudins
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2. Claudin Expression in Health and Disease

Claudins are required components of intercellular tight junctions: multiprotein struc-
tures that occlude the paracellular space and prevent antigens from the gut lumen pene-
trating into the body. In most studies, tight junction complexity correlates strongly with
“tight” barrier function in a number of tissues [22–24]. With a “tight” barrier characterized
by limited antigen and/or ion penetration. Claudin-based tight junctions have a number
of canonical functions in intestinal tissues: they physically occlude the paracellular space,
create ion pores between cells, and maintain cell polarity [9]. Of these, the antigen barrier
function of junctions is the best connected to IBD pathogenesis. Ion dysregulation correlates
with disease but has not been directly linked to IBD, and cell polarity defects are thought
to be involved in later stage IBD-linked carcinogenesis [4,10,11]. Therefore, a distinction
has been made in discussing the quality of epithelial barrier regulation with regard to
ion permeability (pore pathway) and antigen leak (leak pathway) [25]. Both categories of
barrier function relate to claudin expression, with claudin isoform expression linked to
solute size and charge restricted paracellular flux. Indeed, claudins 2, 7, 10, 15, 16, and
19 have all been shown to form ion pores within the junction [26,27]. Claudins exhibit
differential capacity for antigen exclusion as well, although the molecular details are less
apparent than for ion pore formation. For example, claudins 3 and 4 have inverse effects on
material flux when overexpressed in alveolar cells [28]. Additionally, mice transgenically
modified to express claudin 2 in the gut show increased mucosal penetration of small
molecule tracers [12].

Under physiological conditions, claudins show dramatic spatial diversity in the gut,
with differential claudin expression in the stomach, small intestine, and colon [13]. Addi-
tionally, claudin gene expression varies within intestinal tissues. For example, in the colon,
ion pore forming “leaky” claudins are restricted to the crypt base (2, 5, 10, and 15), whereas
“tight” sealing claudins accumulate near the surface of the lumen (3, 4, 7, and 23) (Figure 2).
Current theories of IBD development hold that inflammation increases gut leakiness in
part through alterations in claudin expression and, therefore, barrier function [10]. This
leakiness increases the probability that gut antigens will penetrate into the body, further
perpetuate inflammation, and exacerbate disease. RNAseq studies of UC and CD patient
biopsies revealed altered claudin levels, with increases in claudins 1, 2, and 18 and de-
creases in 3, 4, 5, 7, 8, and 12 (reviewed in [14], Figure 2). Recent single-cell RNAseq surveys
and antibody-based techniques largely confirm these findings, ameliorating concerns that
patient biopsies contain a confounding mix of cell types [15]. In general, these changes
represent an increase in pore-forming “leaky” claudins and a decrease in sealing claudins.
Indeed, increased claudin 2 is commonly found in inflamed tissues and frequently corelates
with increased disease severity [17,29]. Importantly, claudin expression is disturbed during
inflammatory episodes, driven in part by exposure of mucosal cells to proinflammatory
cytokines [18]. Cytokines such as Tumor Necrosis Factor Alpha (TNF-α) and Interferon
Gamma (IFN-γ) are considered key drivers of a degradative feedback system. Indeed, these
cytokines are commonly found in inflamed IBD patient samples and are known to lead
to claudin switching (e.g., replacement of “tight” claudins with “leaky” ones) and tight
junction re-structuring [19–21]. Indeed, a host of cytokines that are elevated in IBD have
been shown to alter epithelial barrier as well as claudin levels in vitro (reviewed [14,18]).
These studies provide abundant evidence that claudin switching in IBD is secondary to
proinflammatory cytokine production. In theory, this switching leads to a subsequent
increase in antigen leak, further increasing cytokine production.
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Just such a feedback loop is illustrated by studies in claudin-knockout mice (reviewed
in [22,23]). Claudin-7-knockout mice experience antigen leak from the gut and succumb
to severe spontaneous lethal colitis soon after birth [24,30]. Lethality in this model was
secondary to the presence of intestinal microflora and at minimum, the bacterial antigen
N-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLP). These studies clearly demonstrate
the potential of a leaky gut as an initiator of severe colitis. However, not all claudins protect
against colitis, as demonstrated by claudin 7 deletion. For example, colitis resistance was
shown in mice transgenically modified to produce high levels of claudin 2, presenting the
possibility that the increased claudin 2 levels found in human disease are beneficial [12].
Indeed, claudin 2 was shown to be protective in chemically induced and pathogen-induced
colitis but not in immune-mediated T-cell-transfer-induced colitis [12,31,32]. In this later
study, Raju et al. show increased disease in animals where colitis is induced by an overactive
immune response; high claudin 2 levels exacerbate disease, whereas claudin 2 deletion is
beneficial [32]. Therefore, even after intense study with sophisticated tools, there remains
an unclear distinction between potentially beneficial claudin responses and pathobiological
ones. The question remains: are changes in claudin part of natural wound repair or part of
the pathobiology of IBD?

3. Claudin Family Proteins and the Hierarchy of Tight Junction Structure

Given the centrality of claudin proteins in constricting the paracellular space against
antigens, extensive structural/functional studies have been pursued that may help resolve
this conundrum. Claudins, first discovered by Furuse et al., are small transmembrane
proteins that act at intercellular tight junctions to seal adjacent cells together [33]. The
claudin gene family is large, with around 27 known members, producing proteins of a
stereotyped domain structure [27,34]. All claudins have three functionally distinct protein
domains (see Figure 1 [35]). Firstly, extracellular loop domains protrude from the plasma
membrane into the paracellular space, allowing for interactions with claudins on adjacent
cells (trans-binding). Trans interactions of extracellular loop domains for a given claudin
pair are functionally important and are responsible for either sealing the paracellular space
or, with select claudin pairings, creating an ion pore [36,37]. For example, a claudin 2-
claudin 2 pairing across the paracellular space produces a sodium pore, whereas claudin
3 pairs do not [38,39]. Second, claudins contain four plasma membrane spanning domains
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that facilitate stability within the membrane. Interactions between claudins within both
plasma membranes (cis binding) combined with trans interactions allow for self-assembly
into strands: claudin oligomers so large that they form circumnavigating fibrils embedded
in the membrane [40,41]. This strand formation is a requirement for all tight junction
core functions listed above. Lastly, cytoplasmic-facing claudin domains bind to a host of
scaffolding proteins and, through them, to both the actin cytoskeleton and intercellular
signaling proteins. Almost all claudin C-terminal domains contain PDZ motifs (PSD95
(postsynaptic density protein), Dlg1 (Drosophila disc large tumor suppressor), and ZO-1
(zonula occludens-1 protein) or PDZ) that stabilize PDZ-domain-containing scaffolding
proteins [42,43]. The number and diversity of potential cytoplasmic interactors is immense,
and this region is frequently referred to as the tight junction “plaque” [44]. This review
touches on two abundant plaque proteins, Zonula occludens 1 and 2 (ZO-1 and ZO-2),
which have been shown to form a functionally important bridge between claudins and
the actin cytoskeleton [45–49]. Adding to this complexity are additional transmembrane
proteins, junctional adhesion molecules (JAMs), occludin, and tricellulin, as well as sig-
naling proteins sequestered on the scaffolding plaque [50–52]. Signaling components
include transcription factors, kinases, and vesicle fusion machinery [53–56]. The apical
actin cytoskeleton forms a band around the circumference of the cell that can tune barrier
properties and dynamics through increased tension [57]. This entire structure, as well as
the structure mirrored on the adjoined cell, is termed the “tight junction”. This should be
contrasted with the term “strand”, which refers collectively to the transmembrane protein
components within the tight junction. Excellent reviews of the protein constituents of the
tight junction are available [30,34,58–60].

Several studies confirm the position of claudins at the top of the tight junction hierarchy
with respect to tight junction structural assembly. For example, claudin 1 expression is
sufficient to form strands in claudin-free in vitro cell systems [61,62]. More recently, tight
junctions were found to be absent in quintuple claudin-knockout Madin–Darby canine
kidney (MDCK) cells, whereas rescue experiments with claudin 3 could restore strand
formation [63,64]. Remarkably, rescue occurred even in the absence of the claudin 3 PDZ
binding motif. Futhermore, both cis interactions and trans interactions between claudins
determine strand inclusion [40,64]. For example, Gonschoir et al. show claudin segregation
of either pore-forming or sealing claudins in restricted regions of the strand [65]. These
findings are consistent with previous data and models of stand formation where claudins
compete by self-assembly processes for space in the strand [66,67].

4. Claudins Exhibit Dynamic Self-Assembly

Claudins within the junction strands are believed to undergo dynamic remodeling
under physiological conditions, with altered claudin mobility after exposure to proin-
flammatory cytokines or growth factors [66,68]. Claudin mobility within the membrane
exhibits isoform-specific dynamics when expressed in junction-deficient SF9 insect cells [69].
The nature of these dynamics is not entirely clear; however, data suggest that only static,
immobile claudins participate in tight junction barrier function [66]. The tight junction
structure as a whole also undergoes dynamic remodeling, with ZO-1 and actin moving
constitutively into and out of the junctional region [70]. Recent studies show that there
is likely intermittent association between claudins, ZO proteins, and actin. Furthermore,
newly synthesized claudins integrate into the strand at strand break sites, which notably
are increased in IBD [20,71]. Recent studies show that extrajunctional claudins serve as
reservoirs of material to repair broken strands [72]. Additionally, Van Itallie et al. speculate
that the intermittent actin association through ZO proteins allow for barrier functions
during alterations in cell shape or movement [71]. Reduced ZO-1/ZO-2 expression by
knockdown results in the mislocalization of some but not all claudins, indicating preferen-
tial ZO-1 binding for particular claudins. For example, claudins 1 and 2 are reduced in these
double ZO-1/ZO-2 knockdown cells, whereas claudins 3 and 4 remain at normal levels [73].
Indeed, in vitro studies demonstrate claudin-isoform-specific ZO protein interactions [74].
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For example, the first PDZ domain of ZO-1 preferentially binds claudin isoforms that
contain a tyrosine residue at the negative 6 position [75]. Importantly, Claudins 2 and 4 are
antagonistic at the protein level, as shown by overexpression and fluorescence recovery
after photobleaching studies, and compete for occupancy within the junction [66]. These
findings have been confirmed in more detail by recent investigations, which also identified
competition between claudin 4 and claudins 7, 15, and 19 [45].

The studies discussed thus far provide important clues as to the steps of claudin strand
assembly and dynamics, but what can we learn from these studies that might improve our
understanding of IBD pathogenesis? Firstly, these studies show that cells lacking claudins
1, 2, 3, 4, and 7 fail to make strands. Importantly, the ablated claudins are among the
most abundant transcripts out of the dozen isoforms found at the RNA level in MDCK II
cells [46]. Therefore, it is likely that there must be sufficient claudin expression to support
strand formation and that a reduction in claudin levels below a certain threshold is likely
to produce strand defects and a non-functional tight junction. In addition, there appears to
be a hierarchy to strand assembly, where some claudins can nucleate strand formation and
others cannot. Thirdly, claudins compete for inclusion in stands, providing a molecular
mechanism for claudin switching and dynamic strand reconstitution. Indicative of claudin
switching processes, strand breakage occurs with increased frequency in IBD, coincident
with changes in claudin gene expression [20]. Lastly, claudin isoform expression levels can
dictate barrier properties; this is supported by studies showing claudin 2 density increases
sodium flux through the paracellular space [47,48]. Given these observations, claudin
stoichiometries are likely to be of great functional significance, as these studies demonstrate
that pore-forming claudin function comes at the expense of sealing claudins. Alterations
in claudin expression are expected to be highly impactful with respect to tight junction
function, as the strands are assembled from available claudins.

In combination, it appears that claudin expression dictates the availability and charac-
ter of paracellular pores, the density of pores in the strand, the architecture of the strands
themselves, and, likely, the identity and volume of plaque/signaling proteins associated
with the junction. Therefore, claudin expression changes during IBD are likely to have a
variety of downstream effects that impact both barrier function and tissue homeostasis.

5. Claudins Regulate Cell Proliferation and Cell Migration

The above molecular studies demonstrate the central role of claudins in the tight
junction structure. Therefore, changes in the complement of claudins during IBD could
have far reaching effects on tight junction function. Most IBD studies have focused on
claudins as regulators of pericellular antigen flux. However, understanding the role of
claudin changes in IBD may require a broadening of our perspective to include non-
canonical functions. Indeed, claudins have been discovered in some unexpected places,
performing roles that are considered non-canonical, such as promoting cell migration and
proliferation. Importantly, enhancement of non-canonical processes has the potential to
compromise barrier properties.

Proliferation and cell migration occur during colonic tissue homeostasis as the gut
replenishes shed and lost cells through stem cell replication in the colonic crypt base. These
new cells migrate up the crypt towards the lumen-facing mucosal surface where they are
ultimately shed. During migration, cells acquire differentiated states, producing sensory,
secretory, or barrier cells [49]. Claudin isoforms are exchanged coincident with migration,
following spatial and temporal patterns irrespective of cell fate (see above and Figure 2),
and crypt regions are rich in claudins 2, 5, 10, and 15. Most of these claudins are believed
to play a role in cell proliferation, given that claudin changes correlate with carcinogenesis
(reviewed here [10]). In laboratory models, a direct role has been uncovered for claudins in
enhancing proliferation, with the strongest evidence presented for claudin 2 in the colon
epithelia. In claudin-2-overexpressing transgenic animals, a doubling of actively dividing
crypt cells was determined relative to wild-type animals [12]. Although proliferation
regulation could occur secondary to a number of tissue-specific factors, it is important
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to note that enhanced proliferative effects were found in in vitro overexpression systems,
with Caco-2, SW480, and HCT116 cells exhibiting enhanced growth through claudin 2
functions [50]. In addition, claudin 2 interacts with ZO-1 and the transcription factor
ZONAB/DbpA in colon cancer cells [51]. ZONAB/DpbA has been shown to regulate cell
growth [52]. Claudin 15 provides another dramatic example, were ablation in knockout
mice led to a megaintestine phenotype [53]. However, there are no studies that confirm
direct claudin 15 participation, such as the in vitro studies performed for claudin 2, which
further highlights the continuing utility of in vitro systems [54]. Other examples of claudin’s
role in cell growth exist in the literature. For example, claudin 3 is a tumor suppressor, as
demonstrated by tumor growth in intestinal-claudin-3-knockout mice [55]. Conversely,
claudin 3 was found to enhance proliferation when overexpressed in HT-29 cancer cells [56].
Claudin-7-overexpressing colon cancer cells show enhanced proliferation [76]. These
counter examples lead to the proposition that these claudins act in a context-dependent
manner [22,58]. Yet together, these studies show that claudins are active participants in the
proliferative process, regulating signaling and transcription factor components.

Claudins have recently been given attention as regulators of cell migration, initially
as indicators of epithelial-to-mesenchymal transition given that claudins are present in
differentiated/polarized cells. However, an active role for claudins in cell migration has
become apparent (reviewed here [22]). Indeed, claudin 1 overexpression reduces cell
migration in breast epithelial cancer cells [59]. Notably, forced expression of claudin 1 in
these cells increased the protein expression of ZO-1 and occludin. Conversely, knockdown
of claudin 1 in colon cancer cells increased migration in PKM2-stimulated cells [60]. Claudin
2 overexpression in colon cancer cells also increases migration and invasiveness [50,77].
Claudin 7 expression has been found to increase proliferation in lung cancer cells, yet these
cells were deficient in migratory behaviors [78]. Knockdown of claudin 3 promotes cell
migration in endothelial cells as well [79]. Studies in intestine-specific knockout mice also
show that claudins influence migration. These examples demonstrate direct participation
of claudins in cell migration.

Cell proliferation in the crypts and cell shedding at the lumen surface increase during
IBD. Both cell division and migration are cellular processes; however, for the mucosal
tissue to remain intact, cell-cell junctions and barrier function must be maintained at the
multicell/tissue level. These data support a model of intestinal barrier disruption where,
for example, claudin 2 promotes cell proliferative and migratory behavior, yet creates
additional paracellular antigen flux. This insight may resolve conflicting data on the role
of claudin 2 in colitis: is this claudin beneficial or harmful? This topic remains an active
debate, and the answer may be that it is both and that wound restitution may require a
delicate balance of claudin expression.

6. Claudins Participate in Mechanotransduction

The increased cell proliferation and migration seen in IBD would be expected to add
additional physical strain on cellular barriers [80]. Given that the tight junction and actin
cytoskeleton are mechanically linked, it has been long understood that intercellular forces
on the actin ring reduces barrier function [57]. This sets up the potential conflict that in-
creased physical forces during cell proliferation and migration increase antigen penetration
into the gut. The role of claudins in these processes is not well understood; however, recent
studies suggest that diverse claudin expression may play a role in these processes.

Collective cell migration is a highly integrated processes with ECM–cell tension and
cell-cell friction (termed tissue fluidity) both coming into play [81]. Of these forces, tissue
fluidity is the least understood, although studies that manipulate ZO-1 provide clues as to
the role of tight junctions in collective migration. By manipulating ZO-1/actin associations,
it has been shown that weak actin–tight junction linkages are associated with “tight” barrier
function, whereas strong actin associations produce a leakier monolayer [82]. Second, in
Xenopus embryos is was shown that the collective cell migration can be simulated by
strengthening cell-to-cell tension in the migrating sheet [83]. In mice, disruption of claudins

26



Int. J. Mol. Sci. 2023, 24, 8562

3 and 4 arrests neural tube closure by preventing proper actin contractility through pMLC
(phospho-myosin light chain) and Rho/ROCK [84]. In ZO-1/ZO-2-double-knockdown
MDCK cells, loss of these scaffolds dramatically reduced cell migration and enhanced
actin/myosin networks at adhesive junctions [85]. It appears that without ZO-1/ZO-
2, leader cells at the wound edge fail to transduce mechanical force to follower cells
behind the wound. Therefore, it appears that cells must balance migratory efficiency
and barrier function and that efficient cell migration and antigen exclusion may be at
odds biophysically.

Increased shear strain at the tight junction is expected as cells jostle and migrate
along the crypt axis towards the surface. Remarkably, recent studies show that tight
junction proteins function in a mechanotransduction role that is nonredundant to adherens
junctions [86]. Changes in junction morphology take place when associations between
ZO-1 and claudins are altered. The degree of claudin/ZO-1/actin integration can lead
to differing morphologies at the cell junction. For example, non-linear tight junctions, or
ruffles, correlate with high claudin 2, high ZO-1 expression at the junctions, and decreased
barrier function [87,88]. Additionally, forces at the junction have been shown to stretch ZO-
1, thereby exposing a binding site for ZONAB/DbpA and stimulating actin polymerization
at junction sites in mammary epithelia Eph4 cells. In this model, DbpA sequestration at the
junction by ZO-1 during tension inhibits cell growth [89]. Importantly, reduced ZO-1 at
the membrane would not be expected to transfer these forces, leading to dysregulation of
ZONAB/DbpA, a regulator of cell proliferation [90]. It is plausible that claudins play a role
in this process by providing binding sites to ZO-1; however, this has not been tested.

Lastly, claudin-based tight junctions are challenged to maintain barrier function during
cytokinesis [91]. In Xenopus embryos, Higashi et al. showed a remarkable stability for
claudin 6 and ZO-1 during cytokinesis, supporting a membrane pinching model of cell
division that does not require new tight junction material at the cleavage site. The exception
here is the appearance of tricellulin at the final stages of cleavage. Importantly, tricellulin
expression is known to increase transepithelial antigen leak [92,93]. Remarkably, barrier
function is retained during this process, with the caveat that immunofluorescence-based
assessments of the barrier likely measure the unrestricted pathway and not leak or ion
pore pathways [8,91]. It would be interesting to determine if this remarkable tight junction
stability persists during inflammation, when the tissue experiences increased division
and migration. This is of particular interest given the known role of proinflammatory
cytokines as stimulators of claudin gene expression, tight junction dynamics, and actin
contractility [13,57,94].

7. Concluding Remarks

Chronic barrier disfunction presents a persistent challenge to host peripheral immune
tolerance systems by exposing host tissues to antigens or opportunistic pathogens. Anti-
gens present a constant stimulus to mucosal innate immune systems and risk aberrant
immune activation. Our discussions thus far concern the potential ramifications of claudin
gene family changes in IBD, and a core question remains: are these changes adaptive or
pathological? This review argues for a maladaptive claudin response in IBD patients based
on key observations: (1) Claudins are keystone tight junction proteins that regulate the
paracellular space and sequester the scaffolding, signaling, and actin structures respon-
sible for non-canonical functions such as cell growth and migration. (2) Claudin strand
self-assembly is deterministic, with a given claudin isoform pool competitively restricting
potential tight junction structure and barrier function. (3) Claudin changes in IBD induce
claudin switching, thereby changing junction dynamics. (4) Claudin isoforms differentially
support antigen exclusion, cell division, and/or migration. (5) Cell division and migration
challenge junctions to tune cell monolayer fluidity and manage shear stress with barrier
function (Figure 3A). (6) Inflammation-induced actin contractility at the junction regulates
barrier function.
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Figure 3. (A) A postulated increases in shear strain at claudin junctions from IBD-induced cell
division and collective cell migration. (B) Proposed conflicting roles of claudin 2 in IBD pathogenesis.
Increased antigen flux directly or secondarily produced by increased claudin 2.

The above studies largely support a model where the altered claudin expression seen
in IBD drives tight junction remodeling towards structures that are more conducive to cell
migration and division than antigen exclusion (Figure 3). Cell division requires extensive
actin contractility and strong tight junction associations support cell migration but not
robust barriers. It appears these cellular phenomena are likely working in opposition to
a restrictive leak pathway, which is a tissue-wide phenomena. The best supporting data
for this model are provided by studies of claudin 2, which supports cell proliferation and
migration at the cellular level yet exposes tissue-wide vulnerabilities through increased
antigen flux (Figure 3B). This may be due to claudin 2 expression directly or secondarily
through claudin-2-mediated cell migration/division. With this in mind, the conflicting data
for claudin 2 in mouse models of colitis may be resolved when considering the methods
of colitis induction. If an insult/antigen is acute (DSS, pathogen), high claudin 2 levels
are likely beneficial as this claudin supports wound repair; however, for chronic insults
(immune dysfunction), high claudin 2 is likely detrimental as antigen exposure would
increase (Figure 3B).

This conclusion follows from viewing claudin changes in IBD broadly, taking into
account canonical barrier and non-canonical roles in relation to both cellular and tissue
functions. This review is by no means exhaustive, and a similar analysis may fruitfully
take into consideration that claudins participate in processes not discussed here, such as
ion balance, cell shedding, and immune cell regulation [95]. However, limited data exist on
these topics that are linked to IBD pathogenesis.

Ideally, sufficient claudin complexity exists to serve as a failsafe, preventing excessive
antigen leak regardless of tissue requirements. However, this does not appear to be the case
for IBD patients. Moving forward, new IBD therapies that focus on improving the intestinal
barrier should consider the potential tradeoffs between barrier function and speedy wound
restitution based on the underlying causes of disease.

28



Int. J. Mol. Sci. 2023, 24, 8562

Funding: This research was funded by grants from the National Institutes of Health (NIH), National
Institute of General Medical Sciences (NIGMS), IDeA Networks of Biomedical Research Excellence
(INBRE), Award number: P20GM103466, and NIH NIDDK grant # 1R15DK127369-01A1.

Acknowledgments: The author would like to thank Andrei Ivanov and Michael Koval for helpful
comments. The content is solely the responsibility of the author and does not necessarily represent
the official views of the National Institutes of Health. Graphics Created with BioRender.com.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Kobayashi, T.; Siegmund, B.; Le Berre, C.; Wei, S.C.; Ferrante, M.; Shen, B.; Bernstein, C.N.; Danese, S.; Peyrin-Biroulet, L.; Hibi, T.

Ulcerative colitis. Nat. Rev. Dis. Primers 2020, 6, 74. [CrossRef] [PubMed]
2. Roda, G.; Chien Ng, S.; Kotze, P.G.; Argollo, M.; Panaccione, R.; Spinelli, A.; Kaser, A.; Peyrin-Biroulet, L.; Danese, S. Crohn’s

disease. Nat. Rev. Dis. Primers 2020, 6, 22. [CrossRef] [PubMed]
3. Leung, G.; Muise, A.M. Monogenic Intestinal Epithelium Defects and the Development of Inflammatory Bowel Disease. Physiology

2018, 33, 360–369. [CrossRef] [PubMed]
4. Villablanca, E.J.; Selin, K.; Hedin, C.R.H. Mechanisms of mucosal healing: Treating inflammatory bowel disease without

immunosuppression? Nat. Rev. Gastroenterol. Hepatol. 2022, 19, 493–507. [CrossRef]
5. Odenwald, M.A.; Turner, J.R. Intestinal permeability defects: Is it time to treat? Clin. Gastroenterol. Hepatol. 2013, 11, 1075–1083.

[CrossRef]
6. Weidinger, C.; Krug, S.M.; Voskens, C.; Moschen, A.R.; Atreya, I. Editorial: Loss of Epithelial Barrier Integrity in Inflammatory

Diseases: Cellular Mediators and Therapeutic Targets. Front. Med. 2021, 8, 813153. [CrossRef]
7. Williams, J.M.; Duckworth, C.A.; Watson, A.J.; Frey, M.R.; Miguel, J.C.; Burkitt, M.D.; Sutton, R.; Hughes, K.R.; Hall, L.J.;

Caamano, J.H.; et al. A mouse model of pathological small intestinal epithelial cell apoptosis and shedding induced by systemic
administration of lipopolysaccharide. Dis. Model. Mech. 2013, 6, 1388–1399. [CrossRef]

8. Chanez-Paredes, S.D.; Abtahi, S.; Kuo, W.T.; Turner, J.R. Differentiating Between Tight Junction-Dependent and Tight Junction-
Independent Intestinal Barrier Loss In Vivo. Methods Mol. Biol. 2021, 2367, 249–271. [CrossRef]

9. Van Itallie, C.M.; Anderson, J.M. Architecture of tight junctions and principles of molecular composition. Semin. Cell. Dev. Biol.
2014, 36, 157–165. [CrossRef]

10. Zhu, L.; Han, J.; Li, L.; Wang, Y.; Li, Y.; Zhang, S. Claudin Family Participates in the Pathogenesis of Inflammatory Bowel Diseases
and Colitis-Associated Colorectal Cancer. Front. Immunol. 2019, 10, 1441. [CrossRef]

11. Barkas, F.; Liberopoulos, E.; Kei, A.; Elisaf, M. Electrolyte and acid-base disorders in inflammatory bowel disease. Ann.
Gastroenterol. 2013, 26, 23–28.

12. Ahmad, R.; Chaturvedi, R.; Olivares-Villagomez, D.; Habib, T.; Asim, M.; Shivesh, P.; Polk, D.B.; Wilson, K.T.; Washington, M.K.;
Van Kaer, L.; et al. Targeted colonic claudin-2 expression renders resistance to epithelial injury, induces immune suppression, and
protects from colitis. Mucosal Immunol. 2014, 7, 1340–1353. [CrossRef]

13. Capaldo, C.T.; Nusrat, A. Claudin switching: Physiological plasticity of the Tight Junction. Semin. Cell. Dev. Biol. 2015, 42, 22–29.
[CrossRef]

14. Garcia-Hernandez, V.; Quiros, M.; Nusrat, A. Intestinal epithelial claudins: Expression and regulation in homeostasis and
inflammation. Ann. N. Y. Acad. Sci. 2017, 1397, 66–79. [CrossRef]

15. Serigado, J.M.; Foulke-Abel, J.; Hines, W.C.; Hanson, J.A.; In, J.; Kovbasnjuk, O. Ulcerative Colitis: Novel Epithelial Insights
Provided by Single Cell RNA Sequencing. Front. Med. 2022, 9, 868508. [CrossRef]

16. Ahmad, R.; Sorrell, M.F.; Batra, S.K.; Dhawan, P.; Singh, A.B. Gut permeability and mucosal inflammation: Bad, good or context
dependent. Mucosal Immunol. 2017, 10, 307–317. [CrossRef]

17. Barrett, K.E. Claudin-2 pore causes leak that breaches the dam in intestinal inflammation. J. Clin. Invest. 2020, 130, 5100–5101.
[CrossRef]

18. Capaldo, C.T.; Nusrat, A. Cytokine regulation of tight junctions. Biochim. Biophys. Acta 2009, 1788, 864–871. [CrossRef]
19. Schmitz, H.; Barmeyer, C.; Fromm, M.; Runkel, N.; Foss, H.D.; Bentzel, C.J.; Riecken, E.O.; Schulzke, J.D. Altered tight junction

structure contributes to the impaired epithelial barrier function in ulcerative colitis. Gastroenterology 1999, 116, 301–309. [CrossRef]
20. Zeissig, S.; Burgel, N.; Gunzel, D.; Richter, J.; Mankertz, J.; Wahnschaffe, U.; Kroesen, A.J.; Zeitz, M.; Fromm, M.; Schulzke, J.D.

Changes in expression and distribution of claudin 2, 5 and 8 lead to discontinuous tight junctions and barrier dysfunction in
active Crohn’s disease. Gut 2007, 56, 61–72. [CrossRef]

21. Rodriguez, P.; Heyman, M.; Candalh, C.; Blaton, M.A.; Bouchaud, C. Tumour necrosis factor-alpha induces morphological and
functional alterations of intestinal HT29 cl.19A cell monolayers. Cytokine 1995, 7, 441–448. [CrossRef] [PubMed]

22. Li, J. Context-Dependent Roles of Claudins in Tumorigenesis. Front. Oncol. 2021, 11, 676781. [CrossRef] [PubMed]
23. Seker, M.; Fernandez-Rodriguez, C.; Martinez-Cruz, L.A.; Muller, D. Mouse Models of Human Claudin-Associated Disorders:

Benefits and Limitations. Int. J. Mol. Sci. 2019, 20, 5504. [CrossRef] [PubMed]
24. Ding, L.; Lu, Z.; Foreman, O.; Tatum, R.; Lu, Q.; Renegar, R.; Cao, J.; Chen, Y.H. Inflammation and disruption of the mucosal

architecture in claudin-7-deficient mice. Gastroenterology 2012, 142, 305–315. [CrossRef] [PubMed]

29



Int. J. Mol. Sci. 2023, 24, 8562

25. Shen, L.; Weber, C.R.; Raleigh, D.R.; Yu, D.; Turner, J.R. Tight junction pore and leak pathways: A dynamic duo. Annu. Rev.
Physiol. 2011, 73, 283–309. [CrossRef]

26. Hempel, C.; Rosenthal, R.; Fromm, A.; Krug, S.M.; Fromm, M.; Gunzel, D.; Piontek, J. Tight junction channels claudin-10b and
claudin-15: Functional mapping of pore-lining residues. Ann. N. Y. Acad. Sci. 2022, 1515, 129–142. [CrossRef]

27. Gunzel, D.; Yu, A.S. Claudins and the modulation of tight junction permeability. Physiol. Rev. 2013, 93, 525–569. [CrossRef]
28. Mitchell, L.A.; Overgaard, C.E.; Ward, C.; Margulies, S.S.; Koval, M. Differential effects of claudin-3 and claudin-4 on alveolar

epithelial barrier function. Am. J. Physiol. Lung Cell. Mol. Physiol. 2011, 301, L40–L49. [CrossRef]
29. Liu, X.; Yang, G.; Geng, X.R.; Cao, Y.; Li, N.; Ma, L.; Chen, S.; Yang, P.C.; Liu, Z. Microbial products induce claudin-2 to

compromise gut epithelial barrier function. PLoS ONE 2013, 8, e68547. [CrossRef]
30. Tanaka, H.; Takechi, M.; Kiyonari, H.; Shioi, G.; Tamura, A.; Tsukita, S. Intestinal deletion of Claudin-7 enhances paracellular

organic solute flux and initiates colonic inflammation in mice. Gut 2015, 64, 1529–1538. [CrossRef]
31. Tsai, P.Y.; Zhang, B.; He, W.Q.; Zha, J.M.; Odenwald, M.A.; Singh, G.; Tamura, A.; Shen, L.; Sailer, A.; Yeruva, S.; et al. IL-22

Upregulates Epithelial Claudin-2 to Drive Diarrhea and Enteric Pathogen Clearance. Cell. Host Microbe 2017, 21, 671–681.e674.
[CrossRef]

32. Raju, P.; Shashikanth, N.; Tsai, P.Y.; Pongkorpsakol, P.; Chanez-Paredes, S.; Steinhagen, P.R.; Kuo, W.T.; Singh, G.; Tsukita, S.;
Turner, J.R. Inactivation of paracellular cation-selective claudin-2 channels attenuates immune-mediated experimental colitis in
mice. J. Clin. Invest. 2020, 130, 5197–5208. [CrossRef]

33. Furuse, M.; Fujita, K.; Hiiragi, T.; Fujimoto, K.; Tsukita, S. Claudin-1 and -2: Novel integral membrane proteins localizing at tight
junctions with no sequence similarity to occludin. J. Cell. Biol. 1998, 141, 1539–1550. [CrossRef]

34. Gunzel, D.; Fromm, M. Claudins and other tight junction proteins. Compr. Physiol. 2012, 2, 1819–1852. [CrossRef]
35. Morita, K.; Furuse, M.; Fujimoto, K.; Tsukita, S. Claudin multigene family encoding four-transmembrane domain protein

components of tight junction strands. Proc. Natl. Acad. Sci. USA 1999, 96, 511–516. [CrossRef]
36. Daugherty, B.L.; Ward, C.; Smith, T.; Ritzenthaler, J.D.; Koval, M. Regulation of heterotypic claudin compatibility. J. Biol. Chem.

2007, 282, 30005–30013. [CrossRef]
37. Colegio, O.R.; Van Itallie, C.; Rahner, C.; Anderson, J.M. Claudin extracellular domains determine paracellular charge selectivity

and resistance but not tight junction fibril architecture. Am. J. Physiol. Cell. Physiol. 2003, 284, C1346–C1354. [CrossRef]
38. Rosenthal, R.; Gunzel, D.; Krug, S.M.; Schulzke, J.D.; Fromm, M.; Yu, A.S. Claudin-2-mediated cation and water transport share a

common pore. Acta Physiol. 2017, 219, 521–536. [CrossRef]
39. Milatz, S.; Krug, S.M.; Rosenthal, R.; Gunzel, D.; Muller, D.; Schulzke, J.D.; Amasheh, S.; Fromm, M. Claudin-3 acts as a sealing

component of the tight junction for ions of either charge and uncharged solutes. Biochim. Biophys. Acta 2010, 1798, 2048–2057.
[CrossRef]

40. Zhao, J.; Krystofiak, E.S.; Ballesteros, A.; Cui, R.; Van Itallie, C.M.; Anderson, J.M.; Fenollar-Ferrer, C.; Kachar, B. Multiple
claudin-claudin cis interfaces are required for tight junction strand formation and inherent flexibility. Commun. Biol. 2018, 1, 50.
[CrossRef]

41. Suzuki, H.; Tani, K.; Tamura, A.; Tsukita, S.; Fujiyoshi, Y. Model for the architecture of claudin-based paracellular ion channels
through tight junctions. J. Mol. Biol. 2015, 427, 291–297. [CrossRef] [PubMed]

42. Itoh, M.; Furuse, M.; Morita, K.; Kubota, K.; Saitou, M.; Tsukita, S. Direct binding of three tight junction-associated MAGUKs,
ZO-1, ZO-2, and ZO-3, with the COOH termini of claudins. J. Cell. Biol. 1999, 147, 1351–1363. [CrossRef] [PubMed]

43. Lee, H.J.; Zheng, J.J. PDZ domains and their binding partners: Structure, specificity, and modification. Cell. Commun. Signal. 2010,
8, 8. [CrossRef] [PubMed]

44. Tang, V.W. Proteomic and bioinformatic analysis of epithelial tight junction reveals an unexpected cluster of synaptic molecules.
Biol. Direct 2006, 1, 37. [CrossRef]

45. Shashikanth, N.; France, M.M.; Xiao, R.; Haest, X.; Rizzo, H.E.; Yeste, J.; Reiner, J.; Turner, J.R. Tight junction channel regulation by
interclaudin interference. Nat. Commun. 2022, 13, 3780. [CrossRef]

46. Ye, Q.; Phan, T.; Hu, W.S.; Liu, X.; Fan, L.; Tan, W.S.; Zhao, L. Transcriptomic Characterization Reveals Attributes of High
Influenza Virus Productivity in MDCK Cells. Viruses 2021, 13, 2200. [CrossRef]

47. Amasheh, S.; Meiri, N.; Gitter, A.H.; Schoneberg, T.; Mankertz, J.; Schulzke, J.D.; Fromm, M. Claudin-2 expression induces
cation-selective channels in tight junctions of epithelial cells. J. Cell. Sci. 2002, 115, 4969–4976. [CrossRef]

48. Van Itallie, C.M.; Holmes, J.; Bridges, A.; Gookin, J.L.; Coccaro, M.R.; Proctor, W.; Colegio, O.R.; Anderson, J.M. The density of
small tight junction pores varies among cell types and is increased by expression of claudin-2. J. Cell. Sci. 2008, 121, 298–305.
[CrossRef]

49. Beumer, J.; Clevers, H. Cell fate specification and differentiation in the adult mammalian intestine. Nat. Rev. Mol. Cell. Biol. 2021,
22, 39–53. [CrossRef]

50. Dhawan, P.; Ahmad, R.; Chaturvedi, R.; Smith, J.J.; Midha, R.; Mittal, M.K.; Krishnan, M.; Chen, X.; Eschrich, S.; Yeatman, T.J.;
et al. Claudin-2 expression increases tumorigenicity of colon cancer cells: Role of epidermal growth factor receptor activation.
Oncogene 2011, 30, 3234–3247. [CrossRef]

51. Buchert, M.; Papin, M.; Bonnans, C.; Darido, C.; Raye, W.S.; Garambois, V.; Pelegrin, A.; Bourgaux, J.F.; Pannequin, J.; Joubert, D.;
et al. Symplekin promotes tumorigenicity by up-regulating claudin-2 expression. Proc. Natl. Acad. Sci. USA 2010, 107, 2628–2633.
[CrossRef]

30



Int. J. Mol. Sci. 2023, 24, 8562

52. Lima, W.R.; Parreira, K.S.; Devuyst, O.; Caplanusi, A.; N’Kuli, F.; Marien, B.; Van Der Smissen, P.; Alves, P.M.; Verroust, P.;
Christensen, E.I.; et al. ZONAB promotes proliferation and represses differentiation of proximal tubule epithelial cells. J. Am. Soc.
Nephrol. 2010, 21, 478–488. [CrossRef]

53. Tamura, A.; Hayashi, H.; Imasato, M.; Yamazaki, Y.; Hagiwara, A.; Wada, M.; Noda, T.; Watanabe, M.; Suzuki, Y.; Tsukita, S. Loss
of claudin-15, but not claudin-2, causes Na+ deficiency and glucose malabsorption in mouse small intestine. Gastroenterology
2011, 140, 913–923. [CrossRef]

54. Lechuga, S.; Braga-Neto, M.B.; Naydenov, N.G.; Rieder, F.; Ivanov, A.I. Understanding disruption of the gut barrier during
inflammation: Should we abandon traditional epithelial cell lines and switch to intestinal organoids? Front. Immunol. 2023, 14,
1108289. [CrossRef]

55. Ahmad, R.; Kumar, B.; Chen, Z.; Chen, X.; Muller, D.; Lele, S.M.; Washington, M.K.; Batra, S.K.; Dhawan, P.; Singh, A.B. Loss
of claudin-3 expression induces IL6/gp130/Stat3 signaling to promote colon cancer malignancy by hyperactivating Wnt/beta-
catenin signaling. Oncogene 2017, 36, 6592–6604. [CrossRef]

56. de Souza, W.F.; Fortunato-Miranda, N.; Robbs, B.K.; de Araujo, W.M.; de-Freitas-Junior, J.C.; Bastos, L.G.; Viola, J.P.; Morgado-
Diaz, J.A. Claudin-3 overexpression increases the malignant potential of colorectal cancer cells: Roles of ERK1/2 and PI3K-Akt as
modulators of EGFR signaling. PLoS ONE 2013, 8, e74994. [CrossRef]

57. Lechuga, S.; Ivanov, A.I. Disruption of the epithelial barrier during intestinal inflammation: Quest for new molecules and
mechanisms. Biochim. Biophys. Acta Mol. Cell. Res. 2017, 1864, 1183–1194. [CrossRef]

58. Venugopal, S.; Anwer, S.; Szaszi, K. Claudin-2: Roles beyond Permeability Functions. Int. J. Mol. Sci. 2019, 20, 5655. [CrossRef]
59. Geoffroy, M.; Kleinclauss, A.; Kuntz, S.; Grillier-Vuissoz, I. Claudin 1 inhibits cell migration and increases intercellular adhesion

in triple-negative breast cancer cell line. Mol. Biol. Rep. 2020, 47, 7643–7653. [CrossRef]
60. Kim, H.; Kim, S.H.; Hwang, D.; An, J.; Chung, H.S.; Yang, E.G.; Kim, S.Y. Extracellular pyruvate kinase M2 facilitates cell

migration by upregulating claudin-1 expression in colon cancer cells. Biochem. Cell. Biol. 2020, 98, 219–226. [CrossRef]
61. Sasaki, H.; Matsui, C.; Furuse, K.; Mimori-Kiyosue, Y.; Furuse, M.; Tsukita, S. Dynamic behavior of paired claudin strands within

apposing plasma membranes. Proc. Natl. Acad. Sci. USA 2003, 100, 3971–3976. [CrossRef] [PubMed]
62. Furuse, M.; Sasaki, H.; Fujimoto, K.; Tsukita, S. A single gene product, claudin-1 or -2, reconstitutes tight junction strands and

recruits occludin in fibroblasts. J. Cell. Biol. 1998, 143, 391–401. [CrossRef] [PubMed]
63. Otani, T.; Nguyen, T.P.; Tokuda, S.; Sugihara, K.; Sugawara, T.; Furuse, K.; Miura, T.; Ebnet, K.; Furuse, M. Claudins and JAM-A

coordinately regulate tight junction formation and epithelial polarity. J. Cell. Biol. 2019, 218, 3372–3396. [CrossRef] [PubMed]
64. Fujiwara, S.; Nguyen, T.P.; Furuse, K.; Fukazawa, Y.; Otani, T.; Furuse, M. Tight junction formation by a claudin mutant lacking

the COOH-terminal PDZ domain-binding motif. Ann. N. Y. Acad. Sci. 2022, 1516, 85–94. [CrossRef]
65. Gonschior, H.; Schmied, C.; Van der Veen, R.E.; Eichhorst, J.; Himmerkus, N.; Piontek, J.; Gunzel, D.; Bleich, M.; Furuse, M.;

Haucke, V.; et al. Nanoscale segregation of channel and barrier claudins enables paracellular ion flux. Nat. Commun. 2022, 13,
4985. [CrossRef]

66. Capaldo, C.T.; Farkas, A.E.; Hilgarth, R.S.; Krug, S.M.; Wolf, M.F.; Benedik, J.K.; Fromm, M.; Koval, M.; Parkos, C.; Nusrat, A.
Proinflammatory cytokine-induced tight junction remodeling through dynamic self-assembly of claudins. Mol. Biol. Cell. 2014,
25, 2710–2719. [CrossRef]

67. Kirschner, M.; Gerhart, J.; Mitchison, T. Molecular “vitalism”. Cell 2000, 100, 79–88. [CrossRef]
68. Twiss, F.; Oldenkamp, M.; Hiemstra, A.; Zhou, H.; Matheron, L.; Mohammed, S.; de Rooij, J. HGF signaling regulates Claudin-3

dynamics through its C-terminal tyrosine residues. Tissue Barriers 2013, 1, e27425. [CrossRef]
69. Yamazaki, Y.; Tokumasu, R.; Kimura, H.; Tsukita, S. Role of claudin species-specific dynamics in reconstitution and remodeling of

the zonula occludens. Mol. Biol. Cell. 2011, 22, 1495–1504. [CrossRef]
70. Shen, L.; Weber, C.R.; Turner, J.R. The tight junction protein complex undergoes rapid and continuous molecular remodeling at

steady state. J. Cell. Biol. 2008, 181, 683–695. [CrossRef]
71. Van Itallie, C.M.; Tietgens, A.J.; Anderson, J.M. Visualizing the dynamic coupling of claudin strands to the actin cytoskeleton

through ZO-1. Mol. Biol. Cell. 2017, 28, 524–534. [CrossRef]
72. Higashi, T.; Saito, A.C.; Fukazawa, Y.; Furuse, M.; Higashi, A.Y.; Ono, M.; Chiba, H. EpCAM proteolysis and release of complexed

claudin-7 repair and maintain the tight junction barrier. J. Cell. Biol. 2023, 222, e202204079. [CrossRef]
73. Fanning, A.S.; Van Itallie, C.M.; Anderson, J.M. Zonula occludens-1 and -2 regulate apical cell structure and the zonula adherens

cytoskeleton in polarized epithelia. Mol. Biol. Cell. 2012, 23, 577–590. [CrossRef]
74. Kalyoncu, S.; Keskin, O.; Gursoy, A. Interaction prediction and classification of PDZ domains. BMC Bioinform. 2010, 11, 357.

[CrossRef]
75. Nomme, J.; Antanasijevic, A.; Caffrey, M.; Van Itallie, C.M.; Anderson, J.M.; Fanning, A.S.; Lavie, A. Structural Basis of a

Key Factor Regulating the Affinity between the Zonula Occludens First PDZ Domain and Claudins. J. Biol. Chem. 2015, 290,
16595–16606. [CrossRef]

76. Darido, C.; Buchert, M.; Pannequin, J.; Bastide, P.; Zalzali, H.; Mantamadiotis, T.; Bourgaux, J.F.; Garambois, V.; Jay, P.; Blache, P.;
et al. Defective claudin-7 regulation by Tcf-4 and Sox-9 disrupts the polarity and increases the tumorigenicity of colorectal cancer
cells. Cancer Res. 2008, 68, 4258–4268. [CrossRef]

77. Takehara, M.; Nishimura, T.; Mima, S.; Hoshino, T.; Mizushima, T. Effect of claudin expression on paracellular permeability,
migration and invasion of colonic cancer cells. Biol. Pharm. Bull. 2009, 32, 825–831. [CrossRef]

31



Int. J. Mol. Sci. 2023, 24, 8562

78. Kim, D.H.; Lu, Q.; Chen, Y.H. Claudin-7 modulates cell-matrix adhesion that controls cell migration, invasion and attachment of
human HCC827 lung cancer cells. Oncol. Lett. 2019, 17, 2890–2896. [CrossRef]

79. Lei, N.; Cheng, Y.; Wan, J.; Blasig, R.; Li, A.; Bai, Y.; Haseloff, R.F.; Blasig, I.E.; Zhu, L.; Qin, Z. Claudin-3 inhibits tumor-induced
lymphangiogenesis via regulating the PI3K signaling pathway in lymphatic endothelial cells. Sci. Rep. 2022, 12, 17440. [CrossRef]

80. Krndija, D.; El Marjou, F.; Guirao, B.; Richon, S.; Leroy, O.; Bellaiche, Y.; Hannezo, E.; Matic Vignjevic, D. Active cell migration is
critical for steady-state epithelial turnover in the gut. Science 2019, 365, 705–710. [CrossRef]

81. Mayor, R.; Etienne-Manneville, S. The front and rear of collective cell migration. Nat. Rev. Mol. Cell. Biol. 2016, 17, 97–109.
[CrossRef] [PubMed]

82. Belardi, B.; Hamkins-Indik, T.; Harris, A.R.; Kim, J.; Xu, K.; Fletcher, D.A. A Weak Link with Actin Organizes Tight Junctions to
Control Epithelial Permeability. Dev. Cell. 2020, 54, 792–804.e797. [CrossRef] [PubMed]

83. Marchant, C.L.; Malmi-Kakkada, A.N.; Espina, J.A.; Barriga, E.H. Cell clusters softening triggers collective cell migration in vivo.
Nat. Mater. 2022, 21, 1314–1323. [CrossRef]

84. Baumholtz, A.I.; Simard, A.; Nikolopoulou, E.; Oosenbrug, M.; Collins, M.M.; Piontek, A.; Krause, G.; Piontek, J.; Greene, N.D.E.;
Ryan, A.K. Claudins are essential for cell shape changes and convergent extension movements during neural tube closure. Dev.
Biol. 2017, 428, 25–38. [CrossRef] [PubMed]

85. Skamrahl, M.; Pang, H.; Ferle, M.; Gottwald, J.; Rubeling, A.; Maraspini, R.; Honigmann, A.; Oswald, T.A.; Janshoff, A. Tight
Junction ZO Proteins Maintain Tissue Fluidity, Ensuring Efficient Collective Cell Migration. Adv. Sci. 2021, 8, e2100478. [CrossRef]

86. Angulo-Urarte, A.; van der Wal, T.; Huveneers, S. Cell-cell junctions as sensors and transducers of mechanical forces. Biochim.
Biophys. Acta Biomembr. 2020, 1862, 183316. [CrossRef]

87. Lynn, K.S.; Peterson, R.J.; Koval, M. Ruffles and spikes: Control of tight junction morphology and permeability by claudins.
Biochim. Biophys. Acta Biomembr. 2020, 1862, 183339. [CrossRef]

88. Tokuda, S.; Higashi, T.; Furuse, M. ZO-1 knockout by TALEN-mediated gene targeting in MDCK cells: Involvement of ZO-1 in
the regulation of cytoskeleton and cell shape. PLoS ONE 2014, 9, e104994. [CrossRef]

89. Spadaro, D.; Le, S.; Laroche, T.; Mean, I.; Jond, L.; Yan, J.; Citi, S. Tension-Dependent Stretching Activates ZO-1 to Control the
Junctional Localization of Its Interactors. Curr. Biol. 2017, 27, 3783–3795.e3788. [CrossRef]

90. Spadaro, D.; Tapia, R.; Jond, L.; Sudol, M.; Fanning, A.S.; Citi, S. ZO proteins redundantly regulate the transcription factor
DbpA/ZONAB. J. Biol. Chem. 2014, 289, 22500–22511. [CrossRef]

91. Higashi, T.; Arnold, T.R.; Stephenson, R.E.; Dinshaw, K.M.; Miller, A.L. Maintenance of the Epithelial Barrier and Remodeling of
Cell-Cell Junctions during Cytokinesis. Curr. Biol. 2016, 26, 1829–1842. [CrossRef]

92. Monaco, A.; Ovryn, B.; Axis, J.; Amsler, K. The Epithelial Cell Leak Pathway. Int. J. Mol. Sci. 2021, 22, 7677. [CrossRef]
93. Krug, S.M. Contribution of the tricellular tight junction to paracellular permeability in leaky and tight epithelia. Ann. N. Y. Acad.

Sci. 2017, 1397, 219–230. [CrossRef]
94. Lechuga, S.; Ivanov, A.I. Actin cytoskeleton dynamics during mucosal inflammation: A view from broken epithelial barriers.

Curr. Opin. Physiol. 2021, 19, 10–16. [CrossRef]
95. Kawai, Y.; Hamazaki, Y.; Fujita, H.; Fujita, A.; Sato, T.; Furuse, M.; Fujimoto, T.; Jetten, A.M.; Agata, Y.; Minato, N. Claudin-4

induction by E-protein activity in later stages of CD4/8 double-positive thymocytes to increase positive selection efficiency. Proc.
Natl. Acad. Sci. USA 2011, 108, 4075–4080. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

32



Citation: He, K.; Yan, X.; Wu, D.

Intestinal Behcet’s Disease: A Review

of the Immune Mechanism and

Present and Potential Biological

Agents. Int. J. Mol. Sci. 2023, 24, 8176.

https://doi.org/10.3390/

ijms24098176

Academic Editor: Susanne M. Krug

Received: 3 March 2023

Revised: 30 April 2023

Accepted: 1 May 2023

Published: 3 May 2023

Copyright: © 2023 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 (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Intestinal Behcet’s Disease: A Review of the Immune
Mechanism and Present and Potential Biological Agents
Kun He 1,†, Xiaxiao Yan 2,† and Dong Wu 1,3,*

1 Department of Gastroenterology, Peking Union Medical College Hospital,
Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing 100730, China

2 Eight-year Medical Doctor Program, Chinese Academy of Medical Sciences and Peking Union Medical
College, Beijing 100730, China

3 Clinical Epidemiology Unit, Peking Union Medical College Hospital, Chinese Academy of Medical Sciences
and Peking Union Medical College, Beijing 100730, China

* Correspondence: wudong@pumch.cn
† These authors contributed equally to this work.

Abstract: Behcet’s disease (BD) is a chronic and recurrent systemic vasculitis involving almost all
organs and tissues. Intestinal BD is defined as BD with predominant gastrointestinal involvement,
presenting severe complications such as massive gastrointestinal hemorrhage, perforation, and
obstruction in some cases. To some extent, intestinal BD is classified as a member of inflammatory
bowel disease (IBD), as it has a lot in common with classical IBD including Crohn’s disease (CD)
and ulcerative colitis (UC). Certainly, the underlying pathogenesis is not the same and dysregulation
of immune function is believed to be one of the main pathogeneses in intestinal BD, although the
etiology has not been clear up to now. Biological agents are an emerging category of pharmaceuticals
for various diseases, including inflammatory diseases and cancers, in recent decades. Based on the
deep understanding of the immune mechanism of intestinal BD, biological agents targeting potential
pathogenic cells, cytokines and pathways are optimized options. Recently, the adoption of biological
agents such as anti-tumor necrosis factor agents has allowed for the effective treatment of patients
with refractory intestinal BD who show poor response to conventional medications and are faced with
the risk of surgical treatment. In this review, we have tried to summarize the immune mechanism
and present potential biological agents of intestinal BD.

Keywords: intestinal Behcet’s disease; inflammatory bowel disease; immune mechanism; biological
agents

1. Introduction

Behcet’s disease (BD) is a chronic and recurrent systemic variant vasculitis that mainly
involves the skin, mucosa, joints, eyes, arteries and veins, nervous system and gastroin-
testinal organs [1,2]. Guan et al. in 2022 suggested that BD should be classified into eight
subtypes: mucocutaneous BD, ocular BD, intestinal BD, cardiac BD, vascular BD, nervous
BD, blood BD and articular BD [3]. Different subtypes present various disease courses,
treatment responses and prognoses, suggesting a clinical heterogeneity and potential di-
versity of pathogenesis [4,5]. BD with gastrointestinal involvement is termed intestinal
Behcet’s disease (intestinal BD). Intestinal BD can involve the entire gastrointestinal tract,
most commonly the ileocecal region. Clinical manifestations include abdominal pain, diar-
rhea, nausea, vomiting, gastrointestinal bleeding, and perforation. A colonoscopy reveals
ulcers and histopathology shows neutrophil infiltration in the vessel wall, perivascular and
intravascular areas [6]. Intestinal BD can cause serious complications and has high rates of
disability and mortality, showing poor outcomes and calling for active treatment [7]. The
incidence of gastrointestinal BD is about 3–60% and it shows regional differences, with
approximately 2.8–4.0% in Turkey, India and Saudi Arabia, 10% in China, 38–53% in Japan,
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and 50–60% in British [7]. According to a 30-year retrospective analysis in Japan, the clinical
cluster of gastrointestinal involvement shows an increasing trend [8]. The diagnosis of
intestinal BD mainly depends on clinical and endoscopic manifestations. It is worth noting
that the relationship between intestinal BD and classical inflammatory bowel disease (IBD)
including Crohn’s disease (CD) and ulcerative colitis (UC) is still disputed up to now [6].
Considering the similarity of genetic backgrounds, clinical manifestations, and therapeutic
strategies between intestinal BD and classical IBD (especially CD), some experts place these
two diseases in the same category or different spectrums of the same disease [9]. Certainly,
there are still independent characteristics between intestinal BD and CD by careful clinical
evaluation (Table 1), suggesting different underlying pathogenesis [10].

Table 1. The clinical characteristics of intestinal BD and CD.

Intestinal Behcet’s Disease Crohn’s Disease

Lesion distribution Common in ileocecal region, rare in rectum and
anus, short segment lesions

Common in ileocecal region, long segment
lesions, jumping distribution

Bowel morphology Not prone to stenosis Thickening and stenosis
Gastrointestinal
manifestations

Abdominal pain, diarrhea, hematochezia, with
or without abdominal mass sometimes

Abdominal pain, diarrhea, hematochezia,
abdominal mass, with or without perianal lesion

Extra-gastrointestinal
manifestations

Oral and vulval ulcers, folliculitis or acne-like
skin lesions, systemic manifestations (for

example, ocular, vascular, neurological and
articular symptoms)

Oral ulcers, nodular erythema, pyoderma,
arthritis and so on

Laboratory tests Positive in acupuncture test, HLA-B5 and ASCA Positive in ASCA

Endoscopic findings
Round or oval ulcers, volcano-like ulcers, single
or multiple ulcers ≤ 5, with definite boundary

and smooth mucosa around the ulcer

Discontinuous distribution of longitudinal ulcers,
paving stone-like pattern, aphthous ulcers

Pathologic findings Signs of vasculitis. Transmural inflammation, fissure-like ulcers,
non-caseous granuloma

BD: Behcet’s disease; CD: Crohn’s disease; HLA-B5: human leukocyte antigen-B5; ASCA: anti-saccharomyces
cerevisiae antibody.

However, the pathogenesis of BD, including intestinal BD, is not clear. The well-known
hypothesis reveals that the intricate interplay between environmental factors and genetic
susceptibility causes immune dysfunction, which is thought to be an inflammatory disorder
between autoimmune and autoinflammatory conditions [11]. The main conventional
medications for intestinal BD include 5-aminosalicylic acids (5-ASAs), corticosteroids,
and immunomodulators, although there are still several patients who are refractory to
conventional treatment. For intestinal BD, mucosal healing is associated with a decreased
risk of recurrence and surgery, and should be considered the outcome of monitoring disease
activity and targets of management [12]. In the past decade, the adoption of biological
agents in BD allowed for effective treatment of these refractory patients [5,13,14]. As
2018 European League Against Rheumatism (EULAR) recommendations suggested, for
severe and/or refractory intestinal BD patients, monoclonal anti-tumor necrosis factor
(TNF) antibodies should be considered [5]. A recent study reported that earlier and more
aggressive treatment may be beneficial to patients with BD who had the highest risk for a
severe disease course [15]. Based on the deep understanding of the immune mechanism of
intestinal BD, biological agents targeting potential pathogenic cells, cytokines and pathways
are optimized options [14,16]. In this review, we summarize the immune mechanism and
present and potential biological agents of intestinal BD, aiming to improve clinicians’
understanding.

2. Immunity Mechanism

Both innate immunity and adaptive immunity show abnormalities in the patho-
genesis of BD, which is activated by environmental factors in genetically predisposed
patients [17–19]. For intestinal BD, abnormal activation of innate and adaptive immunity
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contributes to recurrent intestinal inflammatory reactions and destruction of intestinal
vessels, the intestinal barrier and a series of injuries by inducing changes in the complex
cytokine network and pathways [20].

2.1. Immunogens

Immune reactions are significantly important in the pathogenesis of BD, and infections,
as one of various environmental factors, have been proven to be an important triggering
factor. Bacterial infections, such as Streptococcus sanguis and Helicobacter pylori, and viral
infections, including herpes simplex virus 1, Epstein–Barr virus, cytomegalovirus, and so
on, have been reported to be related to the etiology of BD [21]. Molecular mimicry between
microbes and autoantigens due to sequence homology rather than direct infection in the
development of BD is considered a possible mechanism [17,22]. For example, the sequence
homology between microbial and human heat-shock proteins, streptococcal cell wall M
proteins and tropomyosin was reported to be associated with autoimmune reactions in
BD [23–25].

In addition, as for intestinal BD, the location of lesions has direct contact with intestinal
flora, and there may be a close relationship between gastrointestinal involvement of BD
and the intestinal microbiome in theory. Several previous studies reported changes in
the intestinal flora in patients with BD. By comparing the fecal microflora of BD patients
with healthy controls, it was found that patients had significantly lower flora diversity
and decreased short-chain fatty acid content in the intestine, which could cause intestinal
epithelial barrier damage and imbalance in T-cell differentiation [26–28]. A Japanese study
found that the relatively high abundance of Bifidobacteria in the intestinal flora of BD patients
may trigger immune disorders by affecting intestinal pH [28]. A recent study has found
deviations in microbiota composition between BD patients with skin mucosa, ocular and
vascular involvement [29]. However, these studies did not separately analysis intestinal BD
patients; some even excluded intestinal BD patients. There has been a lack of studies on the
interaction between the development of intestinal BD and the imbalance of the intestinal
microbiome thus far, which is a gap needed to be filled urgently.

2.2. Cellular Immunity in Adaptive Immunity

In the adaptive immunity of BD, cellular immunity is considered to play an important
role, and T cells are the main lymphocytes, mainly Th1 cells, regulatory T cells (Tregs), and
Th17 cells [30,31]. Studies have found mixed Th1 and Th2 cytokines in BD patients with dif-
ferent organ involvement [32–34]. Imamura et al. found that intestinal BD lesions expressed
interferon (IFN)-γ, TNF-α, and interleukin (IL)-12, which were signature Th1 cytokines.
Th1-related CCR5 was detected in intestinal samples from BD, while Th2-related CCR3 and
CCR4 were mainly in inactive patients. This evidence of Th1 polarization indicated that
Th1-dominant immune response has a close association with the pathogenesis of intestinal
BD [35]. In addition, accumulating evidence has revealed that the expression levels of Th17
cells and related cytokines such as IL-17, IL-21, IL-22, and IL-23 are significantly higher in
active BD than in inactive BD and BD at the remission stage [36–38]. In intestinal BD, the
role of Th17 cells in the development of gastrointestinal involvement in BD is controversial.
Ferrante et al. reported that the expression levels of Th1-related cytokines, such as TNF-α,
IFN-γ, IL-12, and IL-27, were upregulated at the mRNA level in 11 patients with intestinal
BD compared with healthy controls, which could inhibit the differentiation of Th0 cells
into Th17 cells [30]. However, another study showed that partial CD4 clones isolated from
the intestinal mucosa of eight patients at the early stage of intestinal BD produced IFN-γ
and IL-17 (Th1/Th17 profile), suggesting that both Th1 and Th17 cells drive inflammation
leading to mucosal damage in the early stage of intestinal BD [31]. Considering the small
number of included patients, studies with a large sample size are required to explore the
roles of Th1 and Th17 cells in intestinal BD. Tregs are considered a sublineage of CD4+ T
cells and have a critical role in the regulation of immune tolerance and homeostasis by
expressing immunosuppressive cytokines such as IL-10, IL-35, and transforming growth
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factor (TGF)-β as well as other functional proteins such as transcription factor forkhead box
protein 3 (Foxp3) [39,40]. However, the expression levels of Tregs in BD are also inconsistent
based on previous studies [41,42]. In addition, other T cells, such as Th22 cells and related
cytokines, are also involved in the pathogenesis of BD. Th22 cells are CD4+ effector T cells
and mainly secrete IL-22 and TNF-α, with expression of chemokine receptors as CCR4,
CCR6, and CCR10. For example, the overexpression of Th22-related cytokines such as IL-22,
TNF-α and chemokine receptor CCR10 was detected in the ocular samples of patients with
active BD [43]. As well, the increased level of IL-22 also seemed to be associated with active
uveitis and the recurrence of ulcers in patients with BD [44].

2.3. Humoral Immunity in Adaptive Immunity

Although cellular immunity plays a critical role in the pathogenesis of BD, humoral
immunity also contributes to the immune reactions in the development of BD, as it takes
effect in other autoimmune diseases [45]. For example, Suzuki et al. reported that pa-
tients with active BD had an increase in B cells spontaneously secreting immunoglobulin
(IgG+IgA+IgM) and a decreased B-cell response to the T-cell-independent B-cell mitogen,
such as Staphylococcus aureus Cowan 1. T-cell-dependent polyclonal activator, pokeweed
mitogen. No response to the T-cell-dependent polyclonal activator as a pokeweed mitogen
was also found in these patients, suggesting that B-cell abnormalities may be involved in
the pathogenesis of BD [46]. Moreover, Eksioglu-Demiralp et al. found that compared with
healthy controls, there was a remarkable increase in subsets of B cells marked as CD13,
CD33, CD80, and CD45RO in patients with BD, although the total number of B cells marked
as CD19+ was normal [47].

2.4. Innate Immunity

Innate immune cells are mainly composed of neutrophils, mononuclear phagocytes,
dendritic cells, natural killer (NK) cells, γδ T cells, mast cells, and so on, of which abnormal
activation plays an important role in the pathogenesis of BD [48].

Neutrophils, which act as the first line of defense against pathogens, can cause bodily
injury and further the immune response, especially in patients with autoinflammatory
and autoimmune disorders [49]. Previous studies reported that hyperactive neutrophils
were associated with perivascular infiltration in lesion sites of patients with BD. Moreover,
by increasing chemotaxis, phagocytosis, and superoxide production, neutrophils could
contribute to high levels of proinflammatory cytokines such as IL-8, IL-12, TNF-α, INF-γ,
and vascular endothelial dysfunction [50–52]. It is noteworthy that neutrophils act as a key
factor in mediating thrombosis in BD [22,53].

NK cells are another important component of innate immunity, which regulates
other immune cells, such as T cells and dendritic cells, and defends against infected
cells and tumor cells by cytotoxicity and cytokine secretion, with IFN-γ as the hallmark
cytokine [54–56]. Accumulating evidence has reported that the number of NK cells in the
peripheral blood of patients with BD is less than that in healthy controls, suggesting that
NK cells play a protective role in BD [54,57].

γδ T cells are also involved in the regulation of the autoimmune response, of which
the number could increase from minority to majority of all circulating T cells in a short
time once infected [58]. Sutton et al. reported that γδ T cells activated by IL-1β and IL-23
could produce IL-17, IL-21 and IL-22 without T-cell receptor engagement and mediate
autoimmune inflammation in autoimmune diseases [59]. In patients with active BD,
Parlakgul et al. found functional changes in γδ T cells and decreased related cytokine
responses, although there was no increase in the number of γδ T cells [60].

For intestinal BD, Ahn et al. revealed that extracellular high-mobility group Box 1
(HMGB1) expression, which could activate the release of cytokines and mediate inflamma-
tion in innate immunity, was significantly increased in BD patients with gastrointestinal
involvement compared to BD patients without gastrointestinal involvement and healthy
controls [61]. Kirino et al. reported that Toll-like receptor 4 (TLR4), which mediates
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activation of the innate immune system, was upregulated with a reduction in the anti-
inflammatory enzyme heme oxygenase (HO)-1 in peripheral blood mononuclear cells in
patients with BD, suggesting the involvement of innate immunity in the pathogenesis of
BD [62].

3. Present and Potential Biological Agents

The key points of intestinal BD treatment focus on the suppression of inflammatory
exacerbations and the prevention of recurrences. As for intestinal BD, mucosal healing tends
to have a better prognosis after the remission of clinical symptoms and normalization of C-
reactive protein (CRP) [63]. Biological agents are an emerging category of pharmaceuticals
for various diseases, including inflammatory diseases and cancers, in recent decades. They
are defined by their derivation from biological sources, including monoclonal antibodies,
fusion receptor proteins, hormones, and cytokines [64,65]. Table 2 lists the immune-targeted
biological agents and possible applicable subtypes in BD according to current studies. And
based on the immune mechanism of BD, including intestinal BD, biological agents are
promising choices for the achievement of intestinal BD treatment targets. We list present and
potential biological agents in intestinal BD as well as related targets, including pathogenic
cells, cytokines, and pathways.

Table 2. Immune-targeted biological agents and possible applicable subtypes in BD.

Biological Agents Immune-Related Targets Structure Possible Applicable Subtypes in BD

Infliximab,
adalimumab

TNF-α
Monoclonal antibodies

against TNF-α
All subtypes of BD * [5]

Golimumab Intestinal BD [66]; BD with ocular and neurological
involvement [67–70]

Etanercept Soluble receptors against
TNF-α

Intestinal BD [71]; BD with mucocutaneous and articular
involvement * [5]

IFN-α Not clear Recombinant human
IFN-α-2a

Intestinal BD [72–74]; BD with mucocutaneous, articular,
ocular, and vascular involvement * [5]

Anakinra
IL-1

Recombinant human IL-1
receptor antagonist Intestinal BD [75,76]; BD with mucocutaneous * and ocular

involvement [77–79]Canakinumab Anti-IL-1β humanized
monoclonal antibodiesGevokizumab Controversial in intestinal BD [80,81]; BD with ocular

involvement [80,82]

Tocilizumab IL-6 Human IL-6 receptor
monoclonal antibody

Controversial in intestinal BD; BD with ocular,
neurological, and vascular involvement [83–85]

Secukinumab IL-17 Human IL-17A
monoclonal antibody

Unclear in intestinal BD; BD with mucocutaneous and
articular involvement

[86–88]

Ustekinumab IL-12/IL-23 Human IL-12/IL-23p40
monoclonal antibody

Unclear in intestinal BD but effective in CD [89,90]; BD
with mucocutaneous and ocular involvement [91–93]

Baricitinib JAK1/JAK2 JAK1/JAK2 inhibitor;
small molecule drug Intestinal BD [94]

Apremilast Phosphodiesterase 4
Phosphodiesterase 4

inhibitor; small molecule
drug

Intestinal BD [95]; BD with mucocutaneous [95,96]

Rituximab CD20

Chimeric mouse/human
monoclonal antibody

against CD20 antigen on
the B lymphocyte

Unclear in intestinal BD; BD with mucocutaneous, articular,
neurological, and ocular involvement [97,98]

Abatacept B7
Selective T-cell

costimulation modulator
and a protein drug

Unclear in intestinal BD; BD with mucocutaneous and
ocular involvement [99]

Alemtuzumab CD52 Humanized monoclonal
antibody against CD52

Unclear in intestinal BD; BD with ocular, vascular, and
neurological involvement [100,101]

Vedolizumab α4β7 integrin
Humanized anti-α4β7
integrin monoclonal

antibody
Intestinal BD [102]

BD: Behcet’s disease; *: Recommendation from international guidelines; IL: interleukin; CD: Crohn’s disease;
JAK: Janus kinase.
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3.1. Anti-TNF-α Agents

TNF-α is an important proinflammatory cytokine in both innate immunity and adap-
tive immunity in BD patients with significantly elevated serum concentrations and medi-
ating mucosal damage [103]. TNF-α antagonists can be classified into two groups based
on different mechanisms of action: a. monoclonal antibodies such as infliximab, adali-
mumab, and golimumab. b. soluble receptors such as etanercept. Anti-TNF-α agents such
as infliximab and adalimumab have been proven to be rapidly effective in inducing and
maintaining remission of intestinal BD and are recommended by various international
guidelines of intestinal BD as the only definitely effective biological agent [16,104,105].
Tanida et al. conducted a study at 12 sites in Japan in patients with intestinal BD (n = 20)
who were refractory to corticosteroid and/or immunomodulator therapies. The results
showed that most patients achieved improvement in global gastrointestinal symptoms
and endoscopic scores at weeks 24 and 52, with complete remission in 20% of patients at
weeks 24 and 52. No new safety signals were observed and no death occurred. Four of six
patients experienced an infection after the dose escalated [106]. Another prospective study
conducted by Zou et al. in patients with moderate-to-severe active intestinal BD (n = 27)
revealed that 84.6%, 70%, and 70% of patients achieved clinical responses at weeks 14, 30,
and 52 after infliximab treatment, respectively, with proportions of clinical remission of
69.2%, 40%, and 55%. Infliximab therapy was generally well tolerated in all patients, and
five patients (18.5%) developed infectious adverse events [107]. Recently, Zhang et al. per-
formed a systemic and meta-analysis including 13 studies on the application of anti-TNF-α
agents in patients (n = 739) with intestinal BD, suggesting that anti-TNF agents, including
infliximab and adalimumab, were an efficient therapy for intestinal BD. The pooled clinical
remission rate at Months 3, 6, 12, and 24 were 0.61 (95%CI 0.48–0.78), 0.51 (95%CI 0.40–0.66),
0.57 (95%CI 0.48–0.67), and 0.38 (95%CI 0.16–0.88), respectively. The pooled mucosal heal-
ing rate at Months 3, 6, 12, and 24 were 0.66 (95%CI 0.50–0.86), 0.82 (95%CI 0.48–0.98),
0.65 (95%CI 0.51–0.81), and 0.69 (95%CI 0.39–1.00), respectively. The pooled estimate of
the proportion of overall adverse reactions for infliximab was 0.22 (95%CI 7–69%). The
majority was acute or delayed infusion reaction or infection. The pooled proportions of
infusion reactions and infection were respectively 12% (95%CI 5–29%) and 21% (95%CI
6–80%) related to infliximab [108].

3.2. IFN-α

IFN-α has antiviral and antitumor functions as well as involvement in the regulation
of the cytokine network and innate and adaptive immunity [109]. Because of the hypothesis
of viral pathogenesis, treatment with IFNs has been suggested [73]. Data reporting the
efficacy of IFN-α in BD patients can be traced back to 1986 [110]. Accumulating evidence
has proven its positive role in BD, especially with ocular involvement [111–120]. IFNα

may prompt the reperfusion of occluded vessels, resulting in complete remission of ocular
vasculitis [121]. The EULAR updated the recommendations for BD in 2018 and recom-
mended the application of IFN-α in BD patients with mucocutaneous, articular, ocular,
and vascular involvement [5]. However, there is a lack of data about the efficacy of IFN-α
in intestinal BD, except for a few case reports. Monastirli et al. reported a 40-year-old
woman with BD under severe conditions with acute myelitis and intestinal involvement
who achieved a nearly complete remission at week 10 after treatment with IFN-α and
conventional medications. In this case report, complete remission of intestinal ulcers was
observed after a 9-day combined application of IFN-α with corticosteroids followed by
a 4-week IFN-a monotherapy [72]. Another two case reports showed that patients with
ocular and gastrointestinal involvement at the same time experienced the disappearance
of peptic ulcers after treatment with IFN-α-targeting ophthalmitis [73,74]. Based on these
limited experiences, potential side effects mainly include flu-like syndrome (such as fever
and arthralgia) and transient leukopenia. Further large-sample studies are required to
validate the efficacy and safety of IFN-α treatment in intestinal BD.
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3.3. IL-1 Antagonist

Previous studies have revealed that IL-1 acts as an important proinflammatory cy-
tokine in the development of inflammatory diseases by inducing an acute phase response,
activating endothelial cells, and expressing cell adhesion molecules and coagulation fac-
tors [122]. Elevated IL-1 levels have been found in BD since 1990 and have been confirmed
in subsequent studies, laying a theoretical foundation for the use of an IL-1 antagonist as a
therapeutic agent in BD [123,124]. IL-1 antagonists inhibit local inflammatory effects of IL-1,
mainly including IL-1 receptor antagonists such as anakinra (ANA) and anti-IL-1β human-
ized monoclonal antibodies such as canakinumab (CAN) and gevokizumab (GEV). The
efficacy of ANA and CAN in patients with BD was mainly reported in retrospective case
series, which were not specific to intestinal BD [77–79]. Cantarini et al. conducted a study in
BD patients (n = 9) with multiorgan involvement who were refractory to anti-TNF-α agents
and standardized therapies. A total of 33.3% of patients had gastrointestinal involvement.
Within 1 or 2 weeks after treatment with ANA, eight out of nine patients received a prompt
response, while most patients experienced a relapse over time for an unknown reason.
With regard to anakinra safety, three of nine BD patients suffered a mild itchy skin rash at
the sites of anakinra injection. No serious adverse events occurred in all nine patients [75].
Another study conducted by Vitale et al. found that three adult patients with BD who
were refractory to conventional medications all achieved prompt and sustained clinical
remission after treatment with CAN, of whom two had gastrointestinal involvement [76].
GEV did not obtain a significantly positive result in a phase 3 trial, although a rapid clinical
response and inflammation control were observed in BD patients refractory to conventional
treatments in a phase 2 trial [80,81]. Certainly, future large-sample studies are needed.

3.4. IL-6 Antagonist

IL-6 is another important proinflammatory cytokine in the innate immunity of BD
that is usually produced by NK cells and γδ T cells [125,126]. IL-6 usually increases TH2
differentiation and inhibits TH1 differentiation. Under inflammatory conditions, IL-6,
accompanied by IL-1β and IL-21, plays a key role in the relationship between Treg and
Th17 cells by inducing the differentiation of naive T cells into Th17 cells and promoting
the expansion of differentiated Th17 cells [126–128]. Both Th1/Th2 and Th1/Th17 profiles
have been discussed in the pathogenesis of BD, providing support for the use of IL-6
antagonists. Tocilizumab is a humanized monoclonal antibody that can block IL-6-mediated
proinflammatory reactions by specific binding of the IL-6 receptor [129]. Accumulating
evidence based on small-scale studies revealed that tocilizumab was effective for refractory
ocular, neurological and vascular BD, while it did not play a positive role in BD patients
with gastrointestinal, mucocutaneous, and articular involvement [83,84,130]. In contrast,
there is one case report presenting a positive effect of tocilizumab on intestinal BD. Chen
et al. reported in 2016 that a young female patient with intestinal BD was refractory to
multiple conventional medications with limited application of anti-TNF-α agents due to
side effects. Therefore, tocilizumab was considered a therapeutic option. Symptoms and
endoscopic images of this patient improved during nine months of administration and
no adverse events were reported [85]. Undoubtedly, further studies are required for a
definite conclusion.

3.5. IL-17 Antagonist

As mentioned in the Immunity mechanism section in our review, IL-17 also plays
a proinflammatory role in the pathogenesis of BD. Previous studies revealed that serum
IL-17 concentration and TH17 cells and the number of Th17 cells were higher in active BD
than in inactive BD, which also showed a positive relationship with other inflammatory
markers, such as erythrocyte sedimentation rate (ESR) and CRP [38,131]. Secukinumab,
which has been approved for the treatment of psoriatic arthritis and ankylosing spondylitis,
is a human IL-17A-binding monoclonal antibody [132]. However, its role in intestinal BD
is controversial and needs further investigation. Di Scala G et al. conducted a study in
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five BD patients with mucocutaneous and joint involvement who were refractory to at
least one anti-TNF-α agent. The results revealed that all patients could achieve complete
response after treatment with secukinumab at a dose of 300 mg/month. The treatment
was well tolerated and no significant drug reaction was observed. Only mild infections of
the urinary tract were recorded in two patients [86]. Fagni et al. conducted a multicenter
retrospective study of BD patients (n = 15) with mucosal and articular subphenotypes
who were refractory to conventional medications and at least one anti-TNF-α agent. After
treatment with secukinumab, the proportion of patients achieving a response (complete
or partial) increased with follow-up time: 66.7% at 3 months, 86.7% at 6 months, 76.9% at
12 months, 90.0% at 18 months and 100.0% after 24 months. No serious or dose-related
adverse effects were observed [87]. In contrast, in a randomized, controlled clinical trial of
118 patients with Behçet’s uveitis, there were no statistically significant differences in the
primary outcome of uveitis recurrence between the secukinumab treatment groups and
placebo groups, although treatment with secukinumab may reduce the use of concomitant
immunosuppressive medication based on the secondary outcome of the randomized con-
trolled trial (RCT). Greater percentages of patients in the secukinumab treatment groups
experienced ocular or nonocular adverse events compared with the placebo group [88].
Barrado-Solís et al. also reported that BD developed in two patients with psoriasis a few
weeks after receiving secukinumab treatment [133]. Although no related studies have
been conducted in intestinal BD thus far, it is worth noting that in a high-quality RCT of
59 patients with moderate to severe CD, treatment with secukinumab has been proven to
be ineffective and to have higher rates of adverse events than placebo. Drug-related serious
adverse events, including worsening of CD, pilonidal cyst, and ileostomy, occurred in six
patients receiving secukinumab. Twenty infections were seen on secukinumab while none
on placebo [134]. Considering that intestinal BD is similar to CD in its clinical symptoms,
imaging findings and endoscopic characteristics, exploration of secukinumab treatment in
intestinal BD should be more rigorous and careful.

3.6. IL-12/IL-23 Antagonist

IL-12 and IL-23, which both belong to the IL-12 cytokine family, share the same
p40 subunit [135,136]. The former has a significant role in differentiating naive T cells
into Th1 cells, and the latter is indispensable for the differentiation of Th17 cells [137].
Previous studies have shown that IL-12 and IL-23 are involved in the immune mechanism
of BD [138,139]. Genome Wide Association Studies (GWAS) have reported that IL12R-
IL23RB2 region is associated with BD, suggesting the role of IL12 and IL23 receptors in the
disease onset [140]. Ustekinumab, a fully humanized monoclonal antibody targeting the
p40 subunit of IL-12 and IL-23, has been reported to be effective in BD, although there are
no related studies in intestinal BD [91–93]. In addition, ustekinumab has been proven to be
effective in treating active CD. The rates of adverse events were similar in ustekinumab
and placebo group, mainly including infections, arthralgia, headache, and nausea [89,90].
In summary, considering the similarity between CD and intestinal BD, ustekinumab may
be a potential biological agent in intestinal BD.

3.7. Small Molecule Targeted Agents

Small molecule targeted agents are chemically synthesized but have high selectivity
and efficacy similar to those of typical biological agents, which were considered special
biological agents in a broad sense. Among them, baricitinib as an oral Janus kinase (JAK)-
inhibitors (JAKi) and apremilast as an oral phosphodiesterase 4 inhibitor, were reported
in case series to be potential drugs in the treatment of intestinal BD [94,95]. Baricitinib, a
new class of targeted synthetic DMARDs (tsDMARDs), interferes with signal transduction
pathways of a variety of cytokines. It can suppress the differentiation of plasmablasts,
Th1 and Th17 cells, as well as innate immunity, showing potential in immune-related
diseases [141]. Thirteen intestinal BD patients received baricitinib 2–4 mg daily, with
background glucocorticoids and immunosuppressants. 76.92% (10/13) patients achieved
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complete remission of global gastrointestinal symptom scores, and 66.7% (6/9) had mucosal
healing on endoscopy. The disease activity index for intestinal Behçet’s disease (DAIBD)
and CRP level decreased significantly [94]. Certainly, future large-sample studies are
required to confirm the potential of these biological agents.

3.8. Other Biological Agents

In addition to the drugs mentioned above, there are other biological agents with
potential applications in intestinal BD as well. Considering the lack of related studies in
intestinal BD, our review plan is to perform a preliminary overview of these drugs: a.
Rituximab, a chimeric mouse/human monoclonal antibody, could cause B-cell lysis by
specifically binding CD20 antigen on the B lymphocyte. Previous studies have shown
that it may have positive effects on BD with mucocutaneous, articular, neurological, and
ocular subphenotypes. According to the pilot RCT study, in the rituximab group, two
of ten patients had conjunctivitis during the first infusion, one patient had pneumonia
4 months after the infusion and one patient had herpes zoster 4 months after the infu-
sion. The remaining side effects were infusion-related, all during the first infusion [97,98].
b. Abatacept, a soluble fusion protein consisting of the extracellular domain of human
cytotoxic T-lymphocyte-associated protein 4 (CTLA4), is a selective T-cell costimulation
modulator and a protein drug for autoimmune diseases [142]. A case report published
by Maciel suggested that abatacept may be effective for refractory ocular and mucocuta-
neous BD [99]. c. Alemtuzumab, a humanized monoclonal antibody against CD52, is a
glycoprotein expressed on the surface of most lymphocytes and in myeloid cells to a lesser
extent. Therefore, it could induce deep depletion of lymphocytes and then restore T cells
and B cells with a regulatory phenotype [143]. Previous studies revealed that alemtuzumab
may provide an alternative treatment strategy for refractory BD with ocular, vascular, and
neurological involvement [100,101,144]. d. Vedolizumab, a humanized anti-α4β7 integrin
monoclonal antibody, can modulate gut lymphocyte trafficking. It has been approved for
both induction and maintenance treatment of inflammatory bowel diseases (IBD) such as
CD and ulcerative colitis. Its gastrointestinal-specific interaction reduces the side effects
associated with systemic immunosuppression [90]. Up to now, there has been only one case
report of a patient with intestinal BD suggesting its efficacy as a valid option for treatment.
This 49-year-old female was unsuccessfully treated with conventional immunosuppressive
and several biological agents and received vedolizumab at 0, 2, and 6 weeks and then every
4 weeks. After the second dose of vedolizumab, a marked improvement of intestinal BD
was achieved and clinical remission was achieved at 6 months without side effects [102].

4. Conclusions

Intestinal BD has been classified into IBD to some extent, of which typical members
are UC and CD, considering the similarity of genetic backgrounds, clinical manifestations,
and therapeutic strategies. As well, there is no doubt that progress in our understanding of
the pathogenesis of intestinal BD as well as the other members of IBD will pave the way
for seeking effective approaches. Based on the immunological perspective, we have come
to know that immune cells, related cytokines, and specific autoantibodies play important
roles in the pathogenesis of intestinal BD, although the etiology remains unclear. Biological
agents targeting potential pathogenic cells, cytokines, and pathways are optimized options
in the treatment of intestinal BD. Some of them have been considered to be definitely
effective in intestinal BD and are widely used in clinical practice, such as anti-TNF-α agents,
while others require further well-designed multi-center RCT or other study designs that
would provide high-quality evidence to confirm their efficacy. Detailed issues accompanied
by the wide use of biological agents in the near future, such as adjustment of dosage form
or dosage for an invalid biological agent, transition to other biological agents, combination
of different kinds of drugs and prevention of adverse effects, call for in-depth thinking and
further extensive studies. Certainly, drugs related to immune mechanisms in preclinical
stages also deserve attention. Furthermore, considering that intestinal BD is a specific and
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less common phenotype of BD, separate studies focused on intestinal involvement and
comparisons of different phenotypes will become the trend of future research, especially
from the perspective of pathogenesis. These will provide more precise explanations of
mechanisms and more individualized treatment strategies for different organ involvement.
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Abstract: Hypoxia-inducible factor-1α (HIF-1α), a central player in maintaining gut-microbiota home-
ostasis, plays a pivotal role in inducing adaptive mechanisms to hypoxia and is negatively regulated
by prolyl hydroxylase 2 (PHD2). HIF-1α is stabilized through PI3K/AKT signaling regardless of
oxygen levels. Considering the crucial role of the HIF pathway in intestinal mucosal physiology and
its relationships with gut microbiota, this study aimed to evaluate the ability of the lysate from the
multi-strain probiotic formulation SLAB51 to affect the HIF pathway in a model of in vitro human
intestinal epithelium (intestinal epithelial cells, IECs) and to protect from lipopolysaccharide (LPS)
challenge. The exposure of IECs to SLAB51 lysate under normoxic conditions led to a dose-dependent
increase in HIF-1α protein levels, which was associated with higher glycolytic metabolism and L-
lactate production. Probiotic lysate significantly reduced PHD2 levels and HIF-1α hydroxylation,
thus leading to HIF-1α stabilization. The ability of SLAB51 lysate to increase HIF-1α levels was also
associated with the activation of the PI3K/AKT pathway and with the inhibition of NF-κB, nitric
oxide synthase 2 (NOS2), and IL-1β increase elicited by LPS treatment. Our results suggest that the
probiotic treatment, by stabilizing HIF-1α, can protect from an LPS-induced inflammatory response
through a mechanism involving PI3K/AKT signaling.

Keywords: HIF-1α; PHD2; AKT; intestinal epithelial cells; probiotics; LPS

1. Introduction

The hypoxia-inducible factor (HIF) pathway is a central and ubiquitous cellular mech-
anism promoting and coordinating the transcriptional response to low-oxygen (O2) envi-
ronments [1]. In the intestine, several HIF target genes are involved in the maintenance
of the mucosal barrier, including genes critical for microbial defense, xenobiotic clear-
ance, mucin production, and cellular energetics [2]. HIFs are heterodimers consisting
of a hypoxia-inducible α-subunit (HIF-1α, HIF-2α, and HIF-3α) and β-subunit (aryl hy-
drocarbon receptor nuclear translocator (ARNT)/HIF-1β and ARNT2) [3]. In normoxic
conditions, HIF-α subunits are continuously synthesized while proteasomal pathways
rapidly degrade them, limiting their circulating levels within cells [4]. Two prolyl residues
in the O2-dependent degradation domain of HIF-α subunits are hydroxylated by the HIF
prolyl 4-hydroxylases family (PHDs), primarily by PHD2 contributing to ubiquitination
mediated by the von Hippel–Lindau (VHL) ubiquitin ligase [5,6]. Under hypoxia, when
the cellular demand for O2 exceeds its supply, HIF-α subunits are stabilized following
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the loss of activity of PHDs due to the low availability of O2, one of their substrates. The
subsequent translocation of the HIF-α subunit into the nucleus, where it dimerizes with
HIF-1β, permits it to function as a transcription factor by binding to hypoxia-response
elements of its target genes and leading to their expression [5,7].

The stabilization of HIF-1α associated with low O2 availability stimulates adaptive
mechanisms to hypoxia, including enhancing anaerobic ATP generation through glycol-
ysis [1]. Upregulated HIF-1α expression and increased glycolysis are dependent on the
PI3K/AKT (protein kinase B) signaling, a pathway playing a central role in regulating en-
ergy metabolism. In particular, activated PI3K/AKT upregulates HIF-1α transcription and
translation, stabilizing and trans-activating HIF-1α regardless of O2 levels [8,9]. In animal
models, both genetic and pharmacologic stabilization of HIFs is disease protective. At the
same time, the loss of these factors could lead to detrimental effects such as an increased
susceptibility to colitis associated with diminished levels of epithelial HIF-1α [10–14].

Hypoxia mimetic agents able to increase HIF-1α expression have been hypothesized as
potentially able to exert a positive effect in pathological contexts [15,16], such as gut inflam-
mation, whereby the HIF pathway is induced by pharmacologic PHD inhibitors (PHI) [5,17].
PHI such as dimethyloxalylglycine (DMOG), FG-4497, AKB-4924, TRC160334, or CG-598
have been reported to exert protective effects in experimental murine colitis [12,13,18–20].
Recently, the effect of PHI on improving colonic anastomotic healing in a mouse model has
been described [21].

Lipopolysaccharide (LPS) plays an important pathogenic role in intestinal inflamma-
tion: through the interaction with Toll-like receptors 4 (TLR4) it can activate the NF-κB
pathways [22] that represent master regulators of inflammatory gene expression [23]. The
increase in intestinal permeability associated with intestinal inflammation leads to the
translocation of LPS into the blood circulation, triggering the release of pro-inflammatory
cytokines such as tumor necrosis factor-α (TNF-α), IL-1β, or IL-6 [23]. These cytokines
contribute to amplifying the activation of NF-κB signaling pathways in epithelial cells,
decreasing the expression of tight junction (TJ) proteins, such as ZO-1 and occludin, and
further increasing intestinal permeability [24]. NF-κB activation has been shown to stabilize
HIF-1α in hypoxia and in inflammation. On the other hand, HIF-1α has been shown to
repress NF-κB in vivo and in vitro under inflammatory conditions. It seems, therefore, that
HIF-1α acts through negative feedback to NF-κB to reduce the host inflammatory response
by restricting NF-κB-dependent gene expression [25,26].

The activation of NF-κB is also known to induce the expression of nitric oxide synthase
2 (NOS2), which is responsible for the increased NO production at the site of inflamma-
tion [27]. In the intestinal epithelium, the upregulation of NOS2 and the consequent chronic
release of NO at high concentrations have been associated with the pathogenesis of in-
flammatory bowel disease (IBD) [28], mainly through the generation of peroxynitrite [29].
Moreover, NO can regulate HIF-1α accumulation, HIF-1 activity, and HIF-1-dependent tar-
get gene expression. However, studies addressing the regulation of HIF-1 by NO revealed
a complex and paradoxical picture. It appears that short-term exposure to NO stabilizes
HIF-1α, while chronic exposure to NO destabilizes HIF-1α. Several mechanisms were
found to contribute to this variable role of NO in regulating HIF-1. It has been shown that
NO regulates HIF-1 by modulating the activity of the O2-sensor enzymes, PHDs, and factor
inhibiting HIF-1 (FIH-1) [30].

SLAB51 is a probiotic mixture consisting of Streptococcus thermophilus (DSM 32245),
B. lactis (DSM 32246), B. lactis (DSM 32247), L. acidophilus (DSM 32241), L. helveticus
(DSM 32242), L. paracasei (DSM 32243), L. plantarum (DSM 32244), and L. brevis (DSM
27961), previously studied both in vitro and in vivo, in animal models and patients, on
hypoxia-related conditions [31–36]. Bacterial species present within this multi-strain probi-
otic formulation constitute common inhabitants of the human gut, mostly ingested with
food, especially dairy products [37,38]. Consolidated knowledge shows that within the
human gut, microorganisms are variably distributed with respect to quantity and types
along the different gut districts. Environmental pH and available trophic sources represent
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the main factors driving such peculiar distribution, while age, geographical origin of the
host, and lifestyle impact the global quantity of the different bacterial species in the gut
microbiota [39,40]. Species of lactobacilli, streptococci, and bifidobacteria, present in the for-
mulation used in our study, are mainly harbored in the most proximal parts of the gut such
as the duodenum, jejunum, and ileum where a more limited bacterial load normally exists.

Several studies have registered beneficial effects of the multi-strain probiotic formu-
lation, SLAB51, on humans and animal models; in particular, this probiotic proved to be
protective in neurodegenerative disorders by promoting antioxidant and neuroprotective
effects [31,41–43]. Moreover, it was able to keep the gut integrity, preserving its functional-
ity in a mouse model of chemotherapy-induced peripheral neuropathy [44]. A recent study
reported that SLAB51 alleviated the respiratory conditions in subjects with SARS-CoV-2
infections concluding that the probiotic was able to increase oxygen supply to other or-
gans [33]. Of note, evaluating the neuroprotective effects of SLAB51 oral supplementation
on neuroinflammation in Alzheimer’s disease (AD), a recent study showed its ability to
induce HIF-1α stabilization and to reduce the PHD2 expression, along with inhibition of
NOS2 expression and activity in the brain of an AD animal model [31].

Considering the crucial role of the HIF pathway in intestinal mucosal pathophysi-
ology, we aimed to evaluate the ability of the SLAB51 probiotic lysate to influence the
HIF-1α pathway and counteract the inflammatory stimulus of LPS in a model of in vitro
intestinal epithelium.

Our findings show evidence that probiotic exposure, by positively impacting the HIF
pathway through a mechanism involving PI3K/AKT upregulation, could predispose cells for
better survival and reactivity in a pathologically hypoxic and inflammatory environment.

2. Results
2.1. Effect of SLAB51 Lysate on HIF-1α Levels on Caco-2 Cells

We first investigated the ability of SLAB51 to modulate HIF-1α levels on Caco-2 cells
treated for 6 or 24 h with increasing concentrations of the probiotic lysate (10, 50, and
100 µg/mL). The treatment induced a dose-dependent increase in HIF-1α levels as assayed
by Western blotting, being statistically significant after 6 h at 100 µg/mL (p < 0.01) (Figure 1).
After 24 h of treatment, HIF-1α levels were significantly higher than the control at 50 and
100 µg/mL (p < 0.05 and p < 0.01, respectively, vs. untreated cells). Based on the obtained
results, the SLAB51 concentration of 100 µg/mL, being the most efficient in influencing
HIF-1α levels, was chosen for the following experiments.
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form. Immunoblotting in Figure 2 shows HIF-1α and hydroxyl-HIF-1α (HIF-1α-OH) pro-
tein levels. The effect of MG132 on proteasomal degradation inhibition of hydroxylated 
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control, being an iron chelator known to attenuate PHD activity and, in turn, stabilize HIF-
1α; it increased HIF-1α and reduced the accumulation of (hydroxyproline) Hyp-564 under 
normoxia (Figure 2B). Likewise, SLAB51 treatment decreased Hyp-564 compared with the 
control under normoxia after 6 h of incubation, increasing HIF-1α levels. We next assessed 
the ability of SLAB51 lysate to influence PHD2 expression. The treatment with the probi-
otic lysate significantly reduced PHD2 expression at 6 h (Figure 2C) as evaluated through 
Western blot (% reduction vs. control ~17%). 

 

Figure 1. Effect of SLAB51 lysate on HIF-1α levels in Caco-2 cells. Cells were incubated with
increasing concentrations of SLAB51 bacterial lysate for 6 and 24 h; HIF-1α levels were then evaluated
by Western blotting. Following the densitometric analysis, the obtained values were normalized to
β-actin. Values are expressed as means ± SEM of three independent experiments. Representative
immunoblots are also shown. For the comparative analysis of the data, the one-way analysis of
variance (ANOVA) followed by the Dunnett test was used. * p <0.05, ** p < 0.01 vs. untreated cells.
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2.2. Effect of SLAB51 Lysate on PHD2 Activity and Expression

To investigate whether SLAB51 lysate affected HIF-1α levels through regulation of
PHD2 activity or expression under normoxia, the levels of HIF-1α and hydroxylated HIF-
1α were first analyzed. HIF-1α proline hydroxylation was determined using an antibody
specific for the proline-hydroxylation site (Pro564) following proteasomal degradation
inhibition through MG132 incubation to allow the accumulation of HIF-1α hydroxylated
form. Immunoblotting in Figure 2 shows HIF-1α and hydroxyl-HIF-1α (HIF-1α-OH) pro-
tein levels. The effect of MG132 on proteasomal degradation inhibition of hydroxylated
HIF-1α was demonstrated by the accumulation of HIF-1α (Figure 2A) as well as its hy-
droxylated form (Figure 2B). Treatment with deferoxamine (DFO) was used as a positive
control, being an iron chelator known to attenuate PHD activity and, in turn, stabilize
HIF-1α; it increased HIF-1α and reduced the accumulation of (hydroxyproline) Hyp-564
under normoxia (Figure 2B). Likewise, SLAB51 treatment decreased Hyp-564 compared
with the control under normoxia after 6 h of incubation, increasing HIF-1α levels. We next
assessed the ability of SLAB51 lysate to influence PHD2 expression. The treatment with
the probiotic lysate significantly reduced PHD2 expression at 6 h (Figure 2C) as evaluated
through Western blot (% reduction vs. control ~17%).
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values were normalized to β-actin. Values are expressed as means ± SEM of three independent ex-
periments. Representative immunoblots are also shown. For the comparative analysis of the data, 
ANOVA followed by the Dunnett test or Student’s unpaired t-test were used, for comparison of the 
mean values among the groups and for comparison between two means, respectively. * p < 0.05, ** 
p < 0.01, *** p < 0.001, **** p < 0.0001 vs. untreated cells. 
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metabolite of the glycolysis pathway, were evaluated in culture media. The relative gly-
colysis rate was also analyzed as the ECAR/OCR ratio. ECAR stands for the extracellular 
acidification rate of the media, a parameter that reflects glycolysis, while OCR is the O2 
consumption rate used to determine oxidative phosphorylation [46]. Both levels of L-lac-
tate (Figure 3A) and the ECAR/OCR ratio were significantly increased in Caco-2 cells after 
24 h incubation with the probiotic lysate (Figure 3B). Upregulated HIF-1α expression and 
increased glycolysis are dependent on the activated PI3K/AKT pathway, which plays a 
central role in regulating the energy metabolism [8]. To verify the ability of SLAB51 lysate 
to modulate the AKT pathway, the analysis of AKT phosphorylation was performed. As 
shown in Figure 3C, phospho-AKT (pAKT, Ser473) protein levels were significantly up-
regulated after 6 h treatment with SLAB51 lysate compared with control cells. 

Figure 2. Effect of SLAB51 lysate on HIF-1α levels and PHD2 activity and expression. Cells were
incubated in normoxia with SLAB51 lysate (100 µg/mL) or DFO (150 µM, positive control) with or
without proteasome inhibitor MG132 (10 µM) for 6 h: (A) HIF-1α, (B) HIF-1α-OH, and (C) PHD2
levels were then evaluated by Western blotting. Following the densitometric analysis, the obtained
values were normalized to β-actin. Values are expressed as means ± SEM of three independent
experiments. Representative immunoblots are also shown. For the comparative analysis of the data,
ANOVA followed by the Dunnett test or Student’s unpaired t-test were used, for comparison of the
mean values among the groups and for comparison between two means, respectively. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. untreated cells.

2.3. Effect of SLAB51 Lysate on Cell Metabolism and AKT Pathway

Given the ability of HIF-1α to induce genes encoding glycolytic enzymes [45], the
effect of SLAB51 on glycolytic metabolism was studied next. The levels of L-lactate, a
key metabolite of the glycolysis pathway, were evaluated in culture media. The relative
glycolysis rate was also analyzed as the ECAR/OCR ratio. ECAR stands for the extracellular
acidification rate of the media, a parameter that reflects glycolysis, while OCR is the O2
consumption rate used to determine oxidative phosphorylation [46]. Both levels of L-lactate
(Figure 3A) and the ECAR/OCR ratio were significantly increased in Caco-2 cells after
24 h incubation with the probiotic lysate (Figure 3B). Upregulated HIF-1α expression and
increased glycolysis are dependent on the activated PI3K/AKT pathway, which plays
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a central role in regulating the energy metabolism [8]. To verify the ability of SLAB51
lysate to modulate the AKT pathway, the analysis of AKT phosphorylation was performed.
As shown in Figure 3C, phospho-AKT (pAKT, Ser473) protein levels were significantly
upregulated after 6 h treatment with SLAB51 lysate compared with control cells.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 19 
 

 

 
Figure 3. Effect of SLAB51 lysate on L-lactate production, glycolysis rate, and pAKT levels. Caco-2 
cells were treated with or without SLAB51 lysate (100 µg/mL) for (C) 6 h or (A, B) 24 h. The levels 
of lactate were analyzed through a colorimetric assay on cell culture supernatants. Values are ex-
pressed as the means ± SEM of three independent experiments in triplicate (A). The relative glycol-
ysis rate ECAR/OCR was assessed using the Seahorse XF Analyzer. Values are expressed as the 
means ± SD of a representative experiment (N = 9) out of three independent experiments (B). pAKT 
levels were evaluated by Western blotting. Following the densitometric analysis, the obtained val-
ues were normalized vs. AKT. Values are expressed as the means ± SEM of three independent ex-
periments. Representative immunoblots of pAKT, AKT, and β-actin are also shown (C). For com-
parison between two means, the Student’s unpaired t-test was used ** p < 0.01; *** p < 0.001. 

2.4. Involvement of AKT Pathway in SLAB51′s Ability to Increase HIF-1α Levels 
The involvement of the PI3K/AKT pathway was further verified by analyzing the 

influence of perifosine and LY294002, i.e., AKT and PI3K inhibitors, respectively, on the 
effect of SLAB51 on HIF-1α levels of Caco-2 cells. The cells were pre-treated for 30 min 
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the control (Figure 4). These data suggest that the activation of the PI3K/AKT pathway is 
required for the HIF-1α increase induced by SLAB51 lysate treatment. 

 

Figure 3. Effect of SLAB51 lysate on L-lactate production, glycolysis rate, and pAKT levels. Caco-2
cells were treated with or without SLAB51 lysate (100 µg/mL) for (C) 6 h or (A,B) 24 h. The levels of
lactate were analyzed through a colorimetric assay on cell culture supernatants. Values are expressed
as the means ± SEM of three independent experiments in triplicate (A). The relative glycolysis rate
ECAR/OCR was assessed using the Seahorse XF Analyzer. Values are expressed as the means ± SD
of a representative experiment (N = 9) out of three independent experiments (B). pAKT levels were
evaluated by Western blotting. Following the densitometric analysis, the obtained values were
normalized vs. AKT. Values are expressed as the means ± SEM of three independent experiments.
Representative immunoblots of pAKT, AKT, and β-actin are also shown (C). For comparison between
two means, the Student’s unpaired t-test was used ** p < 0.01; *** p < 0.001.

2.4. Involvement of AKT Pathway in SLAB51′s Ability to Increase HIF-1α Levels

The involvement of the PI3K/AKT pathway was further verified by analyzing the
influence of perifosine and LY294002, i.e., AKT and PI3K inhibitors, respectively, on the
effect of SLAB51 on HIF-1α levels of Caco-2 cells. The cells were pre-treated for 30 min with
perifosine or LY294002 and then incubated with SLAB51 lysate for 6 h. Pretreatment with
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each inhibitor counteracting the pAKT increase induced by SLAB51 inhibited its ability
to increase HIF-1α, lowering the protein expression to levels comparable to those of the
control (Figure 4). These data suggest that the activation of the PI3K/AKT pathway is
required for the HIF-1α increase induced by SLAB51 lysate treatment.
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Caco-2 cells were pre-treated with perifosine or LY294002 for 30 min and then incubated with SLAB51
lysate (100 µg/mL) for 6 h. HIF-1α and pAKT levels were evaluated by Western blotting. Following
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± SEM of three independent experiments. The ANOVA followed by the Tukey test was used for
the comparative analysis of the data. * p < 0.05, ** p < 0.01 vs. untreated cells; # p < 0.05, ## p < 0.01,
#### p < 0.0001 vs. SLAB51.

2.5. Effect of SLAB51 Lysate on HIF-1α Levels on an In Vitro Model of Intestinal Inflammation

The effect of the SLAB51 lysate was then evaluated on Caco-2 cells exposed to LPS,
10 µg/mL. In our experimental conditions at 24 h, LPS treatment was unable to increase HIF-
1α levels, which were not different compared to the control. On the other hand, the ability
of the SLAB51 treatment to increase HIF-1α levels was not affected by the concomitant
treatment with LPS (Figure 5A). The effect on AKT activation was also evaluated. LPS did
not significantly influence the AKT pathway nor the ability of SLAB51 lysate to increase
pAKT levels (Figure 5B).
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Figure 5. Effect of SLAB51 lysate on HIF-1α and pAKT levels in LPS-stimulated Caco-2 cells. Caco-2
cells were treated for 24 h with or without LPS (10 µg/mL) and SLAB51 lysate (100 µg/mL). (A) HIF-
1α and (B) pAKT levels were evaluated by Western blotting. Following the densitometric analysis, the
obtained values were normalized with respect to β-actin or AKT. Values are expressed as the means
± SEM of three independent experiments. Representative immunoblots are also shown. For the
comparative analysis of the data, ANOVA was used followed by the Tukey test. * p < 0.05, ** p < 0.01,
*** p < 0.001,.

2.6. Probiotic Prevention of LPS-Induced Pro-Inflammatory Stress in Caco-2 Cells

As known, LPS induces NF-κB signaling and upregulates the production of inflamma-
tory cytokines at the intestinal level [23]. Moreover, in our experiments, LPS significantly
enhanced the levels of phospho-NF-κB p65 in Caco-2 cells (Figure 6A) and the secretion of
the pro-inflammatory cytokine IL-1β into the culture medium (Figure 6B). Of note, these
effects were counteracted by the treatment with SLAB51 lysate.

The transcription factor NF-κB represents a key mediator of inflammatory responses as
it is able to induce the expression of various pro-inflammatory genes, including NOS2 [47].
Thus, the effect of SLAB51 lysate was next assessed on the expression and activity of NOS2
induced by LPS. Nitrite levels in the culture medium at 24 h after LPS stimulation were
increased with respect to control cells. The treatment with SLAB51 abrogated the ability
of LPS to promote NOS2 activity, bringing the nitrite levels back to those of the control
(Figure 7A); the specificity of the assay was verified using the NOS2 inhibitor, 1400W. In
Figure 7B, the results of Western blot analysis of NOS2 protein are shown; as expected,
LPS was able to induce the NOS2 expression. Of note, this effect was counteracted by the
concomitant treatment with SLAB51 lysate, with the NOS2 expression not significantly
different from untreated controls. As expected, no effect on NOS2 protein level was
observed after treatment with the inhibitor of the NOS2 activity, 1400W.
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Figure 6. Effect of SLAB51 lysate treatment on inflammatory markers in LPS-stimulated Caco-
2 cells. Caco-2 cells were treated for 24 h with or without LPS (10 µg/mL) and SLAB51 lysate
(100 µg/mL). (A) p-NF-κB p65 and NF-κB p65 were analyzed by Western blotting. Following the
densitometric analysis, the obtained values for p-NF-κB p65 were normalized with respect to NF-κB
p65. Representative immunoblots of p-NF-κB p65, NF-κB p65, and β-actin are also shown. (B) IL-1β
levels in the culture medium were assayed by ELISA kit. Data shown are expressed as mean ± SEM
of three independent experiments. For the comparative analysis of the data, ANOVA was used
followed by the Tukey test. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 7. Effect of SLAB51 lysate on NOS2 expression and activity in LPS-stimulated Caco-2 cells.
Caco-2 cells were treated for 24 h with or without LPS (10 µg/mL), NOS2 inhibitor 1400W (100 µM),
SLAB51 lysate (100 µg/mL). (A) Nitrite levels in the culture medium were assayed by Griess reagent.
Values are expressed as fold of nitrite levels vs. control. (B) Western blotting for NOS2 on cell lysates.
Following the densitometric analysis, the obtained values were normalized with respect to β-actin.
Representative immunoblots of NOS2 and β-actin are also shown. Data shown are expressed as
means ± SEM of three independent experiments. For the comparative analysis of the data, ANOVA
was used followed by the Tukey test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Finally, we verified the hypothesis that the anti-inflammatory effect of SLAB51 ob-
served in our model could be mediated by the ability of the probiotic to modulate the
HIF-1α pathway. For this purpose, the cells were incubated with AKT and PI3K inhibitors
30 min prior to the treatment with SLAB51 lysate and LPS, and then the effect on NOS2
activity was evaluated after 24 h treatment. The results demonstrated that the two inhibitors
were able to significantly interfere with the ability of SLAB51 lysate to reduce NOS2 activity
(Figure 8). Indeed, nitrite levels in the culture medium after SLAB51 + LPS + perifosine or
LY24002 were significantly higher than SLAB51 + LPS treatment (p < 0.05). However, both
inhibitors were unable to totally abrogate the effect of SLAB51 since nitrite levels in the
medium of the cells treated also with perifosine or LY24002 were still significantly lower
than LPS treatment (p < 0.05).
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Figure 8. Effect of AKT and PI3K inhibition on SLAB51 lysate’s ability to modulate NOS2 activity in
LPS-stimulated Caco-2 cells. Caco-2 cells were incubated in the presence or absence of perifosine
or LY294002 for 30 min and then treated for 24 h with or without LPS (10 µg/mL) and SLAB51
lysate (100 µg/mL). Nitrite levels in the culture medium were assayed by Griess reagent. Values are
expressed as fold of nitrite levels vs. control. Data shown are expressed as means ± SEM of three
independent experiments. For the comparative analysis of the data, ANOVA was used followed by
the Tukey test. * p < 0.05, ** p < 0.01, **** p < 0.0001 vs. control; # p < 0.05, #### p < 0.0001 vs. LPS;
ˆˆ p < 0.01 vs. SLAB51; § p < 0.05 vs. SLAB51 + LPS.

3. Discussion

The role of the HIF pathway in regulating gut homeostasis is an area of active interest,
as demonstrated by the plethora of studies highlighting the therapeutic potential of tar-
geting pathological hypoxia signaling pathways in IBD [16,48]. Among HIFs, the HIF-1α
subunit is the most ubiquitously expressed. Recent studies emphasize the potential role
of HIF-1α as the central hypoxia sensor in preserving gut homeostasis by improving the
survival of gut microresidents [2,3,49]. In addition, HIF-1α plays a crucial role in maintain-
ing the integrity of the intestinal epithelial mucosa by upregulating genes involved in gut
barrier functions such as MUC2, ITF, CLDN1, and other tight junction proteins [2].

56



Int. J. Mol. Sci. 2023, 24, 8134

Despite the increasing attention on the role of HIFs in regulating mucosal barrier
function, metabolism, inflammatory processes, and immune response in the gut, the ability
of probiotics to influence the HIF pathway has not been thoroughly investigated. The
existing studies evaluating probiotics’ influence on HIF-1α stabilization in the intestinal
environment are limited to investigating the effect of short-chain fatty acids, mainly bu-
tyrate, a product of microbial fermentation of dietary fibers in the lower intestinal tract
able to directly and non-competitively inhibit PHD [50]. This effect has been linked to
the colonization of the colon by probiotics while no evidence has been produced about
activities directly exerted by probiotics in their transit through the upper intestine.

Ingested probiotics must pass the stomach, survive the gastric acid, bile salts, and
pancreatic enzymes, and travel through the intestine until they reach the ileocecal valve.
It is the common opinion that a substantial reduction in viable probiotic bacteria during
transit in the gastrointestinal tract reduces the benefits of probiotics [51]. Even though
the joint FAO/WHO working group specifically recommended that candidate bacteria
for use as probiotics be resistant to gastric acidity and bile compounds, there is always a
proportion of bacteria undergoing destruction before reaching the colon. The contents of
these destroyed bacteria could have a biological effect at the small intestine level, where
the bulk of nutrient and calorie absorption takes place. So, even though the number of
bacteria in the proximal tract of the intestine is low, their biological relevance may play a
pivotal role in influencing the host physiology as many of the systemic effects of the gut are
generated in the small intestine [52]. Particularly, bacteria in the duodenum and the upper
part of the intestine could influence hypoxia through the modulation of the HIF pathway.
It has been recently reported that vertical sleeve gastrectomy (VSG) facilitated the richness
of Lactobacillus spp. by reducing the amount of gastric acid reaching the duodenum and
was associated with a consistent increase in HIF2α signaling [53].

Regarding the possibility of a direct action of the probiotic at the level of the duode-
num and upper part of the intestine, we would like to mention a recent study by Ceccarelli
et al., which has reported a significant and rapid improvement in the respiratory conditions
of patients positive for SARS-CoV-2 infection if treated with SLAB51 [33]. After 24 h from
the start of bacteriotherapy, the group treated with SLAB51 had an improved blood oxy-
genation compared to the group that received only routinely administered anti-COVID-19
treatment, as evidenced by the analysis of pO2, O2Hb, and SaO2 values. The mechanism
by which SLAB51 lysate leads to the improvement of lung functions are not yet identified.
Furthermore, treatment with SLAB51 has recently been shown to induce HIF-1α stabiliza-
tion, reduce PHD2 expression, and inhibit NOS2 expression in the brain of the AD mouse
model [31]. These findings indicate that the probiotic formulation can exert positive effects
not only in the gastrointestinal tract, but also in extraintestinal organs. In the small intestine,
the modulation of the HIF pathways is more probably a consequence of direct, enzymatic
action of the probiotic rather than the result of the bacterial fermentation process, as could
be in the colon.

Driven by the need to deepen our understanding of the crucial role of the HIF in
intestinal mucosal physiology, in this study, we have evaluated the effect of the SLAB51
lysate on the HIF pathway in Caco-2 IECs. The data obtained show that exposure of Caco-2
IECs to SLAB51 under normoxic conditions positively influenced the HIF pathway. Specif-
ically, a dose-dependent upregulation in HIF-1α levels was associated with an increase
in L-lactate levels and the relative glycolysis rate in the treated cells. SLAB51′s ability to
stabilize HIF-1α was associated with the inhibition of PHD2 activity and expression. The
involvement of the PI3K/AKT pathway underlying the ability of the SLAB51 lysate to
induce the increase in HIF-1α levels was also verified, per previous reports supporting
that upregulated HIF-1α expression and increased glycolysis are dependent on the activa-
tion of this pathway, regardless of oxygen levels [8]. Moreover, PHD2 inhibition induced
by SLAB51 lysate could also lead to AKT activation, thus indirectly contributing to the
observed increase in HIF-1α levels [54,55]. PHD2 can directly hydroxylate AKT on two
major proline residues, thus leading to its inactivation [54]. On the other hand, the deletion
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of PHD2 leads to AKT activation [55]. Of note, the activation of PI3K/AKT signaling in
melanoma cells has been reported to induce PHD2 inhibition, thereby promoting HIF-1α
stability [56].

Although preliminary, our results are supported by previously published clinical
data [31–34]. In this context, our observations lead us to hypothesize that the multi-strain
probiotic SLAB51 is capable of conditioning cells to make them more prone to survive and
respond to stresses to which they are exposed in a hypoxic and inflamed environment.

Probiotics have been shown to suppress inflammation by inhibiting various signaling
pathways, such as the NF-κB pathway [57]. NF-κB signaling for transcriptional activation
can occur through the classical (canonical) or the alternative (non-canonical) pathway, with
both pathways leading to nuclear translocation and activation of NF-κB and binding of
DNA. Both the canonical and non-canonical NF-κB pathways were found to be activated
in IECs by IL-1β [24]. Interestingly, it was reported that hydroxylase inhibition led to the
suppression of IL-1β-induced NF-kB-dependent gene expression [58]. Moreover, HIF-1α
has been shown to repress the activation of NF-κB under inflammatory conditions [2]. In
our experiments, LPS failed to induce an increase in HIF-1α levels; consistently, it has been
demonstrated in a murine macrophage cell line that LPS stimulation induced the HIF-1α
downregulation to below the basal level after an initial increase leading to pyroptosis [59].
Here, we demonstrated that SLAB51 lysate was able to counteract the NF-κB activation
and IL-1β secretion induced by LPS stimulation. The probiotic also counteracted NOS2
expression and activity induced by LPS treatment. Notably, it has been shown that while
acute exposure to NO stabilizes HIF-1α, chronic exposure to NO destabilizes HIF-1α [30].

SLAB51 possesses high levels of arginine deiminase (ADI) [33]. This prokaryotic
enzyme, using the same substrate as NOS, L-arginine, indirectly inhibits the generation of
NO due to substrate depletion [60]. The exposure of Caco-2 to SLAB51 induced a reduction
in NOS2 activity [33]. In our conditions, the inhibition of the PI3K/AKT pathway was
able to counteract the effect of SLAB51 on NOS activity, demonstrating a link between
the activation of the AKT/PHD2/HIF pathway and the anti-inflammatory effect of the
probiotic. Moreover, the inability of AKT signaling inhibition to totally counteract the
effects of SLAB51 on NOS activity could be due to the ADI present in the probiotic.

In summary, our results broaden the knowledge of the beneficial effects of the multi-
strain probiotic SLAB51, showing its ability to trigger a hypoxic response in intestinal
epithelial cells in vitro under normoxic conditions. The increased HIF-1α levels associated
with higher glycolytic metabolism and L-lactate production could be attributed to decreased
PHD2 levels and activity, as well as to induced PI3K/AKT signaling. The ability of the
probiotic lysate to activate the AKT pathway could be related to the modulation of TLR-
mediated signaling. In this context, some probiotics or their bioactive compounds have
been reported to modulate TLR signaling and inhibit the TLR4-mediated activation of
inflammatory response elicited by LPS under inflammatory conditions [61–63].

It will be interesting to investigate the influence of SLAB51 treatment on the HIF
pathway of the gut immune components under normoxia, physiological hypoxia, and
pathological or inflammatory hypoxia. Furthermore, considering the suggested and partly
opposite effects of HIF-1α vs. HIF-2α in gut homeostasis [11,64,65], it will be crucial
to verify whether treatment with SLAB51 modulates the two isoforms of HIF differently.
Identifying the SLAB51 lysate active components will also increase our understanding of the
observed effect and advance the knowledge of evidence-based bacteriotherapy strategies.

Overall, these results support our hypothesis that, by increasing HIF-1α levels through
the upregulation of the AKT pathway, the SLAB51 lysate can inhibit the NF-κB activa-
tion and its downstream signaling in IECs, counteracting the LPS-induced inflammatory
response. To the best of our knowledge, this is the first report showing that a probiotic
formulation led to HIF pathway activation in human IECs, by influencing PI3K/AKT
signaling. In order to verify this hypothesis, studies are underway on supplementary cell
lines and intestinal organoids using other complementary techniques and analyses, such as
gene expression and flow cytometry. In addition, the suggestive hypothesis of potential im-
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munomodulatory and anti-inflammatory bioactive peptides derived from SLAB51 strains
will also be investigated in our experimental conditions [66,67].

Even though further studies are warranted to investigate the observed effects in
further inflammatory models in vitro and in vivo, we can hypothesize that the SLAB51
formulation could act as a hypoxia mimetic agent, thus contributing to the preservation of
intestinal homeostasis and the protection of IECs from the detrimental effects of chronic
inflammation and pathologic hypoxia. On the other hand, a growing body of evidence
supports that HIF-1α signaling can trigger contrasting responses depending on cell and
tissue type [68]. Of particular interest, higher HIF-1α levels in diagnostic tumor biopsies
have been associated with increased mortality risk in several cancers; these results were
supported by experimental studies, which revealed that genetic manipulations leading to
HIF-1α overexpression resulted in tumor overgrowth [69]. Conversely, the loss of HIF-1α
activity resulted in reduced tumor expansion. Accordingly, HIF-1α overexpression has
been observed in a variety of human cancers, including colon [70,71], and can enhance
chemoresistance through the inhibition of apoptosis and senescence and the activation
of drug efflux proteins [72]. Thus, targeting HIF-1α is considered a promising strategy
for inhibiting cancer cell proliferation and overcoming chemoresistance. Of note, our
preliminary and encouraging results indicate that the SLAB51 lysate was able to counteract
the stabilization of HIF-1α in different human colorectal cancer cell lines, i.e., HT29 and
HCT116 (not shown).

In conclusion, our data can partially explain the beneficial effects recorded following
treatment with SLAB51 in animal models and patients with hypoxia-related conditions [31–36].
Despite this, to furnish the multi-strain SLAB51 probiotic with an authorized health claim
approved by a regulatory agency, such as the U.S. Food and Drug Administration (FDA) or the
European Food Safety Authority (EFSA), evidence has to be provided through well-designed
human trials.

4. Materials and Methods
4.1. Preparation of Bacterial Lysate for Cell Treatments

SLAB51 probiotic formulation (sold as Sivomixx, Ormendes SA, Jouxtens-Mézery,
Switzerland) contains eight different live bacterial strains: Streptococcus thermophilus DSM
32245, Bifidobacterium lactis DSM 32246, Bifidobacterium lactis DSM 32247, Lactobacillus
acidophilus DSM 32241, Lactobacillus helveticus DSM 32242, Lactobacillus paracasei DSM 32243,
Lactobacillus plantarum DSM 32244, and Lactobacillus brevis DSM 27961. Bacterial lysate was
prepared as previously described [73]. Briefly, SLAB51 formulation was suspended at the
concentration of 133 × 109 CFU in 10 mL of phosphate buffered saline (PBS, Euro Clone,
West York, UK), centrifuged at 8600× g, washed twice, and sonicated (30 min, alternating
10 s of sonication and 10 s of pause) using a Vibracell sonicator (Sonic and Materials,
Danbury, CT, USA). Bacterial cell disruption was verified by measuring the absorbance of
the sample at 590 nm with a spectrophotometer (Eppendorf Hamburg, Germany) before
and after every sonication step. The samples were then centrifuged at 17,949× g, and the
supernatants were filtered using a 0.22 µm-pore filter (Corning Incorporated, Corning, NY,
USA) to remove any whole remaining bacteria. Total protein content was determined by a
Bradford assay, using bovine serum albumin (BSA, Sigma Aldrich, St. Louis, MO, USA) as
the standard.

4.2. Caco-2 IECs

The Caco-2 cell line purchased from Sigma-Aldrich (St. Louis, MO, USA) was grown in
tissue culture flasks at 37 ◦C, 5% CO2, and 90% relative humidity environment. The culture
medium (Dulbecco’s modified Eagle’s medium, DMEM), supplemented with 10% fetal calf
serum (FCS), 1% non-essential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine,
100 U/mL penicillin, and 100 µg/mL streptomycin (Euro Clone, West York, UK), was
refreshed every other day. After reaching 80% confluence, cells were detached with trypsin
solution from bovine pancreas (Euro Clone, West York, UK) and seeded into Dickinson
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96-well plates (Seahorse XF96 Cell Culture Microplate, Agilent, Santa Clara, CA, USA) for
metabolic studies, or into sterile tissue culture 6-well plates (Becton, San Jose, CA, USA) for
the other experiments. In both the culture plates, the cells were seeded at 60,000 cells/cm2

and cell growth was monitored by microscopy. Fourteen days post-confluence, cells were
incubated with or without the SLAB51 lysate at the indicated concentrations and with or
without 10 µg/mL lipopolysaccharide (LPS, Sigma-Aldrich). Where indicated, the cells
were also pre-treated for 30 min with 100 µM NOS2 inhibitor N-(3-(aminomethyl) benzyl)
acetamidine (1400W) (Sigma-Aldrich, St. Louis, MO, USA) prior to the treatment with LPS.
To inhibit the PI3K/AKT pathway, the cells were pre-treated for 30 min with perifosine at
20 µM (AKT inhibitor, Cell Signaling Technology, Danvers, MA, USA) or LY294002 10 µM
(PI3K inhibitor, Cell Signaling Technology). MG132 10 µM (Merck KGaA, Darmstadt,
Germany) was used to inhibit proteasomal degradation of hydroxylated HIF-1α. The iron
chelator deferoxamine (DFO, 150 µM) was used to inhibit PHD2 activity. To evaluate the
effect of the several treatments on cell viability and proliferation, the cells were washed
with PBS, centrifuged for 10 min at 400× g, and the pellets incubated with a 0.04% Trypan
blue (Euro Clone, West York, UK) solution for 5 min to analyze cell number and viability.
Untreated cells were also analyzed and served as controls. Cells were transferred to a
Bürker counting chamber and counted by microscopy (Eclipse 50i, Nikon Corporation,
Minato, Tokyo, Japan). All the experimental conditions and treatments did not significantly
influence the cell viability (always >90%) or basal proliferation level compared to the
untreated controls at all the incubation times.

4.3. Western Blot Analysis

Cells were washed with cold PBS and removed from plates by scraping in RIPA Lysis
Buffer (Merck KGaA, Darmstadt, Germany) containing 100 mM protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO, USA). The process was carried out on ice because HIF-1α
degrades rapidly in normoxia. After the lysis, the samples were centrifuged at 17,949× g
to eliminate cell debris. The supernatants were collected and assayed for protein content
with a Bradford assay/DC Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA). Then,
25 µg total proteins were resolved on a 10% sodium dodecyl sulphate–polyacrylamide gel
electrophoresis (SDS-PAGE), and electroblotted onto nitrocellulose membranes (Bio-Rad
Laboratories). Membranes were blocked with 5% nonfat dry milk for 1 h at room tempera-
ture and then incubated overnight at 4 ◦C with rabbit monoclonal antibody anti-HIF-1α
(Cell Signaling Technology, Danvers, MA, USA) 1:1000, rabbit monoclonal antibody anti-
Hydroxy-HIF-1α (Pro564, Cell Signaling Technology) 1:1000, rabbit monoclonal antibody
anti-PHD2 (Abcam, Cambridge, UK) 1:1000, rabbit monoclonal antibody anti-phospho-
AKT (Ser473, Cell Signaling Technology) 1:1000, rabbit monoclonal antibody anti-AKT
(Cell Signaling Technology) 1:1000, rabbit polyclonal anti-NOS2 antibody (Boster Bio-
logical Technology, Pleasanton, CA, USA) 1:500, rabbit monoclonal antibody anti-NF-kB
(Cell Signaling Technology), or with mouse monoclonal antibody anti-β-actin 1:1000 (Ori-
Gene Technologies, Inc, Rockville, MD, USA). Horseradish peroxidase- (HRP-) conjugated
goat anti-rabbit IgG secondary antibody (Millipore EMD, Darmstadt, Germany) 1:2000
or HRP-conjugated goat anti-mouse IgG secondary antibody (Bio-Rad Laboratories, Her-
cules, CA, USA) 1:2000 were used. Immunoreactive bands were visualized by enhanced
chemiluminescence (ECL, Amersham Pharmacia Biotech) according to the manufacturer’s
instructions. Band relative densities were determined using a chemiluminescence docu-
mentation system Alliance (UVITEC, Cambridge, UK), and values were given as relative
units (Supplementary Figures S1–S3).

4.4. L-Lactate Assay

L-lactate levels in cell culture supernatants were analyzed via the L-lactate assay
kit (Abcam, Cambridge, UK) according to the manufacturer’s instructions. Accordingly,
the supernatants were deproteinized with a 10 kDa NMWCO Centrifugal Filter Unit
(Amicon, Millipore, Burlington, MA, USA), and the filtrate was added to reaction wells.
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The absorbance was measured by spectrophotometric reading at 570 nm using a microplate
reader (Bio-Rad Laboratories, Hercules, CA, USA). The L-lactate levels were determined by
comparison to a standard curve.

4.5. Metabolic Studies

Cells treated as described above were assessed for extracellular acidification rate
(ECAR) and O2 consumption rate (OCR) to calculate glycolysis rate (ECAR/OCR) using
the Seahorse XFe96 Analyzer (Agilent, Santa Clara, CA, USA) following the manufacturer’s
instructions. Briefly, on the day of the assay, the medium was changed for Seahorse XF
DMEM Medium pH 7.4 supplemented with glucose (10 mmol/L), pyruvate (1 mmol/L),
and glutamine (2 mmol/L) (Agilent), and the cells were allowed to equilibrate in a non-CO2
incubator for 1 h; OCR and ECAR were then measured. XFp Mito Stress Test Kit was used
to test mitochondrial function. Injection of oligomycin (1 µM), carbonyl cyanide-4 (trifluo-
romethoxy) phenylhydrazone (FCCP, 1 µM), and the mixture of rotenone and antimycin
A (1 µM) allows for the determination of the key bioenergetic parameters: basal respi-
ration, ATP production-linked respiration (ATP production), maximal respiration, spare
respiratory capacity, nonmitochondrial respiration, proton leak, and coupling efficiency.

4.6. IL-1β ELISA

The levels of released IL-1β were quantified in the cell supernatants using a human
IL-1β enzyme-linked immunosorbent assay (ELISA) kit (Sigma Aldrich, Saint Louis, MO,
USA), as described in the manufacturer’s instructions. The collected media were cleared
of cellular debris/dead cells by centrifugation at 1000× g for 15 min. The absorbance
was measured by spectrophotometric reading at 450 nm. The IL-1β concentration was
determined by comparison to a standard curve. Results are expressed as pg/mL.

4.7. Nitrite Level Assay

The enzymatic activity of NOS2 was evaluated by measuring nitrite levels using nitrate
reductase and Griess reaction through a colorimetric assay (Nitrite Assay kit-Sigma-Aldrich Co.,
Milan, Italy). Nitrite levels were assayed in the supernatants of Caco-2 cells, treated as above
described, applied to a 96-well microtiter plate, according to the manufacturer’s instructions.
The absorbance was measured by spectrophotometric reading at 550 nm using a microplate
reader (Bio-Rad Laboratories). The nitrite content of each sample was evaluated with a standard
curve obtained by linear regression made with sodium nitrite and expressed as fold vs. control.

4.8. Statistical Analysis

Statistical analysis of data was performed using GraphPad Prism 6.0 (GraphPad
Software, San Diego, CA, USA). For comparison between two means, Student’s unpaired
t-test was used. For comparison of the mean values among the groups, a one-way ANOVA,
followed by Dunnett or Tukey post hoc test, was used. The results were expressed as
mean ± SEM, as specified in figure legends. p values less than 0.05 were considered to be
statistically significant.
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Abstract: To demonstrate and analyze the specific T-cell response following barrier disruption and
antigen translocation, circulating food antigen-specific effector T-cells isolated from peripheral blood
were analyzed in patients suffering from celiac disease (CeD) as well as inflammatory bowel disease
(IBD). We applied the antigen-reactive T-cell enrichment (ARTE) technique allowing for phenotypical
and functional flow cytometric analyses of rare nutritional antigen-specific T-cells, including the
celiac disease-causing gliadin (gluten). For CeD, patient groups, including treatment-refractory cases,
differ significantly from healthy controls. Even symptom-free patients on a gluten-free diet were
distinguishable from healthy controls, without being previously challenged with gluten. Moreover,
frequency and phenotype of nutritional antigen-specific T-cells of IBD patients directly correlated to
the presence of small intestinal inflammation. Specifically, the frequency of antigen specific T-cells as
well as pro-inflammatory cytokines was increased in patients with active CeD or Crohn’s disease,
respectively. These results suggest active small intestinal inflammation as key for the development of
a peripheral food antigen-specific T-cell response in Crohn’s disease and celiac disease.

Keywords: antigen-specific T-cells; celiac disease; gliadin; IBD; food antigens

1. Introduction

Antigen-specific T-cells play a central role in the adaptive immune system, promoting
specific acute immune responses and the formation of immunological memory. Analyzing
not only frequency, but also phenotype and function of these rare cells, represents not only
a critical step towards understanding the mechanisms of adaptive immunity in general,
but also in determining the specific immune status of the individual patient or diagnosing
infectious or auto-immune diseases. The high diversity of the T-cell receptor, which allows
for recognition of billions of different antigens, leads to an extremely low frequency of
T-cells, specific for a single peptide-MHC ligand. This holds true even for pathogen-
specific memory compartments in the absence of acute infections, for which specific T-cell
frequencies in peripheral blood are typically far below 1%, but all the more for the naive
repertoire (<0.0005%) [1,2].

Among autoimmune diseases, celiac disease (CeD) represents a model disease, as
it turns active once the celiac individual is exposed to dietary gluten. Central to the
celiac immune response are gliadin-specific T-cells that convey the small intestinal mu-
cosal remodeling typical for CeD. As gluten has been identified as the disease-causing
antigen, elimination of gluten results in regeneration of the duodenal mucosa and con-
secutive wellbeing of the patient [3,4]. However, diagnosis in CeD patients who are
already on a gluten-free diet (GFD) remains challenging. Under a gluten-free diet (GFD),
tissue-transglutaminase (tTG) antibodies normalize and the small intestinal villus atrophy
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regenerates [5]. To date, a burdening re-challenge of patients to gluten is mandatory for a
valid diagnosis. However, translocation of nutritional (and pathogenic) antigens due to
intestinal barrier breaches is described not exclusively for CeD, but also for inflammatory
bowel diseases (IBD) [6,7]. IBD, more specifically Crohn’s disease (CD) and ulcerative
colitis (UC), are also characterized by a T-cell mediated, chronic inflammation of the intes-
tine [8]. However, when compared with CeD, the specific origin of IBD is yet unknown.
CD and UC differ in their inflammation pattern as well as their distribution. While in CD
the configuration of inflammation is segmental and affects all layers of the intestinal wall
(i.e., transmural inflammation), inflammation in UC is limited to the mucosal and submu-
cosal gut layers and only affects the colon [9]. Although there are first studies connecting
GFD to improvement of patient wellbeing [10] and even microbiota composition [11] in IBD,
to date, circulating food antigen-specific T-cells have not been analyzed in these patients.
Since the small intestine is the primary contact surface for food antigens and hence for
the immunological response, we analyzed the specific nutritional T-cell response in the
peripheral blood of patients with small intestinal Crohn’s disease (CD), celiac disease as
well as ulcerative colitis (UC), respectively. To exclude the influence of a non-intestinal
inflammation, rheumatoid arthritis patients (RA) were included as control.

We applied antigen-reactive T-cell enrichment (ARTE) [12] technology to determine
the specific nutritional effector T-cell response in the peripheral blood. The ARTE technique
is based on the stimulation of peripheral blood mononuclear cells (PBMC) with a defined
antigen and the subsequent up-regulation of the activation marker CD154+, which is
exclusively expressed on antigen-specific CD4+ T-cells [13]. This method permits the
detection of the entire antigen-specific CD4+ T-cell response just by adding the antigen
of choice directly to PBMC without the need of in-vitro expanding the reacting cells. The
subsequent enrichment of CD154+ cells enables further in-depth phenotyping of this rare
cell population [14]. Thus, the ARTE technique allows direct ex vivo cytometric—and hence
functional—analyses of gluten-specific, but also even rarer food antigen-specific T-cells.

2. Results
2.1. Circulating Gliadin-Specific T-Cells Are Increased in Active Disease with Ileal Inflammation

ARTE technology was applied to all blood samples (Figure 1A) for various food
antigens, including controls for antigen-specific T-cell enrichment and T-cell activation.
Moreover, we clearly demonstrated the necessity for T-cell enrichment to allow for deeper
cell analysis and therefore the advantage of this method over direct staining protocols
for rare antigen-specific cell populations (Figure 1B). With the overall frequency of CD4+

T-cells remaining stable in the various disease conditions (Figure 1C), the frequency of
gliadin-specific CD154+ T-cells among CD4+ T-cells in PBMC was expectedly highest in
active CeD (aCeD), i.e., without GFD, as well as in refractory CeD patients (RCD). aCeD
were rare patients as we did not actively initiate a gluten-re-challenge. Moreover, the
frequencies were also significantly increased in CeD patients on a GFD without clinical
symptoms when compared with healthy controls. Remarkably, a similar frequency
to active CeD patients was observed in active CD patients with ileal inflammation
(Figure 2A).

The frequency was significantly lower in CD patients in remission, in UC patients,
independent of their inflammatory state and in healthy controls. Interestingly, first-degree
relatives (FDR) of CeD patients, considered healthy by standard diagnostics, revealed
a significant increase in the frequency of gliadin-specific T-cells compared with controls
without familiar predisposition of CeD. Of notice, RA as auto-inflammatory control without
intestinal inflammation, did not differ from healthy controls (Figure 2A).
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Figure 1. Enrichment of food antigen-specific T-cells. (A–C) Peripheral blood mononuclear cells
(PBMC) were stimulated with various food antigens, magnetically enriched for CD154 and analyzed
by flow cytometry. (A) Methodology and (B) exemplary density plots of CD154+ T-cell enrichment
after stimulation with gliadin or control antigen are shown. (C) Frequencies of CD4+ T-cells in
PBMC were determined from healthy controls (non-relatives, NR), patients with active Crohn’s
disease (CD) or ulcerative colitis (UC), or each of these entities in remission (-R), celiac disease
patients (CeD) ± gluten-free diet (GFD, aCeD) or refractory (RCD) patients, first degree relatives of
CeD patients (FDR) and rheumatoid arthritis patients (RA). Data are shown as median with 95% CI.

Moreover, gliadin-specific CD4+CD154+ T-cells, positive for the small intestinal hom-
ing marker α4β1, but not for α4β7, a general gut homing marker, were increased in
aCeD patients (Figure 2B), further strengthening the connection of peripheral nutritional
antigen-specific T-cells to small intestinal inflammation.

2.2. Pro-Inflammatory Cytokines of Circulating Gliadin-Specific T-Cells

The subsequent functional analysis of the antigen-specific T-cells after gliadin stim-
ulation (Figure 2C,D; Supplementary Figure S2) revealed highest production of the pro-
inflammatory cytokines IFNγ, IL-17A and TNFα in cells from aCeD, Refr, and from CD
patients with small intestinal involvement. Remarkably, antigen-specific T-cells of first-
degree relatives of CeD patients (FDR) presented with higher frequencies of gliadin-specific
T-cells and an increased TNFα expression, and were thus comparable to aCeD patients.
TNFα-positive CD154+ cells were most discriminative when comparing active and inactive
CeD to healthy controls.

2.3. Antigen-Specific Cells for Other Food Antigens Are Also Present in Increased Numbers in
Active Disease with Ileal Inflammation

To dissect a sole barrier defect, as it is present in small intestinal CD, from the disease-
driving gliadin-reactivity in CeD, we included soybean protein, peanut protein and OVA-
peptide in our analysis. In fact, an increased frequency of antigen-specific CD4+ T-cells was
exclusively observed in the presence of small intestinal inflammation, namely CD and aCeD.
CD patients in remission as well as UC patients independent of their inflammatory state
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did not differ from healthy controls. Furthermore, CeD patients on GFD, although being
highly reactive to gliadin, showed no reaction to other nutritional antigens (Figure 3A,B).
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Figure 2. Phenotyping gliadin-specific T-cells. (A–D) Peripheral blood mononuclear cells (PBMC)
were stimulated with various food antigens, magnetically enriched for CD154 and analyzed by flow
cytometry. (A) Frequencies of CD154+ cells among CD4+ T-cells in PBMC from healthy controls
(non-relatives, NR), patients with active Crohn’s disease (CD) or ulcerative colitis (UC), or each
of these entities in remission (-R), celiac disease patients (CeD) ± gluten-free diet (GFD, aCeD) or
refractory (RCD) patients, first degree relatives of CeD patients (FDR) and rheumatoid arthritis
patients (RA) are shown. (B) Frequencies of CD4+ T cells and CD4+ CD154+ T cells, positive for
integrins α4β1 and α4β7 are shown. (C) Frequencies of gliadin-specific IFNγ+, IL-17A+ and TNFα+
cells within CD154+ T-cells in between the patient groups are shown. (D) Exemplary dot plots
of IFNγ+, IL-17A+ and TNFα+ CD4+CD154+ gliadin-specific T-cells are shown. Data are shown
as median. Significance was determined using Mann–Whitney-U-Test. * p > 0.05, ** p > 0.01,
*** p > 0.001. Statistically significant differences were calculated in comparison with healthy non-
relatives, if not indicated otherwise.
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Figure 3. Frequencies of food antigen-specific T-cells. (A,B) Peripheral blood mononuclear cells
(PBMC) were stimulated with various food antigens, magnetically enriched for CD154 and analyzed
by flow cytometry. (A) Exemplary dot plots of CD154+ T-cell enrichment of indicated nutritional
antigens with absolute numbers and frequencies are shown. (B) Frequencies of CD154+ cells among
CD4+ T-cells after stimulation with soybean, peanut and OVA-peptide from healthy controls (non-
relatives, NR), patients with active Crohn’s disease (CD) or ulcerative colitis (UC), or each of these
entities in remission (-R), celiac disease patients (CeD) ± gluten-free diet (GFD, aCeD) or refractory
(RCD) patients are shown. Data are shown as median. Significance was determined using Mann–
Whitney-U-Test. * p > 0.05,. Statistically significant differences were calculated in comparison with
healthy non-relatives, if not indicated otherwise.

3. Discussion

So far, the published data for ARTE have focused on bacteria- or fungi-specific antigens
as well as house dust mites [15–20]. However, this method also allows the study of even
rarer food antigen-specific T-cells without in-vitro expansion of the reacting cells and
without re-challenging the patients. Therefore, we applied this method to detect rare
food antigen-specific T-cells in peripheral blood, in order to analyze antigen reactivity for
different clinical subgroups of CeD and IBD patients.

Recently, peripheral gluten-specific CD4+ T-cells were analyzed applying HLA-DQ2:
gluten tetramers, thus identifying an increase in gluten-specific CD4+ T-cells in aCeD [21–25].
However, ARTE, as it was applied in this study, allows for a deeper analysis of the respective
specific CD4+ T-cells to distinguish different disease states of CeD. To establish diagnosis of
CeD in patients who already follow a GFD is challenging, since tTG antibodies under GFD
normalize and small intestinal villous atrophy regenerates. This clinical need is growing,
given the increasingly popular gluten-free lifestyle in the western world [26,27], or for first
degree relatives, who frequently initiate a GFD when a household member is diagnosed with

70



Int. J. Mol. Sci. 2023, 24, 8153

CeD. For the latter, the high risk of developing CeD has been proven in many studies [28,29]
and surveillance for CeD is even recommended for first-degree relatives of a diagnosed patient
where carriage of a risk gene has not been excluded [30,31]. Work herein might be the first step
towards identifying such cases, without a conventional burdening gluten re-challenge, since
characteristic changes in cytokine expression in gliadin-specific CD4+ T-cells in the peripheral
blood are present. For the rare subgroup of RCD patients, especially for type I, the specific
immunological nature remains unclear. Diagnosis is still based on histopathology alone, while
recent studies suggest a heterogeneous composition of different pathologies to be merged
under this term. In this respect, the ARTE technique for gliadin-specific T-cells represents a
unique research tool for future studies that has the potential to contribute to a subclassification
of this disease group. Furthermore, our data reveal a specific immunological phenotype of
gliadin-specific CD4+ T-cells in FDR to CeD regarding a hypersensitivity towards gluten, even
if diagnosed as healthy, based on their tTG status. It is well-known that FDR harbor a higher
genetic risk for developing CeD. As such, it has been shown that FDR reveal an increased
intestinal permeability compared with healthy controls CeD [29,32,33]. Composing our data
and previously published data on permeability and disease risk to a single picture, one has to
emphasize further the necessity to screen FDRs for CeD development, as is already pointed
out in various clinical guidelines. By demonstrating an active immune response against
the pathogenic antigen, identification and even phenotyping of gluten-reactive T-cells from
peripheral blood might represent an interesting alternative diagnostic modality, all the more
in pediatric cases, where prevalence is higher, invasive endoscopy is meant to be avoided.
Overdiagnosis should not occur to a relevant extent, if diagnostic methodology for CeD is
applied and interpreted adequately. Thus, this novel approach could fulfill the clinical need
for a noninvasive marker of CeD activity as a clinical and research tool [34].

With regard to IBD, which shares the characteristics of barrier disruption [7] and
subsequent intestinal inflammation in the lamina propria, we detected increased levels
of gliadin-specific T-cells in the peripheral blood of active CD patients with concurrent
small intestinal inflammation, paralleled by the highest frequency of antigen-specific T-cells
expressing pro-inflammatory cytokines. This distinct occurrence suggests small intestinal
barrier disruption as a major cause for the observed T-cell activation, since these cells
express small intestinal homing markers. The homing to the ileum (α4β1) is described as
an essential pathway in CD [35]. Therefore, only in these three patient groups of active
small intestinal inflammation, did effector-memory T-cells outnumber the naïve phenotype
among gliadin-specific T-cells in the peripheral blood. Furthermore, peripheral T-cells
from CD patients with small intestinal inflammation proved to be responsive to other
major food antigens [36], while neither active UC, nor CD or UC in remission, showed
any reaction. Again, only antigen-specific T-cells from active CeD, but not GFD patients
demonstrated similar properties, corroborating on the one hand the leaky barrier of the
affected small intestine as the site of food antigen translocation and subsequent T-cell
activation. On the other hand, the significant effect of gliadin, but no other food antigen, in
the GFD group further confirmed the singular antigen-driven nature of CeD. Nevertheless,
based on surveys, it has been suggested that long-term GFD improves gastrointestinal
symptoms in active IBD patients [10]. With the present study, we are able to convey
cellular and functional data by demonstrating an enhanced gliadin-specific response of
pro-inflammatory cytokines towards gliadin for CD patients, which is not found in UC
patients. This occurs somewhat in parallel with the detection of anti-Saccharomyces cerevisiae
antibodies (ASCAs) in CD, but not in UC [37,38], which might reflect the increased small
intestinal permeability for peptide antigens found in CD but not in UC. Interestingly and
in line with our study, ASCAs were also found in patients suffering from CeD, again
suggesting that small intestinal antigen processing might be pivotal [39,40].

This study has a number of limitations that include the small sample size, the mono-
centric design, the lack of a group of very young patients/children and maybe also the lack
of a group of patients suffering from colonic Crohn’s disease. Nevertheless, recent genomic
data indicate that Crohn’s disease of the small intestine is distinct from Crohn’s colitis
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and that small intestinal CD is specifically different from UC [41,42]. Since we aimed to
emphasize these very different pathologies, we decided to focus on small intestinal Crohn’s
and UC. However, a more complete view on this immune pathology including Crohn’s
colitis might have added the option to recognize, if the differential extent of gliadin-specific
T-cells reflects mostly the distribution type of the IBD, or if it is distribution-independent
and disease-specific, maybe secondary to the transmural nature of CD.

In summary, our data suggest that small intestinal inflammation is key for the de-
velopment of a nutritional antigen-specific T-cell response. Therefore, ARTE allows the
distinction of CD with small intestinal inflammation from UC and CD in remission by a
unique profile of circulating antigen-specific T-cells, and raises the question of whether
a well-defined nutritional regimen (e.g., GFD) might have therapeutic potential in the
setting of IBD. Hence, based on the analysis of the systemic immune response, an “anti-
inflammatory” diet could be developed and monitored. In addition, this technique allows
detailed analyses of gliadin-specific T-cells at such a high resolution that even healthy
first-degree relatives can be discriminated and might thus provide a novel non-invasive
diagnostic tool to identify symptom-free CeD patients on a gluten-free diet.

4. Methods

PBMC from CeD, CD, UC and rheumatoid arthritis patients as well as healthy controls
(Tables 1 and 2) were cultured for 6 h in the presence of defined antigens followed by
magnetic enrichment of activated CD154+ T-cells (as marker for antigen-specific T-cells) [12]
(Figure 1A,B).

Table 1. Patient characteristics: Celiac disease and controls.

Non-Relative
Controls
(n = 24)

First-Degree
Relatives

(n = 6)

Celiac Disease on
GFD

(n = 24)

Active Celiac
Disease
(n = 9)

Refractory Celiac
Disease
(n = 11)

Age (mean ± SD) 33.3 ± 9.4 34.5 ± 9.5 43.9 ± 16.8 47.3 ± 12.4 61.1 ± 11.6
Female [%] 55 83 80 66 82

tTG (mean ± SD)
[U/mL] # 1.6 ± 0.7 1.4 ± 0.4 6.3 ± 4.8 114.2 ± 70.9 21.0 ± 27.2

[CE] - - - 3428.1 ± 1313.7 -

Marsh grade at first
diagnosis

IIIa
IIIc
IIIb

- -
10
9
4

3
3
2

6
2
2

RCD type I /II [%] - - - - 63.6/36.4

GFD, gluten-free diet; tTG, tissue-transglutaminase. # standard range tTG-IgA [U/mL] < 10 U/mL; [CE] < 20 CE.

Table 2. Patient characteristics: Inflammatory bowel disease and controls.

Non-Relative
Controls
(n = 24)

Rheumatoid
Arthritis

(n = 5)

Crohn’s Disease
(n = 19 + 13)

Crohn’s Disease
(Remission)
(n = 10 + 4)

Ulcerative Colitis
(n = 12 + 7)

Ulcerative Colitis
(Remission)
(n = 9 + 2)

Age (mean ± SD) 33.3 ± 9.4 49.4 ± 10.8 36.2 ± 9.3 41.4 ± 13.9 41.0 ± 14.9 42.0 ± 15.1
Female [%] 55 67 50 57 37 64

Clinical score:
HBI - - 5.1 ± 2.7 0.5 ± 1.2 - -
partial Mayo - - - - 3.9 ± 1.9 1.0 ± 1.0

Montreal classification:

- -

- A1 < 17 years 0 0 0 0
- A2 17–40 years 23 7 7 6
- A3 > 40 years 9 7 12 5

Crohn’s disease
- L1 ileal 11 4
- L3 ileocolonic 12 8
- L4 upper GI 6 2

Ulcerative colitis
- E1 proctitis 0 0
- E2 distal UC 8 8
- E3 extensiveUC 10 3

HBI, Harvey–Bradshaw index. n = patients with gliadin stimulation + patients with other food antigen stimulation.

4.1. Patients

PBMC of CD patients with small intestinal manifestation and UC patients with either
active disease or remission were analyzed. Activity of disease was analyzed clinically as
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defined by well-established activity scores including Harvey–Bradshaw Index (HBI) and
partial Mayo score (pMayo) [43,44]. Additionally, CeD patients on a GFD for at least one
year, newly diagnosed active CeD patients still exposed to gluten (aCeD), or GFD-refractory
CeD patients (RCD) were included. Moreover, healthy first-degree relatives to CeD patients
(FDR) on a regular diet without symptoms were included. The diagnosis of CeD was based
on the presence of tTG antibodies in the serum and characteristic histopathological features
in duodenal biopsies (Marsh score > 1). RCD diagnosis was based on the presence of a
Marsh III enteropathy and clinical malabsorption in spite of consumption of a gluten-free
diet for at least one year. Clonality analysis was performed by PCR of the CDR3 region
of the TCR. Detection of a clonal T-cell population and aberrant lymphocytes by immune
phenotyping of duodenal tissue allowed for diagnosis of RCD type II. All other refractory
cases were diagnosed as RCD type I [45]. HLA-DQ status could not be determined for IBD
patients and controls. Additionally, non-intestinal inflammatory control group PBMC from
rheumatoid arthritis (RA) patients were analyzed.

4.2. Blood Donors and PBMC Isolation

Peripheral blood samples were obtained from healthy donors and patients of the
Charité-Universitätsmedizin Berlin, Medical Department, Division of Gastroenterology,
Infectious Diseases and Rheumatology. All blood donors gave informed consent and
the study was approved by the ethical committee of the Charité-Universitätsmedizin
Berlin. PBMC were freshly isolated from 20 mL blood by density gradient centrifugation
(Biocoll; Biochrom, Berlin, Germany). Heparinized whole blood was layered on the Biocoll
Separation Solution and centrifuged at 1200× g for 25 min at 21 ◦C. PBMC were collected
from the interphase, washed and resuspended in RPMI1640 (Gibco, Life Technologies,
Darmstadt, Germany) supplemented with 5% human AB-serum (Sigma-Aldrich, St. Louis,
MO, USA).

4.3. Antigen-Reactive T-Cell Enrichment

Identification and enrichment of antigen-reactive T-cells was performed by applying
the recently described ARTE technique [12]. Briefly, 0.5–1 × 107 PBMC were cultured in
RPMI1640 supplemented with 5% human AB-serum and stimulated for 6 h with 1 µg/mL
CD40 (Miltenyi Biotec, Bergisch Gladbach, Germany) in the presence or absence of the
pepsin-trypsin digested 33-mer gliadin peptide (200 µg/mL) (Sigma-Aldrich), OVA-peptide
(Invitrogen), or soybean or peanut extract (200 µg/mL) (Greer Laboratories, Lenoir, North
Carolina, United States). For the last 2 h, 1 µg/mL brefeldin A (Sigma-Aldrich) was added.
Cells were indirectly labeled with anti-CD154-biotin antibody, followed by anti-biotin
MicroBeads (CD154 MicroBead-Kit, Miltenyi Biotec), and magnetically enriched using MS
columns (Miltenyi Biotec).

4.4. Flow Cytometric Cell Analysis

Surface staining was performed on the MS column (first panel: Brilliant violet 510™
anti-human CD4; RPA-T4, Brilliant Violet 421™ anti-human CD197 (CCR7); G043H7,
PE/Cy7 anti-human CD45RA; HI100; second panel: Brilliant violet 510™ anti-human CD4;
PE/Cy7 anti-human CD29/ß1; TS2/16, PE anti-human ß7; FIB504, all from BioLegend
(Koblenz, Germany); VioBlue anti-human CD49d/α4, MZ18-24A9, from Miltenyi Biotec
(Bergisch Gladbach, Germany); and human FC block, from CSL Behring (Marburg, Ger-
many)). The enriched cell fraction was fixed using eBioscience™, FoxP3 staining buffer
(Thermo Fisher Scientific, Waltham, MA, U.S.A.). Intracellular staining was performed:
APC anti-human IFNγ; 4S.B3, APC/Cy7 anti-human IL-17A; BL168, PerCP/Cy5.5 anti-
human TNFα; MAb11, all from BioLegend; and FITC anti-human CD154 (5C8) from
Miltenyi Biotec. Flow cytometry analysis was performed on an FACS Canto II device (BD
Bioscience, Heidelberg, Germany). Data were analyzed with FlowJo analysis software
(Ashland, OR, U.S.A.) (Supplementary Figure S1).
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4.5. Statistics

Statistical analysis was performed using Prism software (GraphPad Software). Sig-
nificance was determined using Mann–Whitney U-Test as indicated. * p > 0.05, ** p > 0.01,
*** p > 0.001.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24098153/s1.
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Abstract: The “leaky gut” syndrome describes a damaged (leaky) intestinal mucosa and is considered
a serious contributor to numerous chronic diseases. Chronic inflammatory bowel diseases (IBD)
are particularly associated with the “leaky gut” syndrome, but also allergies, autoimmune diseases
or neurological disorders. We developed a complex in vitro inflammation-triggered triple-culture
model using 21-day-differentiated human intestinal Caco-2 epithelial cells and HT29-MTX-E12
mucus-producing goblet cells (90:10 ratio) in close contact with differentiated human macrophage-
like THP-1 cells or primary monocyte-derived macrophages from human peripheral blood. Upon
an inflammatory stimulus, the characteristics of a “leaky gut” became evident: a significant loss of
intestinal cell integrity in terms of decreased transepithelial/transendothelial electrical resistance
(TEER), as well as a loss of tight junction proteins. The cell permeability for FITC-dextran 4 kDa
was then increased, and key pro-inflammatory cytokines, including TNF-alpha and IL-6, were
substantially released. Whereas in the M1 macrophage-like THP-1 co-culture model, we could not
detect the release of IL-23, which plays a crucial regulatory role in IBD, this cytokine was clearly
detected when using primary human M1 macrophages instead. In conclusion, we provide an
advanced human in vitro model that could be useful for screening and evaluating therapeutic drugs
for IBD treatment, including potential IL-23 inhibitors.

Keywords: leaky gut; inflammatory bowel disease (IBD); triple-culture; Caco-2; HT29-MTX-E12; THP-1;
monocyte-derived macrophage; inflammation; TEER; FITC-dextran 4 kDa (FD4); pro-inflammatory
cytokines

1. Introduction

The “leaky gut”, also known as increased intestinal permeability, describes a damaged
(leaky) intestinal barrier caused by the loose tight junctions of intestinal epithelial cell walls.
This phenomenon results in the passage of harmful substances such as pathogens and toxic
digestive metabolites from the gut into the bloodstream, and then consequently causes
systemic inflammation and immune system activation. An increased intestinal permeabil-
ity has been considered to play an important role in the development and progression
of numerous chronic diseases [1–3]. Autoimmune diseases [4,5], food sensitivities and
allergies [6,7], asthma [8], neurological conditions [9–11], autism spectrum disorder [12,13],
and gut-related disorders like chronic inflammatory bowel disease (IBD) [14–16] have been
reported in association with a “leaky gut”. IBD is an umbrella term that is used mainly to
describe two chronic inflammatory conditions of the gastrointestinal (GI) tract: ulcerative
colitis (UC) and Crohn’s disease (CD). In 2017, about seven million people were suffering
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from IBD worldwide [17], with the prevalence surpassing 0.3% of the general population
in North America, Oceania, and many European countries. Moreover, IBD has become a
global disease in the twenty-first century with rising incidence and prevalence in many
regions, particularly in the emerging economies of South America, Eastern Europe, Asia,
and Africa [18]. As there is currently no specific cause and cure for IBD, it presents a
tremendous financial burden globally due to the substantial direct costs of medical care
and the indirect costs related to disability and missed work [19].

To better understand underlying mechanisms and ultimately identify effective treat-
ment options, many researchers have established various cell-based in vitro models of IBD.
For decades, the Caco-2 cell line, a heterogeneous human epithelial colorectal adenocarci-
noma cell line, has undoubtedly become the most widely accepted in vitro cell model to
study the intestinal absorption of drugs, cell membrane permeability, and inflammatory
response [20–26]. When growing as a confluent monolayer on inserts, Caco-2 cells differ-
entiate and demonstrate morphological and functional characteristics of small intestinal
absorptive cells such as tight junctions, and a brush border with well-developed microvilli
on the apical surface [27]. Furthermore, Caco-2 cells also express typical enzymes of normal
small-intestinal villus cells, such as disaccharidases and peptidases [28].

On the other hand, this single-cell Caco-2 model has been criticized by many authors,
because it lacks mucus production. Based on the Caco-2 cell model, many modifications
and improvements have followed [29]. One of the most important enhancements was
combining it with the mucin-secreting HT29-MTX-E12 goblet cell line [30]. The proportion
of goblet cells among epithelial cell types ranges from 10% in the small intestine to 24% in
the distal colon [31]. Therefore, the Caco-2/HT29-MTX-E12 co-culture model then better
resembled the human small intestine. In the in vitro system, the presence of mucus can
act as an interactive barrier, limiting the free diffusion of small compounds to the cells,
and thus helping to avoid overestimation of the permeability of such compounds [32].
Moreover, an increasing number of studies reported that the disruption of bidirectional
communication between the intestinal mucus barrier and gut microbiota plays a critical role
in the development and progression of several inflammatory conditions such as IBD [33,34].

In IBD, intestinal macrophages become activated, and contribute to chronic intestinal
inflammation [35–37]. Intestinal macrophages in the subepithelial lamina propria (LP) are
the most abundant mononuclear phagocytes in the body and play a critical role in main-
taining intestinal homeostasis. Thus, some researchers have started to combine intestinal
cell lines with human macrophage-like cells (e.g., differentiated monocytic THP-1 cells), or
monocyte-derived macrophages from peripheral blood mononuclear cells (PBMCs) [38–40].
However, each of these IBD models has its disadvantages, because of either (1) the lack
of mucus-producing cells [41–44], (2) a spatial distance between the intestinal cells and
macrophages [45–47], or (3) being specifically adapted for buoyant particles [48].

In this study, we developed a complex in vitro triple-culture model of the human
intestine, consisting of differentiated human intestinal Caco-2 cells, HT29-MTX-E12 mucus-
producing goblet cells (90:10 ratio), cultured on inserts in close contact with either dif-
ferentiated human macrophage-like THP-1 cells, or primary human monocyte-derived
macrophages obtained from PBMCs of healthy donors. The combination of human cell
line-derived intestinal cells and macrophages provides a more biological and physiologi-
cal representation of the complex interactions between the intestinal epithelium and the
immune system in health and IBD.

2. Results
2.1. Establishment of an Inflammation-Triggered, Triple-Culture In Vitro “Leaky Gut” Model
Using Caco-2/ HT29-MTX-E12 Co-Culture and Macrophage-like THP-1 Cells

A graphic description of the cell culture and the setup of the inflammation-triggered,
triple-culture in vitro “leaky gut” model is demonstrated in Figure 1.
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Figure 1. Schematic diagram of the inflammation-triggered, triple-culture in vitro “leaky gut” model.
19-day-differentiated Caco-2/HT29-MTX-E12 co-cultures were either rested in fresh medium (control),
or primed for 24 h with IFN-γ. On the following day, a custom-designed three dimension (3D)-printed
cap was carefully placed into the insert of the cultures to confine the medium, before placing the
insert upside down in a Petri dish. After that, phorbol 12-myristate 13-acetate (PMA)-differentiated
macrophage-like THP-1 cells, or primary monocyte-derived macrophages were transferred on the
bottom side of the inverted inserts for 1.5 h, before flipping it back to the regular orientation. Then, for
generating the inflammation-mediated “leaky gut” condition, macrophages were activated for 24 h
by adding a combination of LPS and IFN-γ. At the same time, for the control model, macrophages
were rested in medium for this time.

2.2. Custom-Designed Three Dimension (3D)-Printed Cap for Medium Confinement in the Insert

A cap was 3D designed (Figure 2A–C) to fit into the insert and sealed the setup by
friction. The base of the cap was shaped conically to eliminate possible air pockets when
the cap was inserted into the insert (Figure 2D,E).

2.3. Characterization of 21-Day-Differentiated Caco-2/HT29-MTX-E12 (90:10 Ratio) Co-Culture

The development of cell monolayer integrity of the Caco-2/HT29-MTX-E12 co-culture
during the 21-day incubation was determined by transepithelial/transendothelial electrical
resistance (TEER) measurement, which is a widely accepted quantitative technique to assess
the integrity of cellular barriers in cell culture models [49]. As presented in Figure 3A,
the TEER value of HT29-MTX-E12 cells increased from 18 ± 9 Ω·cm2 to 128 ± 18 Ω·cm2

between day 3 to 21 of cultivation. In contrast, the TEER values of the Caco-2 monoculture,
and the Caco-2/HT29-MTX-E12 co-culture reached 660 ± 31 Ω·cm2 and 605 ± 29 Ω·cm2

on day 21, respectively. Therefore, in this study, only co-cultures of Caco-2/HT29-MTX-E12
with TEER values above 300 Ω·cm2 were used in further experiments.
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Figure 2. Custom-designed 3D-printed cap. The design sketches of the cap are: top view (A),
front view (B), and 3D view (C). The dimensions of this cap (D) were determined to fit into the
insert perfectly to safely confine the medium within the insert during the macrophage adherence
procedure (E).
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Figure 3. Characterization of the Caco-2/HT29-MTX-E12 (90:10 ratio) co-culture during 21 days of
cultivation. (A) Transepithelial-transendothelial electrical resistance (TEER) values of Caco-2, HT29-
MTX-E12, and Caco-2/HT29-MTX-E12 (90:10) cell cultures. Values are shown as mean ± standard
deviation (SD) (n ≥ 3). (B) Representative microscopy images of cell layers were obtained before and
after staining with Alcian blue for mucus production (evident by blue color and black arrows). Scale
bar = 100 µm.

To determine the presence of mucus on the cell surface, the cell layers of 21-day
cultured Caco-2, HT29-MTX-E12, and Caco-2/HT29-MTX-E12 (90:10 ratio) were stained
with Alcian blue. Figure 3B shows that the Caco-2 monoculture did not exhibit Alcian
blue staining. In contrast, as expected, the surface of HT29-MTX-E12 cells was covered
by mucus production, while it was randomly dispersed throughout the cell layer of the
Caco-2/HT29-MTX-E12 co-culture.
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2.4. Increased Intestinal Permeability in Caco-2/HT29-MTX-E12 Co-Culture Induced by
IFN-γ Priming

A previous study has reported that IFN-γ priming resulted in the expression of TNF
receptor 2, which was crucial for the subsequent induction of TNF-α-induced intestinal
epithelial barrier dysfunction, caused by LPS [50]. Therefore, the Caco-2/HT29-MTX-E12
co-culture was primed here with IFN-γ for 24 h, before the addition of the LPS-stimulated
macrophage-like THP-1 cells, or primary monocyte-derived macrophages. As shown in
Figure 4, IFN-γ priming resulted in a significant drop in the TEER value (Figure 4A) and
an increase in permeability (Figure 4B) as signs of barrier integrity loss. Compared to the
untreated co-culture (SC), there was a TEER reduction of 25% and a permeability increase
of around 18%.
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Figure 4. IFN-γ priming on the Caco-2/HT29-MTX-E12 co-culture. After 24 h incubation with
50 ng/mL IFN-γ, TEER (A) and permeability value (Papp) (B) of Caco-2/HT29-MTX-E12 co-cultures
were measured. TEER values were expressed as a percentage of the initial TEER value (100%).
Permeability was expressed as fold change of the untreated control (SC) used as a reference. Bars are
the means ± SD (n ≥ 3). * p < 0.05, or *** p < 0.001 were considered significantly different versus SC.

2.5. Characterization of the Inflammation-Triggered, Triple-Culture “Leaky Gut” Model

After 6 h and 24 h co-incubation with stimulated macrophage-like THP-1 cells, the
intestinal barrier function of the Caco-2/HT29-MTX-E12 epithelial cell layer was assessed
by measuring TEER (Figure 5A) and FITC-Dextran 4 kDa (FD4) paracellular transmission
(Figure 5B). As seen in Figure 5A, within 6 h, the TEER of the “leaky gut” model decreased
to 85% from the initial value, and further to 77% after 24 h. The paracellular flux of FD4
across the cellular layer showed a significantly increased permeability under “leaky gut”
conditions, which was up to 41% and further to 71% higher than the control model after
6 h and 24 h, respectively (Figure 5B).

In comparison to the control model, significant release of the cytokines IL-6 and TNF-α,
(insignificant for IL-1β), was observed in the “leaky gut” model after 6 h (Figure 5C), and
24 h (Figure 5D). As seen in Figure 5C, after 6 h, the mean concentration of IL-6 and TNF-α
in the “leaky gut” model were 66 ± 8 pg/mL and 163 ± 72 pg/mL, respectively. Those
were significantly higher than levels of IL-6 and TNF-α in the control model (6 ± 8 pg/mL
and 41 ± 22 pg/mL, respectively). However, there was no significant difference in IL-1β
production between the “leaky gut” and control models (16 ± 8 pg/mL and 57 ± 50 pg/mL,
respectively). Figure 5D also shows the significantly higher levels of IL-6 and TNF-α in
the “leaky gut” model (77 ± 26 pg/mL and 91 ± 41 pg/mL, respectively), as compared to
the control model (11 ± 4 pg/mL and 30 ± 17 pg/mL, respectively) after 24 h cultivation.
Again, there was no significant difference in IL-1β production between the “leaky gut” and
control models after 24 h (7 ± 5 pg/mL and 20 ± 13 pg/mL, respectively).

The significant increased permeability highly corresponded to a significant production of
zonulin, a proposed regulator of the permeability of the intestinal barrier [51], in the “leaky gut”
model after 6 h (Figure 5E) and 24 h (Figure 5F). As seen in Figure 5E, within 6 h, the mean
concentration of zonulin in both compartments of the “leaky gut” model (2043 ± 464 pg/mL)
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was nearly 25-fold higher than in the control model (83 ± 143 pg/mL). After 24 h, the mean
concentration of zonulin in both compartments of the “leaky gut” model (1982 ± 260 pg/mL)
was around 1.3-fold higher than the control model (1664 ± 29 pg/mL) (Figure 5F).

As shown in Figure 5E,F, while there was no change in Tight Junction Protein-1 (TJP1)
between the “leaky gut” and control models after 6 h (24 ± 7 pg/mL and 22 ± 8 pg/mL,
respectively) and 24 h (141 ± 12 pg/mL and 147 ± 6 pg/mL, respectively), the amount
of released occludin in the “leaky gut” model increased from 66 ± 13 pg/mL at 6 h to
104 ± 49 pg/mL at 24 h. On the other hand, the amount of occludin in the control model
decreased from 54 ± 15 pg/mL (6 h) to 51 ± 60 pg/mL (24 h).
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Figure 5. Characterization of the in vitro “leaky gut” model. Intestinal barrier function of the triple
cell culture was assessed by (A) TEER and (B) permeability value (Papp) after 6 h and 24 h incubation.
The secretion of the key pro-inflammatory cytokines IL-1β, IL-6, and TNF-α in the basolateral
compartment were quantified after (C) 6 h and (D) 24 h. The release of Occludin, Tight Junction
Protein-1 (TJP1), and Zonulin in the apical, and basolateral compartment were measured after (E) 6 h
and (F) 24 h. Data are given as mean ± SD (n ≥ 3). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
as compared to the control model.
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2.6. Comparison of Different Modifications on the “Leaky Gut” Model Using Macrophage-like
THP-1 Cells

A previous study has described that increased intestinal permeability is correlated
with increased levels of LPS in intestinal tissue and plasma [52]. Therefore, the “leaky gut”
model was additionally treated with 100 ng/mL LPS in the apical compartment for 24 h. As
shown in Figure 6, this modification resulted in a significant TEER drop of 30% (Figure 6A)
and a permeability increase of 28% (Figure 6B) compared to the control model.
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Figure 6. Comparison of different modifications on the “leaky gut” model using macrophage-
like THP-1 cells (“−“: non-treatment, “+”: treatment). Intestinal barrier function was assessed by
(A) TEER and (B) permeability value (Papp) as compared to the control model. (C) The secretion
of key pro-inflammatory cytokines IL-1β, IL-6, IL-23, and TNF-α was quantified in the basolateral
compartment of the models after 24 h cultivation. Bars are mean ± SD (n ≥ 3). * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001 as compared to the control model.

The cytokine interleukin-23 (IL-23), which is primarily produced by macrophages and
dendritic cells in response to microbial stimulation, has been considered a key promoter
of chronic intestinal inflammation, especially in IBD [53]. However, we could not detect
IL-23 secretion in our model (Figure 6C). Lactic acid (LA) was reported as a stimulator
of IL-23 production in PBMCs exposed to bacterial LPS [54]. Therefore, we pre-treated
macrophage-like THP-1 cells with 1 mg/mL LA for 24 h before setting up the triple-culture.
This modification showed a significant TEER reduction of approximately 24% (Figure 6A)
and a permeability rise of 13% (Figure 6B) compared to the control model. The combination
of the two modifications (apical treatment with LPS and LA priming) also resulted in a
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significant TEER decrease of 20%, and a permeability increase of 27% as compared to the
control model.

As described in Figure 6C, similar to the inflamed model, a significant secretion of
IL-6 was found after additional modifications by using apical treatment of 100 ng/mL
LPS (66 ± 37 pg/mL), or 24 h-priming of macrophage-like THP-1 cells with 1 mg/mL LA
(79 ± 35 pg/mL), or the combination of these (83 ± 37 pg/mL) as compared to the control
model (11 ± 4 pg/mL). There were similar levels in the production of IL-1β, TNF-α, and
especially IL-23 between the modified “leaky gut” and control models.

2.7. Comparison of Different Modifications on the “Leaky Gut” Model Using Primary
Human-Derived Macrophages

To better reflect the properties of primary macrophages in vivo, we replaced the THP-1
cell line in our model with primary monocyte-derived macrophages from human PBMCs.
The experiments were then carried out as with the macrophage-like THP-1 cells.

The additional treatment with 100 ng/mL LPS in the apical compartment of the “leaky
gut” model resulted in a significant TEER drop of 24% (Figure 7A) and a permeability
increase of approximately 30% (Figure 7B) as compared to the control model.
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epithelium, such as a brush border with microvilli, tight junction formation, production 
of characteristic digestive enzymes, and transporters [27]. Importantly, Caco-2 cells 
showed the ability to produce a range of inflammatory cytokines such as IL-6, IL-8, IL-1β, 
and TNF-α, that may contribute to inflammatory conditions in IBD [59]. Different studies 
have also utilized this cell line to evaluate novel molecules for potential therapeutic treat-
ment/management of UC. For example, it was demonstrated, that rhamnogalacturonan 
accelerated wound healing, decreased epithelial barrier dysfunction, and suppressed IL-
1 induced IL-8 production in Caco-2 cells [60]. Another study by Liang et al. reported that 
the corn protein hydrolysate down-regulated the secretion of IL-8 production in TNF-α 
induced inflammation in Caco-2 cells [61]. 

Figure 7. Comparison of the modifications on the “leaky gut” model using primary human-derived
macrophages (“−”: non-treatment, “+”: treatment). Intestinal barrier function in comparison to the
control model was assessed after 24 h by (A) TEER and (B) permeability values. (C) The secretion of
key pro-inflammatory cytokines IL-6, IL-23, and TNF-α in the basolateral compartment of control
and “leaky gut” models were quantified after 24 h. Bars are mean ± SD (n ≥ 3). * p < 0.05, ** p < 0.01,
**** p < 0.0001 as compared to the control model.

Similarly, 1 mg/mL LA pre-treatment of primary monocyte-derived macrophages for
24 h also caused a significant TEER reduction of 25% (Figure 7A), and a permeability rise of

84



Int. J. Mol. Sci. 2023, 24, 7427

20% (Figure 7B) in comparison with the control model. The combination of the two above
modifications (apical treatment with LPS and LA priming) also resulted in a significant
TEER decrease of 22%, but the permeability only slightly increased by 8% as compared to
the control model.

As shown in Figure 7C, additional modifications with the apical treatment of
100 ng/mL LPS (433 ± 102 pg/mL), or 24 h-priming of macrophages with 1 mg/mL LA
(290 ± 130 pg/mL), or the combination of these two modifications (451 ± 80 pg/mL) all pro-
duced a significant secretion of IL-6 in comparison with the control model
(58 ± 70 pg/mL). Similarly, the substantial secretion in TNF-α was also seen by the apical
treatment of 100 ng/mL LPS (741 ± 223 pg/mL), 24 h-priming macrophage with 1 mg/mL
LA (662 ± 240 pg/mL), and the combination of these two modifications (1163 ± 314 pg/mL)
as compared to the control model (34 ± 21 pg/mL). In contrast to macrophage-like
THP-1 cells, the apical treatment with 100 ng/mL LPS (184 ± 180 pg/mL), or 24 h-
priming of macrophages with 1 mg/mL LA (209 ± 65 pg/mL), or the combination of
these two modifications (577 ± 161 pg/mL) resulted in a strong, significant secretion of
IL-23 when compared to the control model (0 pg/mL).

3. Discussion

IBD is a chronic gastrointestinal inflammatory disease with unclear causes and patho-
genesis. However, it is thought that a complex sequence of interactions among genetic,
microbial, immunological, and environmental factors results in an abnormal and exagger-
ated immune response of the commensal microbiota, finally resulting in the induction of
intestinal inflammation [55–58].

Various in vitro models have been developed to understand IBD’s etiology, pathol-
ogy, and potential treatment options. Most of them used the Caco-2 cell line, because
differentiated Caco-2 cells can reflect many features of mature enterocytes in the intestinal
epithelium, such as a brush border with microvilli, tight junction formation, production of
characteristic digestive enzymes, and transporters [27]. Importantly, Caco-2 cells showed
the ability to produce a range of inflammatory cytokines such as IL-6, IL-8, IL-1β, and
TNF-α, that may contribute to inflammatory conditions in IBD [59]. Different studies
have also utilized this cell line to evaluate novel molecules for potential therapeutic treat-
ment/management of UC. For example, it was demonstrated, that rhamnogalacturonan
accelerated wound healing, decreased epithelial barrier dysfunction, and suppressed IL-1
induced IL-8 production in Caco-2 cells [60]. Another study by Liang et al. reported that
the corn protein hydrolysate down-regulated the secretion of IL-8 production in TNF-α
induced inflammation in Caco-2 cells [61].

Nevertheless, the most significant limitation of the monolayer Caco-2 cell culture
system was the lack of a mucus layer, which serves as a physical and chemical barrier
in the intestinal epithelium against luminal contents involving digestive enzymes, food
particles, microbiota and microbial compounds, as well as host-secreted products such as
bile acids [62]. Hence, previous studies co-cultured Caco-2 cells with the mucus-secreting
goblet HT29-MTX-E12 cell line to provide a closer physiological model of the human
intestinal epithelium [63–65]. Many recent studies have widely used the optimal 90:10 ratio
of Caco-2/HT29-MTX cells, because it better represented the in vivo situation of the human
small intestine regarding the proportion of absorptive enterocytes and mucin-producing
goblet cells [66–69]. Therefore, we applied this combination of Caco-2/HT29-MTX-E12 co-
culture conditions for our “leaky gut” model system to closely mimic the cell composition
and functionality of the intestinal epithelium. In our model, the mucin secreted by the HT29-
MTX cells does not appear to completely cover the whole surface of the intestinal cells after
21 days of co-culture. A healthy mucosal barrier contributes to the prevention of pathogens
invasion and defects therein have been implicated in several intestinal pathologies. Thus,
depending on the application of our in vitro model, this might be considered as a limitation
or advantage.
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Macrophages in the lamina propria of the small intestine are one of the most prevalent
populations of leukocytes in the body. They play a crucial role in maintaining intestinal
homeostasis and intestinal inflammation emergence [70]. Several investigations have
demonstrated that intestinal macrophages become activated and promote the occurrence
and development of IBD [35,37,71]. Over the last decade, to better replicate the in vivo
physiology of IBD, in vitro IBD models have been established using a combination of Caco-2
cells and macrophage-like differentiated THP-1 cells, for example, Kämpfer et al. (2017) [46].
IFN-γ priming of Caco-2 cells together with the stimulation of differentiated THP-1 cells
by LPS and IFN-γ, induced an inflammation-like response in their diseased intestine
model, evident by intestinal barrier disruption and pro-inflammatory cytokine release.
Based on this model of Kämpfer, co-culture models with differentiated Caco-2 cells and
PMA-differentiated THP-1 cells in the presence of inflammatory stimulators (e.g., LPS
with/without IFN-γ) have been used to evaluate the potential immunomodulatory and
anti-inflammatory effects of phytochemicals [43,72,73], marine natural products [74–76],
bacterial β-glucans [77], siRNA-based nanomedicine [42], bovine milk-derived extracellular
vesicles [78], and probiotic bacteria [41].

Some IBD studies used an advanced in vitro triple-culture model composed of Caco-2
cells, HT29-MTX-(E12) cells, and PMA-differentiated macrophage-like THP-1 cells. The
combination of two intestine cell lines (Caco-2/HT29-MTX) with differentiated THP-1 cells
was first introduced by Kaulmann et al. (2016) to study the anti-inflammatory and antioxi-
dant effects of plums and cabbages [79]. Busch et al. (2021) suggested that this advanced
in vitro triple-culture model was a promising approach for studying the toxicological effects
of ingested micro- and nano-plastic particles [80]. An adverse and pro-inflammatory role of
the NLRP3 inflammasome in IBD has been described by using this triple-culture model [81].

However, this model system cannot reflect the anatomical distribution of lamina
propria macrophages in humans, which are close to the epithelial monolayer of intestinal
cells [70]. Thus, Calatayud et al. co-cultured Caco-2, HT29-MTX, and differentiated
THP-1 cells in close contact [38]. In contrast to our model, they used Type I collagen
from a rat tail to support THP-1 adhering to the membrane. Even though the presence of
coated collagen could increase cell attachment and viability [82], it may potentially impact
TEER measurements indirectly because the phenotyping properties of THP-1 cells were
modified by the surrounding extracellular matrix (i.e., collagen Type I). Teplicky et al.
have demonstrated that cell doubling times (i.e., cell proliferation) and mean diameters
(i.e., cell size) of THP-1 cells in collagen Type I were slightly increased when compared
to cells cultured in normal medium [83]. Furthermore, the biological activity of collagen-
coated immune cells and the detection of released pro-inflammatory cytokines might also
be affected [84]. Another study by Busch et al. (2021) also used a triple-culture model
with close contact between intestinal cells (Caco-2/HT29-MTX-E12) and differentiated
macrophage-like THP-1 cells [48]. They seeded Caco-2/HT29-MTX-E12 cells on the bottom
side of the insert, while differentiated macrophage-like THP-1 cells were cultured on the
top side of the insert. Due to the experimental design of their model, it is only suitable for
studies with buoyant particles, which float in cell culture media due to their density of less
than 1 g/cm3.

A significant increase in zonulin production could be observed in our “leaky gut”
model when compared to the control model. Intestinal epithelial cell tight junctions
are a multi-protein complex that support the integrity of the physical intestinal barrier
by regulating the paracellular movement between the internal environment and external
antigens or bacterial products [85,86]. It has been demonstrated that impaired tight junction
proteins present an early event of IBD [87,88]. In fact, elevated levels of zonulin have been
detected in both serum [89–91] and fecal [92,93] samples of IBD patients and it is used as
biomarker of intestinal permeability of the small intestine [94,95]. Therefore, on this point
our approach of a “leaky gut” model provides in vitro to in vivo concordance.

Cytokines play a critical role in the immunopathogenesis of IBD, where they reg-
ulate various aspects of the inflammatory response [96–98]. In patients with IBD, pro-
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and anti-inflammatory cytokines have been demonstrated to be produced in the inflamed
mucosa by various immune cells such as macrophages, dendritic cells (DCs), neutrophils,
natural killer (NK) cells, intestinal epithelial cells (IECs), innate lymphoid cells (ILCs),
mucosal effector T cells (T helper 1 (TH1), TH2 and TH17), and regulatory T (Treg) cells [99].
In particular, the translocation of commensal bacteria and microbial products from the
gut lumen into the bowel wall resulting from an impaired cell barrier function (“leaky
gut”) leads to inflammatory macrophage (M1 phenotype) stimulation, and consequent
production of high levels of pro-inflammatory cytokines such as IL-1, IL-6, IL18, TNF-α,
IL-23, and IL-17. These cytokines directly or indirectly result in the injury or necrosis of
the intestinal epithelial cells, which then promotes the pathogenesis of IBD [35]. Being
critical mediators in the development of IBD, pro-inflammatory cytokines are considered
effective therapeutic targets [100,101]. Anti-TNF-α therapy is the first biologic approved,
and currently the most effective treatment for IBD, including infliximab, golimumab,
adalimumab, and certolizumab pegol, which have been demonstrated good clinical effi-
cacy [102]. However, approximately 20% of IBD patients are primary non-responders [103],
and over 30% eventually lose response to anti-TNF drugs [104]. Blocking of lamina propria
macrophages-produced IL-6 with monoclonal antibodies (e.g., tocilizumab, PF-0423691) is
here considered as alternative treatment for IBD, but serious side effects have been reported
for these anti-IL-6 drugs [32].

More recent data have demonstrated, that the pro-inflammatory IL-23 was a critical
promoter of the pathogenesis of IBD, because it stimulates and influences the differentiation
and proliferation of pathogenic T helper type 17 (Th17) cells. This in turn further induces
inflammatory cytokines [53,105,106]. Therefore, targeting the IL-23 pathway is another
important way for drug development of IBD [107]. Currently, only ustekinumab has been
approved for the treatment of both CD and UC patients, but several IL-23p19 antagonists
(e.g., risankizumab, brazikumab, mirikizumab) are in phase II or III development programs
and give promising results. Our “leaky gut” model showed a significant increase in
IL-6 and TNF-α upon activation. Interestingly, we could also achieve the substantial
secretion of IL-23 by additional modifications using primary human-derived macrophages,
but not by using macrophage-like THP-1 cells. Since the exact mechanism by which
lactic acid stimulates macrophages to release IL-23 is not fully understood, one possible
reason for this difference could be correlated to the genetic and phenotypic differences
between macrophage-like THP-1 cells, and primary blood macrophages. Compared to
primary blood macrophages belonging to a non-malignant and non-proliferating cell
type, THP-1 cells are leukemia monocytic cells with genetic and functional differences.
Furthermore, concerning LPS responses, THP-1 cells express much lower levels of monocyte
differentiation antigen CD14 in comparison to primary monocytes [108]. The detection of
IL-23 has not yet been described in any other intestinal inflamed model before, thus our
“leaky gut” model provides a promising new in vitro platform for drug investigation of
IBD treatment, especially IL-23 pathway inhibitors.

4. Materials and Methods
4.1. Chemicals

Fetal calf serum (FCS), GlutaMAXTM supplement, Roswell Park Memorial Institute
(RPMI)-1640, Dulbecco’s Modified Eagle’s medium (DMEM) with low glucose, trypsin-
EDTA (0.5%), trypsin (2.5%) solution, phosphate-buffered saline (PBS, without Ca2+ and
Mg2+), Non-Essential Amino Acid (NEAA), penicillin/streptomycin solution (10,000 U/mL
and 10,000 µg/mL), StemProTM AccutaseTM, and Hank’s Balanced Salt Solution (HBSS)
were purchased from Gibco™, Life Technologies GmbH (Darmstadt, Germany).
Lipopolysaccharide (LPS, from Escherichia coli O111:B4), phorbol 12-myristate 13-acetate
(PMA), fluorescein isothiocyanate (FITC)-Dextran, Alcian blue 8GX solution (1% in 3% acetic
acid) were from Sigma Aldrich (Taufkirchen, Germany). IFN-γ (human recombinant)
was purchased from STEMCELL technologies GmbH (Köln, Germany). Macrophage
colony-stimulating factor (M-CSF) was purchased from Peprotech (Hamburg, Germany).
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Paraformaldehyde (PFA) solution of 4% in PBS was purchased from Santa Cruz Biotechnol-
ogy (Heidelberg, Germany).

4.2. Cell Culture

The human colon carcinoma Caco-2 (ACC169) and HT29-MTX-E12-E12 cell lines were
obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braun-
schweig, Germany) and European Collection of Authenticated Cell Cultures (Porton Down,
UK), respectively. The cells were cultured separately in flasks in DMEM supplemented
with 10% (v/v) FCS, 1% (v/v) NEAA, 100 U/mL penicillin, and 100 µg/mL streptomycin at
37 ◦C in a humidified incubator with a 5% CO2/95% air atmosphere. The culture medium
was changed every 2–3 days and cells were regularly split at 90% confluence.

The THP-1 cell line was cultured in a flask in RPMI-1640 supplemented with 10% (v/v)
FCS, 1% GlutaMAXTM, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37 ◦C in a
humidified incubator with a 5% CO2/95% air atmosphere. THP-1 cells were maintained at
a concentration between 0.2 to 1 × 106 cells/mL.

4.3. Isolation and Cultivation of Human PBMCs

Human PBMCs were isolated from buffy coats of healthy volunteers at the Univer-
sity Medical Center in Freiburg, Germany by centrifugation on a LymphoPrepTM gradi-
ent (density: 1.077 g/cm3, 20 min, 500× g). Isolated PBMCs were cultured in complete
RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine,
100 U/mL penicillin, and 100 µg/mL streptomycin at 37 ◦C in a humidified incubator with a
5% CO2/95% air atmosphere.

4.4. Co-Culture of Caco-2 and HT29-MTX-E12-E12 on Inserts

Monocultures of Caco-2 and HT29-MTX-E12 cells were harvested with Trypsin-EDTA
and seeded on the apical chamber side of 12-well ThinCert® inserts (0.4 µm PET pore
membrane, Greiner Bio-One, Frickenhausen, Germany) in an optimal proportion of 90:10,
respectively, to reach a final density of 1 × 105 cells/cm2/insert. Cells were co-cultured for
19–21 days in a humidified incubator with a 5% CO2/95% air atmosphere with medium
(0.5 mL on the apical side and 1.5 mL on the basolateral side) changed every 2–3 days.

4.5. Macrophage Differentiation from THP-1 Cell Line and Peripheral Blood Primary Monocytes

THP-1 monocytes were seeded at 2 × 105 cells/mL in a 75 cm2 flask and differentiated
into macrophages by 72 h treated with 20 ng/mL PMA in a 5% CO2/95% air atmosphere
incubator at 37 ◦C. After differentiation, the PMA-containing medium was discarded and
the macrophage-like differentiated THP-1 were rested in fresh medium for 24 h.

Primary monocytes were purified from isolated PBMCs by using the culture plastic
adherence technique: 2 × 106 isolated PBMCs/mL in complete medium were seeded into a
75 cm2 culture flask and then monocytes were allowed to adhere at 37 ◦C in a 5% CO2/95%
air atmosphere incubator. After 24 h incubation, non-adherent cells were removed from the
flask. For macrophage differentiation, the adherent cells (mainly monocytes) were fed with
the complete medium containing 50 ng/mL recombinant human M-CSF for additional
6 days in a 5% CO2/95% air atmosphere at 37 ◦C. The medium was then replaced every
3 days with fresh complete medium, supplemented with 50 ng/mL M-CSF. After that,
monocyte-derived macrophages were rested in fresh medium for 24 h.

4.6. Fabrication of 3D-Printed Cap for Insert

The caps were fabricated with a FormLabs 3+ 3D printer and BioMed Clear Resin, a
USP class VI material used for medical devices that complies with ISO 18562. To avoid
possible cross-contamination of the used materials, the caps were fabricated in an ISO
13485-certified laboratory with a printer that was solely used for the respective material.
After printing, the caps were washed (Form Wash) and cured (Form Cure) according to
the manufacturer’s instructions (all devices and materials were purchased from FormLabs
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GmbH, Berlin, Germany). The .stl file of the cap can be downloaded as supplemental
material from the journal’s homepage.

4.7. Experimental Setup of the Inflammation-Triggered “Leaky Gut” Model

The control and inflammation-triggered or “leaky gut” Caco-2/HT29-MTX-E12-E12/
THP-1 triple-culture was established as illustrated in Figure 1. Firstly, 19-day-differentiated
Caco-2/HT29-MTX-E12-E12 epithelial cells in the apical compartment were either rested
in fresh medium (control model) or primed with 50 ng/mL IFN-γ for the inflammation-
triggered model in 24 h before the triple-culture. On the next day, the medium from the
basolateral side of the insert was completely discarded. The medium from the apical
part was replaced with fresh medium, and a specially 3D-printed constructed cap was
carefully placed into the insert (see Figure 2) to avoid the leakage of the medium during the
following immune cell adherence procedure. The insert was placed upside down in a Petri
dish. Then THP-1-differentiated macrophages (2 × 105 cells), or primary monocyte-derived
macrophages (4 × 104 cells), which were initially detached from the 75 cm2 culture flask
with 50 ng/mL accutase, were transferred on the bottom side of the inverted inserts, for
1.5 h at 37 ◦C in a 5% CO2 incubator. After immune cell adherence, the inserts were put
back into 12-well plates in regular orientation before the specially 3D-printed constructed
caps were carefully removed from the inserts. After medium removal, fresh medium was
added to the upper and lower compartments of the insert. Macrophages from the control
triple-culture were rested in fresh medium, while macrophages from the inflammation-
triggered triple-culture were activated by 100 ng/mL LPS in combination with 10 ng/mL
IFN-γ for 24 h at 37 ◦C in a humidified incubator with a 5% CO2/95% air atmosphere.

To further optimize the “leaky gut” model, the treatment procedures involved some
additional modifications. Condition 1: macrophage-like THP-1 cells were primed with
1 mg/mL lactic acid (LA) in 24 h before triple culture. Condition 2: the apical compartment
was simultaneously treated with 100 ng/mL LPS during macrophage activation in the
basolateral compartment. Condition 3: combination of conditions 1 and 2.

4.8. Transepithelial Electrical Resistance Measurement

The cell monolayer integrity of the Caco-2/HT29-MTX-E12 co-culture on an insert
was investigated using transepithelial electrical resistance (TEER) measurement. This
measurement was performed by using an EVOM epithelial volt-ohmmeter equipped with
a ‘chopstick’ electrode (STX-2) (Millicell® ERS, Millipore, Bedford, MA, USA). Before
measurement, cells were stabilized at room temperature, while the electrode was ster-
ilized with 70% ethanol and preconditioned in growth media. The measurement was
performed in triplicates, and immediately after medium replacement. The final TEER value
(TEER final) was corrected by subtracting the blank resistance (R blank) of the semipermeable
membrane only (an insert without cells) from the resistance across the sample (R sample)
before multiplying it by the effective growth area (A) of the insert.

TEER final [Ω × cm2] = (R sample − R blank) [Ω] × A [cm2]

Co-culture inserts with TEER values over 300 Ω·cm2 were used for further experiments.
TEER results were expressed as a percentage of the initial TEER value.

4.9. Alcian Blue Staining

Alcian Blue stain was used to visualize acidic epithelial and connective tissue mucins
that were produced by HT29-MTX-E12 cells in the co-culture model. Briefly, Caco-2/HT29-
MTX-E12 co-culture (90:10 ratio) was cultured at a density of 1 × 105 cells/cm2/insert on
12-well plates for 21 days. After 21-day incubation, culture media were removed and cells
were washed twice with pre-warmed PBS before they were fixed with 4% paraformalde-
hyde (PFA) for 30 min at room temperature. Next, PFA was aspirated and cells were rinsed
with PBS twice before they were stained with 1% alcian blue in 3% acetic acid. After 30 min
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incubation at room temperature, extra alcian blue was removed by two-time washing
with PBS. The stained mucus was visualized by an inverted microscope (Fluorescence
microscope Biozero BZ 8100E, Keyence GmbH, Neu-Isenburg, Germany).

4.10. Permeability Studies

Paracellular permeability of the intestinal epithelium layer was determined using
FITC-Dextran with a molecular weight of 4 kDa (FD4). Briefly, 250 µL FD4 solution
(1 mg/mL in HBSS), and 800 µL HBSS was added to the apical and basolateral compartment,
respectively. After 2 h incubation at 37 ◦C, 150 µL from the basolateral side were transferred
to a black 96-well plate (Greiner Bio-One, Frickenhausen, Germany). HBSS and FD4
solution were used as a negative and positive control, respectively. Fluorescence intensity
was measured at excitation and emission wavelengths of 490 and 520 nm, respectively, by
using a plate reader (TECAN infinite M200, Tecan tranding AG, Männedorf, Switzerland).
Permeability coefficient (Papp) was calculated by using the following equation:

Papp =
dQ
dt

× 1
A × C0

Defined as:
Papp = apparent permeability coefficient [cm/s].
dQ/dt = rate of appearance of FD4 on the basolateral side [µg/s].
A = surface area of the monolayer [cm2].
C0 = initial FD4 concentration in the apical side [µg/mL].

4.11. Tight Junction Proteins and Their Regulator Quantification

Cells were stimulated as described above. Secreted tight junction proteins (Occludin,
Tight Junction Protein 1) and their regulator (Zonulin) in the supernatant were quantified
by using specific ELISA kits (AssayGenie, Dublin, Ireland) according to the manufacturer’s
instructions. Results were standardized by comparison with a standard curve.

4.12. Cytokine Level Measurement

Cells were stimulated as described above. Secreted proinflammatory cytokines (IL-1β,
IL-6, IL-23, and TNF-α) in the supernatant of the lower compartment were evaluated by
using specific ELISA kits (Thermo Scientific, Darmstadt, Germany) according to the manu-
facturer’s instructions. Results were standardized by comparison with a standard curve.

4.13. Statistical Analysis

Results are expressed as the means ± standard deviation (SD) of at least three inde-
pendent experiments. When comparing between two groups, Student’s unpaired t test
was used. For experiments involving more than three groups, results were analyzed
either by two-way ANOVA or two-way ANOVA followed by Tukey’s multiple compar-
ison tests. Data were analyzed using the GraphPad Prism version 6.07 software (Graph-
Pad Software Inc., San Diego, CA, USA). Results were considered statistically significant
when p < 0.05.

5. Conclusions

In conclusion, we described the establishment of a complex “leaky gut” model using
epithelial cells (i.e., Caco-2), and mucus-secreting cells (i.e., HT29-MTX-E12) in close contact
with activated immune cells (i.e., differentiated macrophage-like THP-1 cells or primary
monocyte-derived macrophage) to simulate pathophysiological mechanisms of intestinal
inflammation. Modifications on the original “leaky gut” model using primary human-
derived macrophages, with either the additionally apical LPS treatment, or the LA pre-
treatment of macrophages, further increased at least one of the “leaky gut” characteristics
in our model. In particular, the expression of IL-23 could present a further advantage of this
in vitro model. Even though there is no single model that can mimic all complex aspects of
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IBD, we could address some limitations of previously established models. Therefore, our
in vitro “leaky gut” model can provide a promising pre-clinical tool for novel IBD-related
drug development and serve as an alternative system to in vivo animal testing.
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Abstract: The paracaspase MALT1 is a crucial regulator of immune responses in various cellular
contexts. Recently, there is increasing evidence suggesting that MALT1 might represent a novel
key player in mucosal inflammation. However, the molecular mechanisms underlying this process
and the targeted cell population remain unclear. In this study, we investigate the role of MALT1
proteolytic activity in the context of mucosal inflammation. We demonstrate a significant enrichment
of MALT1 gene and protein expression in colonic epithelial cells of UC patients, as well as in the
context of experimental colitis. Mechanistically we demonstrate that MALT1 protease function
inhibits ferroptosis, a form of iron-dependent cell death, upstream of NF-κB signaling, which can
promote inflammation and tissue damage in IBD. We further show that MALT1 activity contributes
to STAT3 signaling, which is essential for the regeneration of the intestinal epithelium after injury. In
summary, our data strongly suggests that the protease function of MALT1 plays a critical role in the
regulation of immune and inflammatory responses, as well as mucosal healing. Understanding the
mechanisms by which MALT1 protease function regulates these processes may offer novel therapeutic
targets for the treatment of IBD and other inflammatory diseases.
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1. Introduction

Ulcerative colitis (UC) is a chronically relapsing inflammatory disease starting in
the rectum and extending throughout the colon. Patients suffer from abdominal pain,
rectal bleeding, and diarrhea. The underlying etiology is multifactorial and is associated
with genetic predisposition, environmental risk factors, imbalanced microbial composition,
dysregulated immune responses, and intestinal epithelial barrier dysfunction [1,2]. In this
multifactorial setting, the intestinal epithelium is a single epithelial layer that serves as
a selective permeable barrier between the intestinal lumen and the underlying immune
cell compartment and thus maintains mucosal homeostasis [3]. Deregulated cell death
in the intestinal epithelium is a critical driver of barrier dysfunction and subsequent
inflammation [4–8]. Among the different types of inflammatory cell death, ferroptosis
has been recently described as an important regulated cell death pathway contributing to
the pathogenesis of UC. In the intestinal epithelium, ferroptotic cell death is mediated by
ER-stress and can be inhibited by phosphorylation of the NF-κB subunit p65 [6].

NF-κB signaling has been well characterized in the context of intestinal inflamma-
tion, infection and cancer, where it can exert both detrimental and protective functions.
Especially during mucosal wound healing, it has been reported that NF-κB mediates
proliferative and pro-survival gene expression and thereby is considered to play an impor-
tant protective function. Under steady state conditions, the NF-κB subunit p65 mediates
anti-apoptotic signaling and preserves intestinal stem cell homeostasis. In the context
of epithelial injury, p65 is highly expressed especially at wound edges to induce cell mi-
gration and mucosal healing [9]. Accordingly, loss of p65 in the intestinal epithelium is
associated with severe mucosal injury and susceptibility to experimental colitis triggered
by deregulated intestinal proliferation [10]. Activity of the NF-κB essential modulator
(NEMO) is required for NF-κB activation in response to inflammatory stimuli. Intestinal
epithelial cell (IEC) specific deletion of NEMO negatively affects epithelial barrier function
through excessive activation of TNF-mediated apoptosis in colonocytes associated with
severe chronic inflammation [11].

The paracaspase MALT1 (mucosa-associated lymphoid tissue lymphoma translocation
protein 1) is an upstream signaling component of NF-κB with high therapeutic potential.
Although these data implicate a potential role of MALT1 in orchestrating mucosal immune
response, inflammation and tumorigenesis, the role of MALT1 scaffolding and proteolytic
activity in the pathogenesis of mucosal inflammation has not been addressed. So far it
is known, that various immunoreceptors of the innate and adaptive immune response
activate MALT1, which is best characterized in the context of T cell receptor (TCR) and B
cell receptor (BCR) mediated lymphocyte development, activation and proliferation [12–14].
It is further involved in ITAM- (immunoreceptor tyrosine-based activation motif) coupled
natural killer (NK) cell receptor signaling [15] and in non-hematopoietic cells in epider-
mal growth factor receptor (EGFR) signaling [16] and G protein-coupled receptor (GPCR)
signaling [17]. For a long time MALT1 was believed to function as a scaffold protein,
providing an assembly platform for NF-κB activation. Besides its scaffold function, MALT1
was described as a paracaspase carrying a proteolytic activity. The protease activity of
MALT1 facilitates optimal NF-κB and AP-1 activation by proteolytic cleavage of negative
regulators, such as A20, CYLD and RELB. Other MALT1 substrates regulate mRNA stability
(Regnase-1, Roquin-1) [18–20]. Upon surface receptor activation, CARMA/CARD, BCL10
and MALT1 form the CBM complex serving as a protein assembly platform for NF-κB acti-
vation [17,21]. TRAF6 (TNF receptor associated factor 6) and NEMO are further recruited to
the CBM complex to induce a NF-κB activation cascade in response to TCR, BCR and GPCR
activation [21–23]. Mutations in genes belonging to the CBM complex and consequent
loss of MALT1 function are associated with human combined immunodeficiency [14,24].
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Symptoms of human MALT1 deficiency include severe inflammation of the esophagus
accompanied by absence of naïve and memory B cell populations and functional B and T
cell defects [14]. In line with this, mice expressing a genetically inactivated MALT1 protease
variant display immune defects including a reduction in the regulatory T cell and CD4+ T
cell compartment. They develop a progressive systemic inflammation early, driven by an
altered T cell compartment and accompanied by lymphocyte infiltration in various organs
also affecting the gastrointestinal tract [12,25]. Protease mutant mice further display an
elevated disease burden in experimental DSS colitis compared to wild-type controls [26].
Accordingly, several lines of evidence indicate that MALT1 protease might play an im-
portant role in maintaining mucosal homeostasis and that dysfunction or deregulation
contributes to the development and maintenance of intestinal inflammation.

While MALT1 protease has been proposed as a therapeutic target in acute colitis [27],
its role in mucosal healing remains unclear. Disruption of epithelial barrier function and
thus loss of intestinal homeostasis is a key feature of inflammatory bowel disease (IBD).
Therefore, the recovery process requires thorough wound healing, which is also mediated
by proliferative and pro-survival NF-κB signaling. The objective of this study was to
identify if and how the MALT1 protease is involved in NF-κB mediated wound healing in
response to intestinal epithelial injury.

2. Results
2.1. Epithelial MALT1 Is Upregulated in Ulcerative Colitis Patients

In order to investigate the role of MALT1 in the context of chronic intestinal inflam-
mation, we initially analyzed MALT1 expression patterns in IBD patients. An RNA-seq
dataset from colonic tissue of non-IBD, Crohn’s disease (CD) and ulcerative colitis (UC)
patients revealed significantly increased MALT1 gene expression in the colon of UC pa-
tients (Figure 1A), which was confirmed by quantification of whole colon RNA lysates
derived from a cohort of UC patients and healthy controls (Figure 1B). Similarly, analysis
of the PROTECT cohort (GSE109142), an RNA-seq dataset of rectal biopsies derived from
newly-diagnosed pediatric UC patients prior to therapeutic intervention [28], revealed
a 1.5 fold upregulation of MALT1 and even stronger upregulation of CARD9 (2.9 fold
change), CARD11 (2.5 fold change), CARD14 (3.4 fold change), and p100/p52 (2.9 fold
change) (Figure 1C), additional members of the CBM signalosome. Within the CARD
family, CARD14 was particularly upregulated in UC patients and correlated positively
with disease severity. Accordingly, moderate-to-severe inflammation was associated with
higher CARD14 expression than mild inflammation. (Figure 1D) We further confirmed an
increase in MALT1 on a protein level, which was most prominent in intestinal epithelial
cells, as demonstrated by immunofluorescence co-staining with the epithelial cell marker
E-cadherin in colonic UC sections (Figure 1E). This increase was also confirmed by quan-
tification of the immunofluorescence signal (Figure 1F). Together, this suggests a potential
contribution of epithelial MALT1 to the pathogenesis of UC.

2.2. Malt1 Expression Is Upregulated in Response to Mucosal Injury

To study the expression of Malt1 during the onset, progression and resolution of
mucosal inflammation, we investigated Malt1 expression in an RNA-seq dataset from
a murine experimental dextran sodium sulfate (DSS) colitis time course. We detected
significantly elevated expression levels in fully inflamed colonic tissue, which subsided
during the resolution of the inflammation (Figure 2A). In line with this, Card9 expression,
an essential regulator of intestinal epithelial wound healing in the context of colitis [29]
and member of the CBM signalosome, was significantly upregulated during intestinal
inflammation. We further observed significantly elevated expression levels of the MALT1
effector proteins pP100/p52 and Relb during high inflammation and resolution, respectively
(Figure 2A). We additionally compared Malt1 expression levels in an RNA-seq dataset
from a murine wound healing time course. Under these experimental conditions, Malt1
and Card11 were significantly upregulated at 48 h after wounding, indicating a potential
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contribution to epithelial proliferation and mucosal healing. Early upregulation of Bcl10
and Card9 further suggests a role for the CBM complex in mucosal wound healing, that
potentially induces classical as well as alternative NF-κB signaling as shown by consistent
upregulation of p65 and p100/p52 (Figure 2B).
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and UC patients (n = 10). ** p < 0.01 in unpaired two-tailed t-test, error bars represent mean ± SD, 
95% CI. (C) RNA-seq expression analysis of significantly altered CBM complex (MALT1, CARD9, -
11, -14) and NF-κB genes (p100/p52) in colon biopsies derived from treatment-naïve UC patients (n 
= 206) and non-IBD controls (n = 20). p values are indicated with the fold change. ANOVA for 
multiple comparisons, error bars represent mean ± SD, 95% CI. (D) RNA-seq expression analysis of 
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channel (white), intestinal epithelial cells (IEC) are indicated with dashed lines (lower panel) (scale 
bar: 50 µm). (F) Quantification of MALT1 expression normalized to Hoechst intensity in whole colon 
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Figure 1. Increased intestinal epithelial MALT1 expression in UC patients. (A) RNA-seq expression
levels of MALT1 in colon tissue samples derived from Crohn’s disease (CD) (n = 41) and ulcerative
colitis (UC) (n = 46) patients and controls (n = 22). p values are derived from a two-tailed Wilcoxon
test. Error bars represent 95% confidence intervals of the mean. (B) Quantitative real-time PCR of
MALT1 mRNA expression levels in whole colon biopsies derived from control individuals (n = 16)
and UC patients (n = 10). ** p < 0.01 in unpaired two-tailed t-test, error bars represent mean ± SD,
95% CI. (C) RNA-seq expression analysis of significantly altered CBM complex (MALT1, CARD9,
-11, -14) and NF-κB genes (p100/p52) in colon biopsies derived from treatment-naïve UC patients
(n = 206) and non-IBD controls (n = 20). p values are indicated with the fold change. ANOVA for
multiple comparisons, error bars represent mean ± SD, 95% CI. (D) RNA-seq expression analysis of
CBM complex (MALT1, BCL10, CARD9–11, -14) and NF-κB (p65, p100/p52, RELB) genes in mild (n
= 53) and moderate–severe (mod–sev, n = 152) inflamed treatment-naïve UC patients and non-IBD
controls (n = 20). (E) Representative images of colon cross sections from control individuals and
UC patients immunohistochemically stained with antibodies against E-Cadherin (CDH1, green) and
MALT1 (red), nuclei were counterstained with Hoechst 33342 (blue) (upper panel). High MALT1
expressing intestinal epithelial areas are indicated with arrows. Representation of MALT1 single
channel (white), intestinal epithelial cells (IEC) are indicated with dashed lines (lower panel) (scale
bar: 50 µm). (F) Quantification of MALT1 expression normalized to Hoechst intensity in whole colon
tissue and IECs. n.s. (not significant), ** p < 0.01, *** p < 0.001 in unpaired two-tailed t-test, error bars
represent mean ± SD, 95% CI.
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In summary these data point to a central role of MALT1 in orchestrating inflammatory
signaling in response to mucosal injury, potentially promoting NF-κB signaling activation
in response to inflammation to foster mucosal healing.
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2.3. MALT1 Protease Is Necessary for Cell Proliferation and Viability

The scaffold function of MALT1 has been proposed as a therapeutic target in exper-
imental colitis [27]. To study a specific contribution of the MALT1 protease to mucosal
healing, we used the small molecule inhibitor MI-2, targeting specifically the paracaspase
domain of MALT1 [30]. The effect of MALT1 protease inhibition on colorectal cancer (CRC)
cell proliferation and survival was analyzed in vitro using the cell lines Caco2, HT-29,
and HCT116 (Figure 3A). Impaired proliferation was observed in MI-2 dose escalation
studies as the inhibitor concentrations increased, and this was accompanied by an increase
in the mean Sytox Orange intensities, indicating an increase in cell death (Figure 3B).
Thus, high MI-2 concentrations were sufficient to induce cell death in each cell line. As
Caco2, HT-29, and HCT116 cells express different MALT1 protein levels (Figure 3A), each
cell line displayed cell line-specific dose responses to MALT1 protease inhibition, corre-
lating with the protein level. Accordingly, low MALT1 protein expressing Caco2 cells
displayed low sensitivity towards MI-2 treatment. In contrast, HT-29 and HCT116 cells
expressing higher MALT1 protein levels likewise showed higher sensitivity towards MI-2
(Figure 3A,B). The necessity of MALT1 proteolytic activity for cell proliferation was further
confirmed in a Caco2 wound healing assay, where MI-2 treatment significantly delayed
the gap closure at 48 h compared to mock treated cells (Figure 3C). Moreover, we demon-
strated that MALT1 protease inhibition affects murine VAKPT (VillinCre, Apc, Kras, P53,
Alk5 (TGF-b-signaling)) and human patient-derived tumor (CRC-tumoroids) organoid
spheroid-formation. In response to MI-2, fewer organoids arose from single cells, which
were also smaller in size than control organoids (Figure 3D,E). Inhibitor specificity was
confirmed using murine small intestinal organoids carrying a specific deletion of Malt1
in intestinal epithelial cells (Malt1∆IEC). Malt1∆IEC organoids were protected from MI-2
induced impairment of cell viability (Figure S1A). In line with its important function as
NF-κB regulator, we observed a significant decrease in gene expression of the NF-κB target
gene Nos2 (nitric oxide synthase 2) in intestinal organoids in response to MI-2 stimulation
(Figure S1B). These data indicate a pivotal role of the MALT1 protease in promoting cell
proliferation and viability which may have a beneficial effect on epithelial restitution and
mucosal healing in response to intestinal inflammation.

2.4. MALT1 Protease Inhibition Causes Ferroptosis In Vitro

Having shown that MALT1 proteolytic activity promotes epithelial cell proliferation
and is necessary for cell viability, we next performed a cell death screen to evaluate the
effects of MALT1 inhibition on cell viability and to elucidate which cell death pathway is
regulated by MALT1 protease. We found that treatment with MI-2 caused a significant
decrease in cell viability and that the addition of the ferroptosis inhibitor liproxstatin-
1 [31] was sufficient to rescue Caco2 cells from MI-2 induced cell death (Figure 4A). In
contrast none of the other cell death inhibitors targeting apoptosis or regulated necrosis
was able to block MI-2 induced toxicity, suggesting that the MALT1 protease is an inhibitor
of ferroptosis. As expected, MI-2 failed to induce cell death in Caco2 MALT1 knockout
(KO) cells and HCT116 MALT1 KO cells, which likewise exposed low Sytox green levels
(Figure 4B). In contrast, MI-2 treated wild-type (WT) Caco2 and HCT116 cells exhibited
the highest Sytox green intensity and cell death starting around 18 h post stimulation,
which was completely rescued by additional liproxstatin-1 treatment (Figure 4B). These
data suggest that MALT protease functions upstream of NF-κB to inhibit ferroptosis.
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Figure 3. MALT1 proteolytic activity controls cell proliferation and viability. (A) Western blot analysis
and protein volume quantification of MALT1 protein levels in Caco2, HT-29 and HCT116 cells. ERK
was used as a loading control. (B) Live cell analysis of Caco2, HT-29 and HCT116 cells stimulated with
indicated MI-2 concentrations. Cell confluence (upper panel) and Sytox orange intensity (lower panel)
indicate cell growth and cell death over time (hours). (C) Scratch assay of Caco2 cells stimulated
with 2.5 µM MI-2. Cell growth was monitored for 48 h, gap width was measured every 24 h for
quantification (scale bar: 200 µm). *** p < 0.001, **** p < 0.0001 in ANOVA for multiple comparisons,
error bars represent mean ± SD, 95% CI. (D,E) Tumor organoid formation assays using (D) murine
tumor organoids (VAKPT) and (E) human tumor organoids (CRC patients). Single tumor cells were
stimulated with 4 µM MI-2 and monitored over time (scale bar: 200 µm). * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001 in ANOVA for multiple comparisons and in unpaired two-tailed t-test;
error bars represent mean ± SD, 95% CI.
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Figure 4. MALT1 protease negatively regulates ferroptosis in vitro. (A) Cell death screen of Caco2
cells stimulated with 13.5 µM MI-2, 0.5 µM necrosulfonamide (NSA), 10 µM necrostatin-1 (Nec-1),
20 µM VX-765, 20 µM z-VAD-FMK (zVAD) and 0.2 µM liproxstatin-1 (Lipro). (B) Live cell analysis
of Caco2 and HCT116 cells stimulated with 13.5 µM MI-2 and 0.2 µM liproxstatin-1 (Lipro). Cell
confluence (upper panel) and Sytox green intensity (lower panel) indicate cell growth and cell death
over time (hours).

2.5. MALT1 Protease Inhibition Impairs Intestinal Barrier Function In Vitro

The intestinal epithelial barrier is a crucial defense mechanism of the gut, which
separates the luminal contents from the mucosal immune system. Tight junctions are
specialized structures between adjacent epithelial cells that seal the epithelial monolayer
and regulate paracellular transport as well as the exchange between environmental factors
within the gut lumen and the mucosal immune system located within the lamina propria.
Pathophysiological alterations within this structural part of the epithelium can severely
compromise mucosal barrier function which may trigger an inflammatory reaction [32].
To investigate the impact of MALT1 proteolytic activity on tight junction biology, we used
the Caco2-brush border epithelial (bbe) cell line to establish a single-cell monolayer on a
permeable support membrane. The cells were treated with MI-2 at various concentrations.
The effect of pharmacological MALT1 protease inhibition on cell–cell contacts was visu-
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alized by immunofluorescence staining for the tight junction-associated protein Zonula
occludens-1 (ZO-1) using live cell imaging with confocal microscopy (Figure 5A). Already
at the lowest inhibitor concentration (0.5 µM), ZO-1 was relocated from the cell–cell border
and accumulated within the cytoplasm of the cell. This effect was even more prominent
with increasing concentrations of MI-2. Consequently, cells started to die, and the cell layer
was disintegrated. Similar, tight junction proteins of the Claudin family were rearranged in
Caco2-bbe cells upon MALT1 protease inhibition, leading to cell layer disintegration and
cell death (Figure 5B). Rapid and dose-dependent decrease in the trans-epithelial electrical
resistance (TEER) in response to MI-2 treatment confirmed the pathophysiological effect
of MI-2 on tight junction biology and barrier function (Figure 5C). These data strongly
suggest that MALT1 protease activity is important for maintaining the integrity of the
intestinal epithelial barrier function, an essential step during mucosal healing. MALT1
inhibition disrupts the localization of the tight junction protein ZO-1 and leads to a loss of
tight junction density, resulting in impaired barrier function. In contrast to the suggested
therapeutic effect of MI-2 on acute colitis [27], these findings suggest that MALT1 inhibitors
may have unintended effects on the intestinal epithelial barrier function.
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Figure 5. MALT1 proteolytic activity supports epithelial tight junctions. (A) Representative images of
Caco2-bbe cell monolayers stimulated with indicated MI-2 concentrations 48 h after stimulation im-
munocytochemically stained with antibody against ZO-1 (green) and phalloidin-594 dye (Phall, red),
nuclei were counterstained with Hoechst 33342 (blue) (scale bar: 50 µm). (B) Representative images
of 10 µM MI-2 stimulated Caco2-bbe cell monolayers over time. Monolayers were immunocytochem-
ically stained with antibodies against ZO-1 (white) and in the left panel claudin-1 (green), claudin-2
(red) and in the right panel claudin-3 (green), claudin-4 (red), nuclei were counterstained with
Hoechst 33342 (blue) (scale bar: 50 µm). (C) TEER measurement of MI-2 stimulated Caco2-bbe cells.
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2.6. MALT1 Protease Promotes pSTAT3 Mediated Mucosal Wound Healing in
Experimental Colitis

To further study the role of the MALT1 protease in barrier function and mucosal wound
healing in vivo, acute colitis was induced in C57BL/6J mice using 2% DSS. During mucosal
recovery, mice were treated daily with 25 mg/kg MI-2 (Figure 6A). In line with previous
results from Bornancin et al. [33] and Monajemi et al. [34], MI-2 treated mice displayed signs
of persisting intestinal inflammation, which included shortened colon length and a delay
in mucosal healing (Figure 6B). Further, these mice showed a higher and persistent disease
activity during endoscopic analysis on day 13 (Figure 6C). This was accompanied by severe
epithelial tissue destruction as shown in histological colon cross sections, confirmed by
an elevated histological pathology score which includes evaluation of the integrity of the
intestinal epithelium, mucosal inflammation, and changes of the submucosa (immune cell
infiltration, edema formation) (Figure 6C). Wound-associated intestinal epithelial cells are
characterized by expression of the tight junction protein claudin-4 (CLDN4) [35]. While
Cldn4 gene expression did not change due to MALT1 protease inhibition, we observed less
CLDN4 protein localized at epithelial lesions as shown by immunofluorescence staining
and a decreased CLDN4 protein level in whole colon tissue protein lysates in response to
MI-2 treatment (Figure 6D,E). Consistent with our in vitro studies, this implies a potential
role for MALT1 protease function in regulating epithelial tight junction biology to enhance
the maintenance of the mucosal barrier and to provide intestinal homeostasis. Significantly
increased colonic Ifit1 mRNA expression as well as decreased expression levels of the
proliferation marker Mki67 and the essential mucosal wound healing factor Tjp1 [36]
supported the finding that inhibition of MALT1 protease during mucosal recovery affected
cell proliferation in the intestinal epithelium, which finally delayed the wound healing
process. Further, Nos2 gene expression was significantly downregulated in response to
MI-2 treatment indicating impaired NF-κB signaling in the absence of MALT1 proteolytic
activity (Figure 6F). In line with our observation that MALT1 protease function can inhibit
ferroptosis, MI-2 treatment in vivo was accompanied by strongly increased expression
levels of pro-ferroptotic acyl-CoA synthetase long-chain family member 4 (Acsl4) (Figure 6F)
promoting enrichment of polyunsaturated fatty acids in cellular membranes, which in turn
enhances lipid peroxidation and ferroptosis [37]. This identifies the MALT1 protease as
a potential negative regulator of ferroptosis in the intestinal epithelium in the context of
mucosal healing. Further, interleukin (IL) 22 dependent epithelial signal transducer and
activator of transduction 3 (STAT3) activation has been reported to promote mucosal wound
healing [38]. Stat3 gene expression levels were significantly downregulated in MI-2 treated
mice. In line with this, the gene expression of Birc5 (baculoviral IAP repeat-containing 5), a
STAT3 target gene whose activity benefits wound healing by inducing angiogenesis [39] and
has been reported to promote proliferation of LGR5+ stem cells and transit amplifying cells
in adult intestinal tissue [40], was significantly reduced (Figure 6G). Immunofluorescence
staining further revealed that epithelial STAT3 Tyr705 phosphorylation, which is associated
with cell proliferation, survival and self-renewal [41], was almost absent in these mice,
while in control animals about 70% of epithelial cells expressed pSTAT3 (Figure 6H).

105



Int. J. Mol. Sci. 2023, 24, 7402Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 11 of 21 
 

 

 

106



Int. J. Mol. Sci. 2023, 24, 7402

Figure 6. MALT1 protease mediated pSTAT3 signaling promotes mucosal wound healing in vivo.
(A) C57BL/6J mice received 2% DSS in the drinking water for 7 days to induce acute colitis. A
daily dose of 25 mg/kg MI-2 inhibited MALT1 proteolytic activity during mucosal recovery (day
9–13) (n = 13). Control mice (n = 9) were injected with DMSO. Mice were analyzed on day 13.
Experiments were repeated three times with similar results. * p < 0.05 in unpaired two-tailed t-test;
error bars represent mean ± SD, 95% CI. (B) Colon length measurement in cm. (C) Representative
images of endoscopic analysis and H&E staining of colonic cross sections on day 13 (scale bar:
200 µm). Pathology score of endoscopic analysis. * p < 0.05 in unpaired two-tailed t-test; error
bars represent mean ± SD, 95% CI. (D) Representative images of colonic cross sections stained
immunohistochemically with antibodies against claudin-4 (red) and E-cadherin (CDH1, green),
nuclei were counterstained with Hoechst 33342 (blue) (scale bar: 100 µm). (E) Western blot analysis
and protein volume quantification of claudin-4 protein levels in whole colon tissue. ERK was used as
a loading control. Quantitative real-time PCR of Cldn4 gene expression levels. (F,G) Quantitative
real-time analysis of (F) intestinal inflammation (DMSO n = 7, MI-2 n = 7) and ferroptosis associated
genes (DMSO n = 5, MI-2 n = 5) and (G) wound healing associated genes (DMSO n = 7, MI-2 n = 7).
* p < 0.05 in unpaired two-tailed t-test; error bars represent mean ± SD, 95% CI. (H) Representative
colonic cross sections stained immunohistochemically with antibodies against pSTAT3 Tyr705 (red)
and E-cadherin (CDH1, green), nuclei were counterstained with Hoechst 33342 (blue) (scale bar:
100 µm). Quantification of pSTAT3 positive cells in the intestinal epithelium. **** p < 0.0001 in
unpaired two-tailed t-test; error bars represent mean ± SD, 95% CI.

These data indicate a comprehensive role for the MALT1 protease in regulating mu-
cosal wound healing during experimental colitis. As a potential negative regulator of
ferroptosis in colonic tissue and regulator of wound-associated epithelial CLDN4, it sup-
ports the maintenance of the epithelial barrier and mucosal homeostasis. In addition, it
mediates STAT3 activation in epithelial cells, which in turn induces mucosal healing.

2.7. MALT1 Regulates STAT3-Mediated Wound Healing and Ferroptosis during Active UC

Genome-wide expression analysis of DSS treated mice carrying a specific deletion of
Stat3 in the intestinal epithelium (Stat3∆IEC) revealed a gene set that under inflammatory
conditions is regulated by this transcription factor (GSE15955). Within this gene set, a
wound healing and cellular stress response associated cluster was identified [38]. RNA-seq
analysis of human UC colon tissue demonstrated a positive correlation of these wound
healing associated and STAT3-regulated genes with MALT1 gene expression levels during
active colitis (Figure 7A). This further strengthens the hypothesis that in the context of
colitis, MALT1 might promote the activation of STAT3.
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3. Discussion

Ulcerative colitis (UC) is a chronic inflammatory bowel disease characterized by
inflammation of the colon and rectum. Mucosal healing, or the restoration of the intestinal
barrier function, is an important therapeutic goal in UC, as it can improve symptoms
and prevent disease progression. Disruption of the intestinal barrier can lead to the
translocation of bacteria and other microorganisms across the intestinal mucosa, which can
exacerbate inflammation and contribute to disease severity. Resolving inflammation and
promoting mucosal healing can help to prevent this translocation and to improve outcomes
in UC [42,43].

We detected a significant enrichment of MALT1 gene and protein expression in the
colon of UC patients, particularly in intestinal epithelial cells. Analysis of a DSS time course
RNA-seq dataset further revealed increased expression of Malt1 and the CBM complex
protein Card9 during active colitis. Together this indicates a specific contribution of MALT1
to the disease, which has also been proposed before and has identified MALT1 as a potential
therapeutic target in IBD [27]. However, whether MALT1 is also involved in recovery from
intestinal inflammation remains unclear. In this study we identified the MALT1 protease as
a central regulator of colitis associated mucosal healing (Figure 8).
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MALT1 contributes to mucosal healing by blocking ferroptosis and promoting STAT3 activation in
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Our data show that MALT1 proteolytic activity is necessary for the maintenance of
intestinal homeostasis. It supports the intestinal barrier by regulating tight junctions and
promotes epithelial cell proliferation. These properties facilitate a rapid repair of epithelial
injuries which in turn has anti-inflammatory effects. The assignment of proliferative and
pro-repair capacities to the MALT1 protease strongly advise against MALT1 as a therapeutic
target in the context of mucosal inflammation.

MALT1 plays a key role in the activation of NF-κB signaling, a critical pathway in
immune and inflammatory responses. In 2020 Wu et al. demonstrated that NF-κB regulates
ferroptosis in intestinal epithelial cells. They further demonstrated that ferroptosis is
involved in IEC death in the context of UC, and that ferroptosis is a potential therapeutic
target for UC. Mechanistically they proved that phosphorylated p65 in the intestinal
epithelium significantly inhibited ferroptosis and thus contributed to the resolution of the
inflammation [6]. Here, we could further expand these analyses by demonstrating that
MALT1, as an upstream regulator of NF-κB signaling, and might also control ferroptosis
during intestinal inflammation. The pro-ferroptotic gene ACSL4 has been shown to be
three-fold upregulated in intestinal mucosal biopsies derived from IBD patients and was
identified as a ferroptosis-related hub gene in UC, making it a key protein in disease
development [44,45]. Here we show that the MALT1 protease inhibits Acsl4 expression
during recovery from experimental colitis in mice. ACSL4 promotes biosynthesis and
enrichment of long chain polyunsaturated fatty acids (PUFA) in cellular membranes. As
lipid peroxidation occurs more frequently at PUFAs, this facilitates ferroptosis and induces
lesions in the intestinal epithelium [37]. Accordingly, MALT1 proteolytic activity negatively
regulates ferroptosis by limiting Acsl4 expression during mucosal wound healing.
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STAT3 expression has been reported to be upregulated during active inflammation
and clinical remission in mucosal biopsies from UC patients, indicating a potential con-
tribution of STAT3 to mucosal wound healing [46]. Moreover, mice lacking STAT3 in
intestinal epithelial cells display a severe defect of epithelial restitution further demon-
strating that intestinal epithelial STAT3 activation regulates immune homeostasis in the
gut by promoting IL-22-dependent mucosal wound healing [38]. Here we demonstrate
that in mice, expression and STAT3 Tyr705 phosphorylation might be regulated by MALT1
proteolytic activity during mucosal healing. Pharmacological inhibition of the MALT1
protease during recovery from experimental colitis significantly reduced Stat3 expression
levels as well as STAT3 activation in the intestinal epithelium, which in turn might have
promoted the delay in mucosal healing. In addition, expression of previously identified
STAT3-regulated wound healing-associated genes [38] correlated positively with MALT1
expression in colonic tissue derived from UC patients. These data suggest that the MALT1
protease promotes STAT3-mediated wound healing during colitis.

We conclude that MALT1 protease function plays a critical role in the regulation
of immune and inflammatory responses, as well as mucosal healing by inhibition of
inflammation-associated ferroptosis and positive regulation of the STAT3 axis. Understand-
ing the mechanisms by which MALT1 protease function regulates these processes may
offer novel therapeutic targets for the treatment of IBD and other inflammatory diseases.
Further studies are needed to determine whether it may be a therapeutic target in IBD.

4. Material and Methods
4.1. Human Samples

All studies with human material were approved by the ethics committee of the Uni-
versity Hospital of Erlangen (# 49_20B, 159_15 B), or the ethics committee of Charité—
Universitätsmedizin Berlin (no. EA4/015/13). The diagnosis of inflammatory bowel
disease was based on clinical, endoscopical and histological findings. Disease activity was
evaluated based on the Harvey Bradshaw Index.

4.2. Animals and Housing

Malt1fl mice were kindly provided by R. Beyaert and were described earlier [47].
Malt1∆IEC mice were generated by crossing Malt1fl mice to Villin-Cre mice which were
described earlier [48,49]. Mice were screened regularly according to FELASA guidelines.
Experimental protocols were approved by the Institutional Animal Care and Use Commit-
tee of the Regierung von Unterfranken.

4.3. DSS Colitis

Mice received 2% dextran sodium sulfate (DSS) (MP Biomedicals, Santa Ana, CA,
USA, Cat. No. 160110) in sterilized tap water for six days to induce acute colitis followed
by drinking water for nine days. From recovery day three to nine mice were daily injected
intraperitoneally with 25 mg/kg MI-2 (Selleckchem, Houston, TX, USA, Cat. No. S7429) in
5% DMSO + 30% PEG-300 + 5% Tween-20 + aqua injectable.

Colitis development was monitored using a high-resolution video mini-endoscopic
system. Colitis pathology was graded according to the murine endoscopic index of colitis
severity (MEICS) involving evaluation of colon wall thickening, changes of the vascular
pattern, fibrin visibility, granularity of the mucosal surface, and stool consistency [50].

4.4. Histology and Immunohistochemistry

Formalin-fixed and paraffin-embedded tissue cross sections were stained with Mayer’s
haematoxylin and eosin (H&E). Immunofluorescence staining of tissue sections was per-
formed using the TSA cyanine 3 system (Akoya Biosciences, Marlborough, MA, USA, Cat.
No. SKU NEL704A001KT) according to the manufacturer’s instructions. Primary antibod-
ies were incubated overnight at 4 ◦C: MALT1 (Abcam, Boston, MA, USA, Cat. No. 33921),
claudin-4 (Invitrogen, Waltham, MA, USA, Cat. No. 36-4800), p65 (Cell Signaling, Danvers,
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MA, USA, Cat. No. 8242), pSTAT3 Tyr705 (Cell Signaling, Cat. No. 9145), E-Cadherin (BD,
Franklin Lakes, NJ, USA, Cat. No. 612130). Secondary anti-rabbit (Dianova, Hamburg,
Germany, Cat. No. 111-065-144) was incubated for 1 h at room temperature. Hoechst
(Invitrogen, Cat. No. 33342) was used for staining nuclei. Images were taken using the
confocal fluorescence LEICA TCS SP5 II microscope, or a LEICA DMI 4000B microscope
together with the LEICA DFC360 FX or LEICA DFC420 C camera and the corresponding
imaging software.

4.5. Organoid Culture

Intestinal crypts were isolated from the mouse small intestine and cultured in organoid
medium supplemented with murine recombinant EGF, noggin and R-spondin for at least
seven days to enable organoid formation according to Sato et al. [51]. Human tumor
organoids were cultured in Advanced DMEM/F-12 (Gibco, Waltham, MA, USA, Cat.
No. 12634028) supplemented with R-spondin, noggin, 1X B27, 1.25 mM N-acetylcystein,
50 µg/mL Primocin, 500 nM A83-01, 10 µM SB202190, 50 ng/mL human recombinant EGF.
Murine tumor organoids (VAKPT) were cultured in Advanced DMEM/F-12 supplemented
with 1X B27, 1 mM N-acetylcysteine, 50 ng/mL murine recombinant EGF and 0.5 nM
dexamethasone. Organoid growth was monitored by light microscopy. Organoids were
stimulated with 4 µM or 30 µM MI-2 (Selleckchem, Cat. No. S7429) and stained with
propidium iodide staining solution (BD Pharmingen, San Diego, CA, USA, Cat. No.
556463). Time-lapse microscopy was performed using the EVOS M7000 Imaging System.

4.6. Organoid Formation Assay

Human and murine tumor organoids were dissociated into single cells in 1X TrypLE
Select (Gibco, Cat. No. A12177-01) + PBS, filtered using a 40 µM cell strainer and plated
in Matrigel (Corning, Corning, NY, USA, Cat. No. 356231). Single cells were treated with
4 µM MI-2 (Selleckchem, Cat. No. S7429) in organoid medium. Time-lapse microscopy
was performed using the EVOS M7000 Imaging System. VAKPT organoids were kindly
provided by Rene Jackstadt.

4.7. Cell Culture

Caco2 and HT-29 cells were cultured in DMEM (1X) + GlutaMAX (Gibco, Cat. No.
31966-021) supplemented with 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO,
USA, Cat. No. P4333) and 10% FCS (Sigma-Aldrich, Cat. No. F7524). For Caco2-bbe
cells the medium was additionally supplemented with non-essential amino acids (- L-
glutamine) (Sigma-Aldrich, Cat. No. M7145) and 100 mM HEPES (Sigma-Aldrich H0887).
HCT116 cells were cultured in McCoy’s 5A medium (Sigma-Aldrich, Cat. No. M4892)
supplemented with 1% penicillin/streptomycin and 10% FCS. All cell lines used in this
study were obtained from the American Type Culture Collection (ATCC).

Cells were stimulated with 13.5 µM MI-2 (Selleckchem, Cat. No. S7429), 0.5 µM
NSA (Merck, Darmstadt, Germany, Cat. No. 432531-71-0), 10 µM necrostatin-1 (Enzo,
Farmingdale, NY, USA, Cat. No. BML-AP309), 20 µM VX-765 (Selleckchem, Cat. No.
S2228), 20 µM z-VAD-FMK (MedChemExpress, Monmouth Junction, NJ, USA, Cat. No.
HY-16658B), 0.2 µM liproxstatin-1 (Biomol, Hamburg, Germany, Cat. No. Cay17730) and
30 µM mepazine (MedChemExpress, Cat. No. HY-121282A). Proliferation assays were
performed using the Agilent xCELLigence System or Sartorius Incucyte SX5. For Incucyte
analysis cells were stained with SYTOX green nucleic acid stain (Thermo Fisher, Waltham,
MA, USA, Cat. No. S7020).

4.8. Immunocytochemistry

Confluent Caco2-bbe cells on transwell inserts (Millicell®, Cell culture inserts, 0.4 µm
PCF, Merck Millipore Ltd., Carrigtwohill, Ireland; Cat. No. PIHP01250) were fixed with
1% PFA (Roth, Karlsruhe, Germany, Cat. No. 0964.2) in PBS+Mg/Ca, permeabilized using
0.5% Triton X 100 (Roth, Cat. No. 3051.3) in PBS+Mg/Ca, blocked with 6% goat serum
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(Sigma-Aldrich, Cat. No. G9023) + 1% BSA (Sigma-Aldrich, Cat. No. F7524) in PBS+Mg/Ca

and incubated with the following primary antibodies: claudin-1 (Invitrogen, Cat. No.
51-9000), claudin-2 (Invitrogen, Cat. No. 51-6100), claudin-3 (Invitrogen, Cat. No. 34-1700),
claudin-4 (Invitrogen, Cat. No. 32-9400), ZO-1 (Invitrogen Cat. No. 339194), phalloidin-594
(Dyomics, Jena, Germany, Cat. No. 594-33). Goat anti-mouse (Invitrogen, Cat. No. A32728),
Goat anti-mouse (Invitrogen, Cat. No. A32723) and Goat anti-rabbit (Invitrogen, Cat. No.
A32731) were used as secondary antibodies. Hoechst (Invitrogen, Cat. No. 33342) was used
for staining of nuclei.

4.9. Transepithelial Electrical Resistance (TEER) Assay

Caco2-bbe cells were seeded on transwell inserts (Millicell®, cell culture inserts, 0.4 µm
PCF, Merck Millipore Ltd., Cat. No. PIHP01250) in cell culture medium. Confluent cells
were exposed to MI-2 (Selleckchem, Cat. No. S7429) from basolateral and apical sides.
To determine epithelial barrier function, TEER was measured at 37 ◦C using chopstick
electrodes and an Ohmmeter (EVOM, WPI, Sarasota, FL, USA). The electrical resistance of
the filter membrane was determined and corrected for resistance of the empty filter and the
area as previously described [52].

4.10. Wound Healing Assay

Caco2 cells were seeded on 2-well culture dishes (ibidi, Gräfelfing, Germany, Cat. No.
81176) in culture medium. Confluent cells were kept on starving medium (culture medium
without FCS) overnight. The 2-well insert was removed, the starving medium was replaced
with culture medium, and cells were exposed to 2.5 µM MI-2 (Selleckchem, Cat. No. S7429).
Time-lapse microscopy was performed using the EVOS M7000 Imaging System.

4.11. MALT1 Knockout Cells

sgRNAs were generated by cloning MALT1 specific oligomers (MALT1 CRISPR/Cas9
KO Plasmid (h2), Santa Cruz, Dallas, TX, USA, Cat. No. sc-400791-KO-2) into the pCAG-
SpCas9-GFP-U6-gRNA plasmid backbone vector (addgene, Watertown, MA, USA, Cat. No.
79144). Successful cloning was confirmed by plasmid sequencing. HT-29 and HCT116 cells
were transfected with Lipofectamine 2000 transfection reagent (Invitrogen, Cat. No. P/N
52887). GFP-positive cells were FACS sorted (BD, FACSAriaII) and MALT1 knockout was
confirmed by Western blot.

4.12. Gene Expression

Total RNA was isolated from whole colon biopsies, small intestinal organoids, HCT116
and Caco2 cells using the NucleoSpin RNA Mini kit for RNA purification (Macherey-Nagel,
Düren, Germany, Cat. No. 740955). cDNA was synthesized using the SCRIPT cDNA
Synthesis Kit (Jena Bioscience, Jena, Germany; Cat. No. PCR-511). Real-time PCR analysis
was performed using LightCycler 480 SYBR Green I Master (Roche, Basel, Switzerland; Cat.
No. 04887352001) and specific primer assays (Table 1).

Table 1. Specific primer assays used for real-time PCR analysis.

Primer Assay Company, Cat. No.

Mm_Acsl4_1_SG QuantiTect Primer Assay Qiagen (Hilden, Germany), QT00141673

Mm_Birc5_1_SG QuantiTect Primer Assay Qiagen, QT00113379

Mm_Cldn4_1_SG QuantiTect Primer Assay Qiagen, QT00252084

Hs_GAPDH_1_SG QuantiTect Primer Assay Qiagen, QT00079247

Mouse Gapdh forward (tcaccaccatggagaaggc) Biomers (Ulm, Germany)
Mouse Gapdh reverse (gctaagcagttggtggtgca)
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Table 1. Cont.

Primer Assay Company, Cat. No.

Mm_Ifit1_1_SG QuantiTect Primer Assay Qiagen, QT01161286

Hs_MALT1_1_SG QuantiTect Primer Assay Qiagen, QT00032718

Mm_Mki67_1_SG QuantiTect Primer Assay Qiagen, QT00247667

Mm_Nos2_1_SG QuantiTect Primer Assay Qiagen, QT00100275

Mm_Stat3_1_SG QuantiTect Primer Assay Qiagen, QT00148750

Mm_Tjp1_1_SG QuantiTect Primer Assay Qiagen, QT00493899

4.13. Immunoblotting

Whole protein lysates were isolated from colon biopsies, HCT116, Caco2 and HT-29
cells using cell lysis buffer (Cell Signaling, Cat. No. 9803) supplemented with 1 mM PMSF
(Cell Signaling, Cat. No. 8553) and centrifuged at 14,000 rpm for 20 min. MiniProtean-TGX
gels (4–15% polyacrylamide; Bio-Rad, Hercules, CA, USA) were used for protein separation.
Separated proteins were blotted on a PVDF (Bio-Rad, Cat. No. 1704272) or nitrocellulose
membrane (Bio-Rad, Cat. No. 1704270). Membranes were incubated with the following
primary antibodies: MALT1 (Cell Signaling, Cat. No. 2494), ERK (Cell Signaling, Cat.
No. 9102), p100/p52 (Cell Signaling, Cat. No. 4882), claudin-4 (Invitrogen, Cat. No.
36-4800). Anti-rabbit IgG, HRP-linked antibody (Cell Signaling, Cat. No. 7074) was used as
a secondary antibody. Western Lightning Plus Chemiluminescent Substrate (PerkinElmer,
Waltham, MA, USA, Cat. No. NEL105001EA) was used for detection. Densitometric
analysis was performed using the Image Lab Software (Bio-Rad).

4.14. Statistical Analysis

Two groups were compared using the unpaired two-tailed t-test and multiple groups
were compared using the ANOVA multiple comparison analysis. p < 0.05 (NS p ≥ 0.05;
* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001) was considered as statistically significant.
Statistical analysis was performed using GraphPad Prism 8.3.0.
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Abstract: Inflammatory bowel disease (IBD), which includes Crohn’s disease and ulcerative colitis,
is an intestinal disorder that causes prolonged inflammation of the gastrointestinal tract. Currently,
the etiology of IBD is not fully understood and treatments are insufficient to completely cure the
disease. In addition to absorbing essential nutrients, intestinal epithelial cells prevent the entry of
foreign antigens (micro-organisms and undigested food) through mucus secretion and epithelial
barrier formation. Disruption of the intestinal epithelial homeostasis exacerbates inflammation.
Thus, the maintenance and reinforcement of epithelial function may have therapeutic benefits in the
treatment of IBD. Muscarinic acetylcholine receptors (mAChRs) are G protein-coupled receptors for
acetylcholine that are expressed in intestinal epithelial cells. Recent studies have revealed the role of
mAChRs in the maintenance of intestinal epithelial homeostasis. The importance of non-neuronal
acetylcholine in mAChR activation in epithelial cells has also been recognized. This review aimed
to summarize recent advances in research on mAChRs for intestinal epithelial homeostasis and
the involvement of non-neuronal acetylcholine systems, and highlight their potential as targets for
IBD therapy.

Keywords: inflammatory bowel disease; epithelial barrier; homeostasis; acetylcholine; muscarinic
receptor; non-neuronal acetylcholine

1. Introduction

The intestinal lumen is exposed to various substances via food intake and other
sources. Furthermore, a wide variety of bacteria reside in the intestinal lumen and form
the gut microbiota. The intestinal epithelial cells separate the inner lamina propria from
the luminal environment. Intestinal epithelial cells not only absorb essential nutrients
but also form a barrier that blocks the invasion of unwanted antigens and bacteria. Dis-
turbances in homeostasis and barrier function of the intestinal epithelium can result in
the entry of bacteria and other antigens, thereby triggering an inflammatory response.
Patients with inflammatory bowel disease (IBD), including Crohn’s disease and ulcerative
colitis, often have impaired intestinal barrier function and exacerbated inflammation [1,2].
Current treatments for IBD generally aim to suppress inflammatory responses. In contrast,
the maintenance or regeneration of the epithelial barrier results in removal of the cause
of inflammation, which could be a viable strategy for the treatment of IBD. Therefore,
the mechanisms that maintain the homeostasis of intestinal epithelial function should
be clarified.
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Gut function is governed by the autonomic nervous system. The parasympathetic
nervous system, through its neurotransmitter, acetylcholine (ACh), activates muscarinic
acetylcholine receptors (mAChRs) in intestinal smooth muscle cells to promote intestinal
motility [3]. According to previous reports, mAChRs also exist in intestinal epithelial cells
and regulate chloride (Cl-) secretion, which is important for mucosal hydration [4,5]. ACh
also acts on nicotinic acetylcholine receptors (nAChRs). nAChRs exert anti-inflammatory
effects in the gut. For example, stimulation of the vagus nerve activates α7-nAChRs
expressed on macrophages in the spleen and gut, which suppress the release of pro-
inflammatory cytokines, such as tumor necrosis factor-α (TNF-α) [6]. Therefore, nicotinic
ACh signaling is a potential therapeutic target for IBD. On the other hand, in recent years,
numerous reports have been published on the role of mAChRs in the maintenance of
intestinal epithelial homeostasis. However, some of these reports contradict the function
of mAChRs and the receptor subtypes involved. This review aimed to summarize the
muscarinic receptor subtypes expressed in the intestinal epithelium and the role of mAChRs
in intestinal epithelial homeostasis, with a focus on maintenance of the mucus layer,
protection and regeneration of barrier function, and differentiation and proliferation of
stem cells. In addition to the parasympathetic nerves, several other cell types secrete ACh
to activate mAChRs in epithelial cells. As the mode of ACh synthesis and secretion by
epithelial cells has been elucidated in recent years, reports on non-neuronal ACh systems
were also reviewed. Finally, we discussed the potential of mAChRs as pharmacological
targets for the treatment of IBD by protecting and improving intestinal epithelial function.

2. mAChRs in the Intestinal Epithelium

Muscarinic acetylcholine receptors (mAChRs) belong to the G protein-coupled receptor
(GPCR) family and receive ACh as an endogenous ligand. In mammals, mAChRs consist
of five subtypes (M1–M5). The M1, M3, and M5 subtypes couple to Gαq/11 proteins, which
can activate phospholipase Cβ, leading to the production of diacylglycerol and inositol
1,4,5-trisphosphate, which activates protein kinase C (PKC) and mobilizes intracellular
Ca2+, respectively. In contrast, the M2 and M4 receptors signal via Gαi/o proteins to inhibit
adenylyl cyclase activity and downregulate cyclic AMP production. mAChRs have been
actively studied for a long time as they play a role in the regulation of motility in intestinal
smooth muscle cells and the secretion of anions, such as chloride, in intestinal epithelial
cells. The intestinal epithelium comprises aligned enterocytes/colonocytes, goblet cells,
and Paneth cells. These cells differentiate from a common origin, the few leucine-rich
repeat-containing G protein-coupled receptor 5 (Lgr5)-positive stem cells in the crypt base.

The expression of mAChR subtypes in these cells has been examined using immuno-
histochemistry, in situ hybridization, quantitative PCR, and pharmacological assays. In a
previous review, Hirota et al. summarized the mAChR subtypes in the gut [7]. Here,
we provide an update based on a recent study that evaluated mAChR subtypes with a
focus on the intestinal epithelium (Table 1).
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Table 1. mAChR subtypes in intestinal epithelial cells.

Tissues Region/Cell Types Subtypes Methods Ref.

mouse small intestine villi M1, M2, M3, M4 (M5-) qPCR [8]
crypts M1, M3, M4 (M2-, M5-) qPCR [8]

epithelial cells M1, M2, M3, M4, M5 IHC [9]
M1, M3 (M2-, M4-, M5-) qPCR [10]

M1, M2, M3, M4, M5 qPCR, IHC [11]
goblet cells M3, M4, (M1-, M2-, M5-) qPCR, microarray [12]
Paneth cells M2 IHC [11]

M3 IHC [10]
stem cells (crypt base) M1 (M2-, M3-, M4-, M5-) qPCR [13]

M1, M3 qPCR [8]
M3 IHC [10]

endocrine cells M3 IHC [10]
colon crypts M1 (80%), M3 (20%) pharmacological [14]

M1 qPCR [15]
goblet cell M3, M4, (M1-, M2-, M5-) qPCR, microarray [12]

rat small intestine stem cell M3, M5 IHC [16]
human colon epithelial cells M1 ISH [17]

M3 (M1-) IHC [18]
cell line (colon) HT-29/B6 cells M3 (M1-) pharmacological, qPCR [19]
cell line (colon) T84 cells M3 (65%), M1 (35%) pharmacological [20]

qPCR—quantitative PCR; IHC—immunohistochemistry; ISH—in situ hybridization. “-” indicates that they were
not detected in the subtypes.

The mAChR subtypes that are mainly expressed in colonocytes are M1 and M3. In in-
testinal epithelial cells, mAChRs, especially the M3 subtype, act to promote Cl- secretion [7].
Muscarinic toxin 7 (MT7) is a peptide antagonist derived from snake venom that is highly
specific to the M1 subtype [21]. Experiments on the pharmacological binding of MT7 to
colonic crypts have revealed that it consists of approximately 80% M1 and 20% M3 receptors.
Functionally, M3 receptors promote Cl- secretion, whereas M1 receptors may act in an in-
hibitory manner [14]. The human colonocyte cell-derived cell line, T84, which is often used
as a model for intestinal epithelial cells, expresses both M1 and M3 [20], although the M3
subtype is responsible for Cl- secretion [22]. However, as mAChR-stimulated ion secretion
is maintained in M3 receptor-knockout (KO) mice, other subtypes, such as M1 receptors,
may play compensatory roles [15,23]. Thus, both M1 and M3, expressed in colonocytes,
couple to Gαq/11 proteins; however, their functions may be partially different.

Other epithelial cell types, such as Paneth cells, goblet cells, and stem cells, express
mAChRs. Estimating the major mAChR subtype that is functional on the cell surface
is a difficult task in pharmacological binding experiments owing to the relatively small
population of these cells in the tissue. Therefore, studies evaluating the functional impact
of cell-specific receptor KO mice or subtype-selective ligands are particularly important.
In addition to the epithelial cells mentioned here, immune cells in the submucosal region
express mAChRs, suggesting that ACh stimulation may indirectly affect epithelial cells via
mAChRs on these immune cells. The relationship between mAChR subtypes expressed in
these cells and their functions in epithelial homeostasis are described below.

3. Role of mAChRs in Mucus Layer Maintenance

Mucus and antimicrobial peptides (AMPs) on the surface of the epithelium prevent the
invasion of macromolecules and bacteria before they reach the intestinal epithelium. Defects
in the mucosal layer would facilitate bacterial infections and trigger inflammatory responses.
Abnormalities in the mucosal barrier are frequently observed in patients with IBD [24].
Thus, improvement in mucus secretion and AMPs might be beneficial for IBD treatment.

Goblet cells, which reside in the intestinal crypts and villi, secrete mucus. ACh from the
enteric nerve acts on mAChRs in goblet cells to induce mucus release [25,26]. The mAChR
subtypes that are critical for the maintenance of the mucus layer have not been determined.
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In other tissues, the M3 subtype primarily mediates secretion in response to cholinergic
stimulation. For example, in the conjunctival goblet cells, genetic disruption of the M3
subtype has been demonstrated to significantly reduce tear secretion [27]. Recent studies
have suggested that the M1 subtype is primarily responsible for mucus secretion in the
gut [28]. The expression of M1 in intestinal goblet cells was supported by a single-cell
RNA-seq study [29]. The secretion of mucus from goblet cells is classified into compound
exocytosis, in which multiple vesicles fuse in an intracellular Ca2+-dependent manner, and
primary exocytosis, in which vesicles fuse individually. Mucus release by ACh stimulation
is the former mechanism, and the process might be triggered by intracellular Ca2+ elevation
by Gαq/11-coupled mAChR subtypes, such as M1 and M3 [30,31]. Furthermore, a study of
M3 subtype KO mice revealed that M3 is important for the maintenance of goblet cells and
the expression of Muc2, the main factor of mucus [32]. In contrast, Knoop et al. showed
that M4 receptors are abundantly expressed with M3 receptors in goblet cells [12]. This
research revealed that the M4 subtype plays an important role in immune tolerance in
the small intestine through a mechanism called goblet cell-associated antigen passages
(GAPs), which deliver luminal antigens to antigen-presenting cells in the lamina propria.
In contrast, in the colonic mucosa, M3 receptors are involved in the induction of GAPs [28].
Thus, mAChR in goblet cells regulates the prevention of antigen entry by mucus secretion
and the uptake and transport of antigens by GAPs.

Antimicrobial peptides are secreted from Paneth cells in the crypts of the small in-
testine. As AMPs prevent bacterial infections and control intestinal bacterial composites,
their abnormalities are associated with pathologies, such as IBD [33]. Paneth cell secretion
is affected by cholinergic stimuli as well as the bacterial milieu [34,35]. Stimulation of
mAChRs in Paneth cells increases intracellular Ca2+ concentrations, which may induce the
exocytosis of AMP-containing vesicles [36,37]. In Caenorhabditis elegans, cholinergic neurons
induce Wnt expression in the intestinal epithelium via mAChR, leading to the upregulation
of AMPs, such as C-type lectins and lysozymes [38]. Therefore, mAChRs may not only act
on the secretion, but also on gene expression of AMPs.

Overall, mAChRs contribute to intestinal epithelial homeostasis by preventing the en-
try of macromolecules and bacteria into the epithelium via the release of mucus and AMPs.

4. Role of mAChRs in the Epithelial Barrier against Inflammatory Cytokines

Immune cells in the lamina propria are activated in response to bacterial and antigenic
penetration. In the intestinal mucosa of IBD patients, the secretion of pro-inflammatory
cytokines, such as TNF-α or interferon γ (IFNγ), is elevated [39–41]. These cytokines are
known to increase the membrane permeability of intestinal epithelial cells and disrupt
barrier functions [42,43]. Reducing the effects of these pro-inflammatory cytokines on the
intestinal epithelium would be beneficial, as revealed by the efficacy of TNF-α-neutralizing
antibodies in the treatment of IBD [44].

In rat colonic epithelium, the TNF-α/IFNγ-induced increase in paracellular perme-
ability was prevented by prestimulation with a muscarinic agonist [19]. Nuclear factor κB
(NF-κB) is a main signaling mediator of TNF-α and is involved in the dysregulation of in-
testinal epithelial integrity [45–47]. In HT-29/B6 cells, a human colorectal adenocarcinoma-
derived cell line that can be used to study intestinal epithelial barrier function [48], TNF-α
decreased barrier function and increased the expression of inflammatory cytokine (IL-8)
in association with an increase in NF-κB signaling, both of which were suppressed by
mAChR stimulation [19]. This attenuation of TNF-α effects is due to the shedding of the
TNF-α receptors (TNFRs). Ectodomain shedding of TNFRs leads to the downregulation of
TNF-α effects by reducing the density of cell surface TNFRs and neutralizing TNF-α with
the cleaved, soluble form of TNFRs (sTNFRs) [49,50]. As HT-29/B6 cells predominantly
express the M3 subtype, the action of TNF-α might be suppressed via this mAChR subtype.
Tumor necrosis factor-α converting enzyme (TACE/ADAM-17) is a metalloprotease that
can act on the shedding of TNFRs [51]. One upstream signaling molecule involved in TACE
activation is p38 MAPK [52]. Based on further studies, the M3 subtype induces the reduc-
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tion of TNF-α action by activating p38 MAPK following Gαq/11 protein-mediated Ca2+

responses, particularly store-operated calcium entry (SOCE) [53,54]. Activation of TACE by
the M3 subtype also induces epidermal growth factor receptor (EGFR) transactivation [54],
which may contribute to the optimal regulation of ion secretion [55] and intestinal epithelial
homeostasis [56].

Stimulation of mAChRs confers resistance to interleukin-1β (IL-1β)-induced barrier
dysfunction [57]. Treatment with IL-1β enhances the expression of chemokines (CXCL-
1, CXCL-10, IL-8, and CCL-7) and myosin light-chain kinase (MLCK) through NF-κB
signaling. Stimulation of mAChRs was not found to suppress the activation of NF-κB
by IL-1β; therefore, the expression of these cytokines or MLCK was not suppressed. In
contrast, mAChR stimulation markedly inhibited MLCK-mediated phosphorylation of
the myosin light chain (MLC) by IL-1β; however, the mechanism is unclear. Activation of
MLCK leads to barrier disruption through endocytosis of tight junction factors, including
occludin [58,59]. In fact, IL-1β reduced the amount of occludin localized to the tight
junction, which was inhibited by mAChR stimulation. Thus, mAChR may inhibit IL-1β-
induced impairment of barrier function via the suppression of MLC phosphorylation by
MLCK [57].

Dextran sulfate sodium (DSS)-induced colitis is widely used as a model of human ul-
cerative colitis [60]. The administration of DSS damages intestinal epithelial cells, resulting
in the infiltration of macrophages and the release of pro-inflammatory cytokines, such as
TNF-α and IL-1β, in response to invading bacteria. Neutralizing antibodies against TNF-α
were found to improve mucosal integrity in the DSS-induced colitis model [61]. Notably,
DSS-induced colitis was more severe in M3 KO mice [23]. Recently, McN-A-343 was re-
ported to exhibit anti-inflammatory effects in acetic acid-treated mice, another experimental
model of ulcerative colitis [62]. McN-A-343 is widely used as an M1 selective agonist owing
to its relatively high efficacy against the M1 subtype; however, it also acts on other mAChR
subtypes [63]. Therefore, mAChRs, especially the M1 and M3 subtypes, may reduce the
action of pro-inflammatory cytokines, such as TNF-α and IL-1β, released by the activated
innate immune system and prevent the disruption of the intestinal epithelial barrier.

Hosic and colleagues established a primary culture system of human small intesti-
nal epithelial cells, rather than immortalized cell lines, to determine the effects of TNF-α
on barrier function [64]. In their study, neither nicotinic nor muscarinic stimulation im-
proved TNF-α-induced barrier disruption. Therefore, it may be necessary to reconsider
the role of mAChRs in epithelial cells by comparing the expressed mAChR subtypes and
responsiveness between this primary culture system, cell lines, and in vivo.

5. Role of mAChRs in Epithelial Barrier Repair

As disruption of epithelial barrier function allows continued macromolecular and
bacterial invasion, repair of the barrier function is important to prevent further inflam-
matory responses. In a porcine colonocyte culture system, stimulation with carbachol or
oxotremorine increased transepithelial resistance during the establishment of epithelial
barrier function [65]. This effect was inhibited by co-treatment with atropine, suggesting
that muscarinic stimulation facilitates epithelial barrier formation, and mAChRs may play
a role in the regeneration of the damaged epithelial barrier. Colonocyte-derived ACh
was also detected, and the administration of atropine without muscarinic agonists sup-
pressed the establishment of barrier function. Therefore, the autocrine/paracrine action of
colonocyte-derived non-neuronal ACh may be involved in barrier formation [65].

Studies using T84 cells derived from human colonocytes expressing the M1 and M3
subtypes have reported that M1 receptor-mediated extracellular signal-regulated kinase
1/2 (ERK1/2) activation and focal adhesion kinase (FAK) activation contribute to recovery
from ethanol-induced epithelial injury [20]. FAK activity is important for epithelial barrier
maintenance and repair through the regulation of tight junction complex redistribution [66].
Activation of ERK1/2 also facilitates intestinal barrier function via expression of the tight
junction factors [67,68]. The importance of the M1 subtype, rather than M3, for ERK1/2
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activation has been demonstrated using rodent colonic mucosal fragments [14]. Khan
et al. showed that the expression of the M1 subtype was reduced by IFNγ-induced barrier
perturbation in T84 cells [20]. This observation suggests that inflammatory cytokines
inhibit barrier restoration by suppressing M1 receptor levels. Tyrosine kinase inhibitors
used as anticancer drugs have been demonstrated to reduce the barrier function of T84
cell monolayers, whereas cholinergic stimulation with carbachol delays barrier function
impairment through ERK1/2 activation [69]. Thus, signaling through ERK1/2 and FAK
may contribute to mAChR-induced epithelial barrier maintenance or repair. These kinases
are involved in cell proliferation and migration as well. Therefore, the activation of these
kinases by mAChRs is expected to participate in the replenishment of epithelial cells from
stem and progenitor cells, and the maintenance of epithelial cell homeostasis, as described
below.

Although mAChRs are important for maintaining barrier function against injury or
restoring impaired barrier function, they may not be essential for constitutive epithelial
barrier function, at least in the colon. This notion is because genetic ablation of M1, M3
or M1/M3 showed no significant difference in intestinal epithelial permeability [32,70].
However, in the small intestine, the constitutive barrier function is partially impaired in M3
KO mice [70]. Therefore, the role of mAChRs in barrier function may differ in the small
and large intestine.

6. Role of mAChRs in Epithelial Cell Regeneration

The differentiation and proliferation of stem and progenitor cells are essential for
the maintenance of intestinal epithelial cells, which undergo rapid turnover and replen-
ishment of epithelial cells after injury. Released ACh from enteric cholinergic neurons
upregulates mucosal growth in a scopolamine-sensitive manner, suggesting that mAChRs
may facilitate these processes [16,71]. The stem cells responsible for intestinal epithelium
regeneration are Lgr5-positive cells located at the bottom of the crypts. Several studies
have revealed the mAChR subtypes expressed in Lgr5-positive stem cells. Greig et al.
detected only the M1 subtype in jejunal and ileal crypt-based samples using RT-PCR [13].
In contrast, immunohistochemical studies have suggested the expression of the M3 and
M5 subtypes [10,16]. Importantly, scopolamine treatment inhibited the differentiation and
proliferation of Lgr5-positive cells, and caused their disappearance from the crypt base of
the small intestine [10]. In addition, administration of the M1-selective agonist McN-A-343
promoted cell proliferation and increased intestinal mucosal growth in mice [13]. There-
fore, mAChRs may contribute to the maintenance of stem cell function in the intestinal
epithelium.

Conversely, some reports have revealed the negative effects of mAChRs on intestinal
stem cell function. Treatment with the mAChR agonist inhibited organoid proliferation and
differentiation in crypt-villus organoid cultures of the small intestine [8,9], while treatment
with atropine alone promoted them. Such findings indicate that mAChRs inhibit the
differentiation and proliferation of stem and progenitor cells by receiving non-neuronal
ACh secreted by the intestinal epithelial cells themselves [9]. In addition, M3 KO mice
displayed an increase in crypt size and the facilitation of cell proliferation and migration [72].
The increased villus height has been observed in conventional mAChR knockout mice,
especially in M2, M3, and M5 receptor-KO mice [73].

Taken together, stimulation with M3 and M5 receptors may have inhibitory effects
on differentiation and proliferation, whereas the M1 receptors contribute to epithelial cell
regeneration and maintenance by maintaining and promoting the function of Lgr5-positive
stem and progenitor cells. This proposal is intriguing as the M1, M3, and M5 subtypes
are coupled to the same Gαq/11 protein. One possibility is that one of the M1 or M3/M5
subtypes is expressed not on Lgr5-positive stem cells, but on cells that form a stem cell
niche near the stem cells, and indirectly regulates stem cell function. Alternatively, this
phenomenon may be related to prior findings that the activities of ERK1/2 and FAK, which
contribute to cell proliferation and migration in intestinal epithelial cells, are selectively
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induced by the M1 receptor rather than by the M3 receptor [14,20]. In fact, ERK1/2
inhibitors have been reported to suppress cell proliferation by inhibiting enhanced ERK1/2
activity in the intestinal organoids of M3 KO mice [72]. It is unclear why such a difference
exists between M1- and M3-mediated signaling. In experiments performed with varying
amounts of the Gαq/11 protein in the intestinal epithelial cell line, Gαq/11 signaling was
suggested to act in a growth-suppressive manner and may be responsible for physiological
effects, such as secretion and absorption in terminally differentiated intestinal epithelial
cells [74]. Thus, the M1 receptor may activate ERK1/2 in a Gαq/11 protein-independent
pathway. On the other hand, deletion of Gαq/11 in intestinal epithelial cells impairs proper
differentiation, particularly into Paneth cells, suggesting that the effects of M1/M3-mediated
Gαq/11 signaling on differentiation regulation require further studies [75].

Overall, an mAChR subtype-specific balance regulation may exist between the promo-
tion and inhibition of proliferation and differentiation for intestinal epithelial regeneration.

7. Involvement of mAChRs in Epithelial Barrier Impairment

As described above, mAChRs in the intestinal epithelial cells contribute to epithelial
homeostasis through various mechanisms. However, several studies have reported that
mAChRs may reduce epithelial barrier function. For example, experiments on rat ileal
segments have revealed that carbachol treatment enhances transport from the mucosa to
the plasma membrane via endocytosis and the paracellular pathway [76]. Furthermore,
electrical stimulation of the vagus nerve led to permeability of the jejunal epithelium
through the activation of mAChRs [26]. Notably, the passage of bacteria increased when the
small intestinal epithelium, stimulated with mAChRs via the intraperitoneal administration
of pilocarpine, was examined in the Ussing chamber [77]. This study also revealed a
pilocarpine-induced decrease in mucus secretion. In the mouse ileum, the M3 subtype
increased the barrier permeability of macromolecules [78]. In contrast, mAChR activation
in primary cultured intestinal epithelial cells or colonic cell lines, such as Caco-2 and T84
cells, was not found to exacerbate epithelial barrier function [57,64,65,79].

The presence of various cell types in the intestinal tissue could explain this difference.
In addition to the epithelium, the tissue used in the Ussing chamber also contains immune
and nervous system cells in the submucosal layer. Stress has been demonstrated to increase
intestinal epithelial permeability via the activation of mAChRs by cholinergic neurons.
Corticotropin-releasing factor (CRF) and the activation of mast cells play important roles
in this process [80,81]. Wallon et al. demonstrated the presence of eosinophils expressing
muscarinic M2 and M3 receptors in the subepithelial regions. The release of CRF by
eosinophils via the activation of M3 receptors reduces intestinal epithelial barrier function
by activating neighboring mast cells [79]. This research also found increased levels of
activated and degranulated eosinophils in patients with ulcerative colitis, suggesting a
link between mAChR stimulation-mediated eosinophil activation and the exacerbation
of inflammation. In addition, activation of M3 receptors on macrophages leads to their
differentiation into classically activated phenotypes, thereby facilitating inflammatory
responses [32].

These studies indicate that the activation of mAChRs in a tissue-wide or subtype-
unselective manner may have deleterious effects on intestinal epithelial barrier function.
Therefore, local or subtype-specific activation of mAChRs is important for epithelial home-
ostasis.

8. Non-Neuronal Acetylcholine

Multiple sources of ACh—including ACh released from parasympathetic or enteric
cholinergic nerves, and non-neuronal ACh released from intestinal epithelial cells and
T cells—act on intestinal epithelial cells and their surrounding cells. Acetylcholine from
parasympathetic and enteric neurons act on macrophage α7 nicotinic receptors to suppress
pro-inflammatory cytokine release and stimulate mucus secretion from goblet cells via
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mAChR activation [26,82]. Neuronal ACh may also act on cryptic basal stem and progenitor
cells, promoting intestinal mucosal tissue growth [16,71].

The importance of ACh released from non-neuronal cells in several tissues has been
gradually recognized [83]. As ACh is an unstable substance that is easily degraded by
acetylcholinesterase (AChE), ACh from nerve endings may be insufficient to activate
receptors on epithelial cells. It has therefore been suggested that ACh released by epithelial
cells may act in an autocrine/paracrine manner. Indeed, non-neuronal ACh has been
demonstrated to be involved in epithelial barrier formation and the regulation of mucosal
growth [9,65].

Choline acetyltransferase (ChAT) is responsible for ACh synthesis from choline. Trans-
genic mice expressing fluorescent proteins under the control of the ChAT promoter showed
that ChAT-positive cells exist as scattered solitary cells in the epithelium of the small in-
testine and colon [84]. These tuft cells expressing ChAT were not found to express the
vesicular ACh transporter (vAChT), except in the proximal colon, suggesting that ACh
was released in a vesicle-independent manner. Consistently, vesamicol, an inhibitor of
vAChT, was not found to inhibit non-neuronal ACh secretion in the colonic epithelium [85].
The polyspecific organic cation transporter OCTN1 has a variant (amino acid substitution
L503F) associated with Crohn’s disease [86]. Interestingly, OCTN1 can transport ACh, and
its transport function has been demonstrated to be reduced in the L503F variant [87]. There-
fore, OCTN1 is one of the possible candidates responsible for the release of non-neuronal
ACh in intestinal epithelial cells. As tuft cells do not express a high-affinity choline trans-
porter (CHT1), they may provide choline for ACh synthesis via a different mechanism
from cholinergic neurons [84]. The choline transporter-like (CTL) family consists of five
members, of which CTL4 has been reported to contribute to choline uptake associated with
ACh synthesis and secretion [88]. The expression of both CTL4 and ChAT increased when
an inflammatory response was induced in the mouse ileum by lipopolysaccharide (LPS)
treatment [89]. Therefore, inflammation may increase non-neuronal ACh production in the
intestinal epithelium. However, in a previous study, ChAT expression was decreased in
the intestinal epithelium in specimens from patients with Crohn’s disease and ulcerative
colitis [57].

CD4+ T cells that infiltrate the gut express ChAT and synthesize ACh. ChAT-positive T
cells participate in host defense against bacterial infections [90]. In addition, T cell-derived
ACh has been reported to contribute to the expression of AMPs, including lysozymes and
defensin A [91]. In DSS colitis models, ChAT-positive T cells exacerbate the acute immune
response but support the later resolution of intestinal inflammation [92].

As described above, neuronal and non-neuronal ACh systems differ in certain factors
involved in the choline uptake and ACh release mechanisms. Therefore, neuronal and non-
neuronal ACh levels may be pharmacologically distinguished and regulated by targeting
these differences.

9. mAChRs as a Potential Therapeutic Target for IBD

As summarized in Figure 1, the activation of mAChRs in intestinal epithelial cells is ef-
fective in the maintenance of homeostasis. However, as each mAChR subtype is expressed
in different cell types and plays different roles, the outcome may vary depending on the
subtype activated. For example, M1 receptors have been demonstrated to be responsible
for epithelial barrier regeneration and mucus secretion, while M3 receptors are involved in
the protection against inflammatory cytokines. The activation of M3 receptors expressed
on eosinophils and macrophages may indirectly threaten epithelial barrier function. In
addition, the migration and invasion of colon cancer cells are stimulated by the activation of
M3 receptors [93], whose expression is increased in cancer cells [94]. In this context, the acti-
vation of M3 receptors may adversely affect intestinal epithelial homeostasis. Therefore, it is
important to determine the effects of subtype-selective agonists and positive allosteric mod-
ulators (PAMs) on intestinal epithelial cell homeostasis and their impact on IBD treatment.
In particular, M1 receptor-selective agonists and PAMs are being actively developed as po-
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tential therapeutic agents for schizophrenia and Alzheimer’s disease [95,96]. Exploring the
potential of these drugs in the treatment of IBD is an interesting challenge. Gastrointestinal
disorders, such as diarrhea, are major adverse effects of muscarinic stimulation. This effect
is mainly due to the M3 subtype in smooth muscle, despite reports of the involvement
of the M1 and M2 subtypes [97,98]. Therefore, the stimulation of epithelial cell-specific
muscarinic receptors, such as in drug delivery systems, is desirable for safe treatment.
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Figure 1. Mucosal defense system and muscarinic receptor action in intestinal epithelial tissue. The
intestinal epithelium of the small intestine (left panel) and colon (right panel) are shown. Intestinal
epithelial cells are composed of enterocytes/colonocytes, goblet cells, Paneth cells, and stem cells
that are responsible for the formation of the epithelial barrier, secretion of mucus and antimicrobial
peptides (AMPs), and replenishment of epithelial cells through differentiation and proliferation,
respectively. Various immune cells reside or infiltrate the submucosal layer and are responsible for
the immune response against invading bacteria. These cells express mAChRs that modulate the
function of each cell. The table below summarizes the effects of mAChRs on each of these functions.
The effects on epithelial cells are highlighted in orange while those on other cells are highlighted in
blue. The up and down arrows marked to the right of the mAChR subtypes indicate that activating
each subtype enhances or inhibits that response, respectively.
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High AChE activity has been observed in the intestinal epithelium [89,99]. Therefore,
AChE inhibitors may be effective at maintaining intestinal epithelial homeostasis by in-
creasing ACh stability near the intestinal epithelial cells and enhancing ACh signaling.
In fact, the inhibition of cholinesterase by paraoxon has been demonstrated to promote the
degranulation of goblet and Paneth cells, which promotes defense against orally adminis-
tered Salmonella [100]. The acetylcholinesterase inhibitor, pyridostigmine, was also found
to attenuate the pathology of DSS-induced colitis [101].

The promotion of ACh synthesis and release also enhances ACh signaling. Brain
orexins stimulate the vagal cholinergic pathway, which prevents LPS-induced colonic
epithelial permeation in an mAChR-dependent manner [102]. As ACh-producing tuft cells
express chemoreceptors and respond to bitter substances, ACh release may be regulated
by dietary components [84]. Moreover, the short-chain fatty acid generated by intestinal
bacteria, propionate, induces the secretion of non-neuronal ACh in the colon [103,104].
Therefore, prebiotics or probiotics may contribute to the upregulation of non-neuronal ACh
in the colonic epithelium. Importantly, the effect of propionate is expected to be specific to
intestinal epithelial cells, whereas AChE inhibitors are expected to enhance ACh in both
neuronal and non-neuronal cells. Owing to its local action, ACh is thought to exert different
effects depending on the localization of the released cells. However, the effects of epithelial
cell-derived non-neuronal ACh on intestinal epithelial homeostasis and IBD are not fully
understood. Therefore, the facilitative effect of propionate-mediated non-neuronal ACh
release on intestinal epithelial homeostasis is an interesting subject for basic research and
clinical applications.

10. Conclusions

In summary, mAChRs are involved in various functions related to intestinal epithelial
homeostasis, in addition to the previously known intestinal contractions and secretions.
However, the subtypes of mAChRs that function on different cell types in the intestinal
epithelium and surrounding cell populations, including immune cells, are not fully under-
stood. In addition, the cholinergic system that delivers ACh to the mAChRs in each cell
is unclear. As a result, the complete mechanism of action of the mAChRs in the intestinal
epithelium remains elusive. Although not discussed in detail in this review, nicotinic
receptors are also important targets of ACh, and their involvement in the intestinal inflam-
matory response is a topic of intense research. Therefore, a comprehensive understanding
of the ACh network throughout the intestinal tissue, including the relationship between
muscarinic and nicotinic receptors, would highlight a new strategy for IBD treatment that
contributes to intestinal epithelial homeostasis.
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Abstract: Inflammatory bowel diseases (IBDs) consist of a group of chronic inflammatory disorders
with a complex etiology, which represent a clinical challenge due to their often therapy-refractory na-
ture. In IBD, inflammation of the intestinal mucosa is characterized by strong and sustained leukocyte
infiltration, resulting in the loss of epithelial barrier function and subsequent tissue destruction. This
is accompanied by the activation and the massive remodeling of mucosal micro-vessels. The role of
the gut vasculature in the induction and perpetuation of mucosal inflammation is receiving increasing
recognition. While the vascular barrier is considered to offer protection against bacterial translocation
and sepsis after the breakdown of the epithelial barrier, endothelium activation and angiogenesis
are thought to promote inflammation. The present review examines the respective pathological
contributions of the different phenotypical changes observed in the microvascular endothelium
during IBD, and provides an overview of potential vessel-specific targeted therapy options for the
treatment of IBD.

Keywords: inflammatory bowel diseases (IBDs); vasculature; angiogenesis; gut vascular barrier;
vessel permeability

1. Introduction

Inflammatory bowel diseases (IBD) are a group of intestinal chronic inflammatory
disorders characterized by cyclic flares of destructive inflammation that comprise two major
forms, Crohn’s disease (CD) and ulcerative colitis (UC) [1]. Although inflammation in UC
is restricted to the colon and only extends to the mucosal layers, transmural inflammation
can be observed in CD, which can manifest at any site of the gut. The etiology of IBD is
thought to be multifactorial and to involve the patient’s genetics and immune response, the
intestinal microbiome, and environmental factors [2]. IBD is considered to result from an
inappropriate immune response to the intestinal microflora and environmental triggers in
genetically susceptible individuals [1]. The resulting inflammation induces tissue damage
and, notably, a disruption of the epithelial barrier, leading to the perturbation of the
intestinal microenvironment and the relationship between the mucosal surface and the
commensal microbiota. This disequilibrium not only affects the maintenance, function,
and repair of the epithelial barrier, it also results in the perturbation of the commensal
microbiota composition, leading to dysbiosis [3,4].

The intestinal microvasculature lies in close vicinity to the epithelial layer and repre-
sents a second barrier to the penetration and dissemination of commensals and microbial
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products. In IBD, the microvascular endothelium is strongly affected by inflammation [5].
Endothelial cells (ECs) of the gut microvasculature are activated to allow leukocyte re-
cruitment and infiltration, whereas the vascular barrier function is compromised and local
bursts of angiogenesis are observed. Despite its well-defined function in inflammation,
the contribution of the endothelium to the development and maintenance of IBD has been
rather overlooked, in particular as a potential therapeutic target. In the present review,
we summarize the respective contributions of blood vessel activation, remodeling, and
barrier function to the pathogenesis of IBD, and discuss the status and perspectives of
vessel-directed therapies.

2. The Intestinal Vasculature in Homeostasis

The intestine is vascularized by arterioles from the submucosa, which divide into
capillary networks in the mucosa and muscle layers, with the mucosal layers receiving
80% of the total blood flow [6]. The anatomy of the mucosal vasculature differs between
the small and large intestine (colon) due to their different tissue architectures. In the small
intestine, the epithelium builds villi and crypts. Each villus contains a single arteriole going
to the tip, forming a tuft-like network of capillaries which are located directly under the
epithelial monolayer, and the blood is collected into a single central venule. The crypts are
infused with a capillary network which drains into the venule as well. In contrast to the
small intestine, the colon epithelium does not have villi. The arterioles and their capillary
branches are arranged along the colonic crypts, developing into a capillary honeycomb-like
network around the crypts that is in very close proximity to the epithelial layer (1 µm) [6,7].
Intestinal post-capillary veins are devoid of smooth-muscle cells and represent the most
reactive segment of the microvasculature [8]. The intestinal microcirculation regulates
oxygen and nutrient exchange, tissue fluid homeostasis, and leucocyte abundance [9–11].

Under physiological conditions, the single layer of ECs lining the vessel lumen pro-
vides an anti-adhesive and selectively permeable exchange barrier. In the past few years,
the general opinion about the role of the intestinal microvasculature has evolved, and it is
now viewed as an integral component of the intestinal barrier [12]. The intestinal barrier is
tightly regulated to allow the absorption of essential nutrients, electrolytes, and water from
the intestinal lumen into the circulation, while preventing the entry of microbiota through
different layers of protection. The first barrier is formed by a tight epithelial monolayer
covered by a thick layer of mucus produced by specialized enterocytes, the goblet cells. In
addition, another population, the Paneth cells, secretes antimicrobial peptides. This intesti-
nal epithelial barrier prevents the penetration of microbes or microbe-derived molecules
into the tissue. A second barrier, the gut vascular barrier (GVB), has been identified in
humans and mice, and provides a second layer of protection, which blocks microbial
dissemination into the systemic circulation (Figure 1) [12–14].

In contrast to the blood–brain barrier (BBB), which has a size exclusion threshold
of 500 Da, the GVB is permeable to molecules as large as 4 kDa, allowing the passage
of nutrients and antigens for tolerance induction [14]. Spadoni et al. demonstrated that
endothelial cells in the intestine are closely associated with pericytes and enteric glial
cells to form what they termed gut–vascular units (Figure 1) [13]. Enteric glial cells seem
to be crucial for the development and maintenance of the GVB, as it has been shown
that transgenic mice lacking enteric glial cells feature increased epithelial permeability
and microvascular disturbances, resulting in the uncontrolled spread of bacteria into
the blood circulation and the subsequent death of the affected animals (Table 1) [15,16].
Interestingly, the interplay of the GVB with the commensal microbiota was found to increase
angiogenesis, endothelial coverage, and the formation of the enteric glial cell network in
the lamina propria using human ECs and murine models [17–20], suggesting that the
microbiota supports the formation and maintenance of the GVB.
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Figure 1. In the healthy intestine (depicted here, the colon mucosa), the mucosal microvasculature
participates in homeostasis by regulating the absorption of essential nutrients, electrolytes, and water,
while building a second barrier towards luminal microbes. During IBD, inflammation activates the
intestinal microvasculature through release of cytokines and growth factors, leading to adhesion
molecule expression, leukocyte extravasation, vascular hyperpermeability, and an increase in both
sprouting and intussusceptive angiogenesis.

Table 1. Different mesenteric vascular cell subtypes in homeostasis and in IBD.

Cell Type In Homeostasis In IBD

HIMECs
Tolerance to bacterial products

from the gut microbiota
Constitutive iNOS expression

Leukocyte hyperadhesion
Angiogenesis

↑ ανβ3 integrin expression
↑ vessel permeability

↓ iNOS and eNOS expression
↓ protein C system activation
↑ secretion of inflammatory

mediators

HEVs

Recruitment and trafficking of
lymphocytes from blood to

lymph nodes and secondary
lymphoid organs

↑ density
↑ leukocyte binding

Formation of extrafollicular
HEVs

Lymphatic ECs Absorption of fatty acids
Immune regulation

↑ density
↓ contractile activity

Lymphangitis

Mural cells Development and
maintenance of the GVB

↓ vessel coverage
↑ MMP expression

Enteric glial cells
Part of gut–vascular units

Development and
maintenance of the GVB

Sensing of bacterial
translocation

Closure of the PVB
Abbreviations: ECs: endothelial cells; HIMECs: human intestinal microvascular ECs; HEVs: high endothelial
venules; TJs: tight junctions; GVB: gut–vascular barrier; PVB: plexus–vascular barrier; ↑: increase; ↓: decrease.

Within the gut–vascular units, endothelial cells form tight cell–cell contacts, which are
enhanced through interaction with enteric glial cells and pericytes. Adherens junctions (AJs)
and tight junctions (TJs) found in human and mouse intestinal microvascular ECs regulate
paracellular trafficking of molecules and leukocytes and express different classes of trans-
porters (such as ATP-binding cassette transporters and sugar transporters) [12]. TJs control
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permeability for ions and small molecules (<800 Da), whereas AJs are primarily responsible
for the maintenance of vascular barrier function and control its permeability for molecules
of high molecular weight [21]. In intestinal ECs, AJs are composed of vascular endothelial
cadherin (VE-cadherin), α- and β-catenin, and p120, all of which are expressed homoge-
nously throughout the intestines and the vascular beds. The building of VE-cadherin
adhesions is considered to be the primary event during vascular development [13,21]. It
precedes TJ formation and is required for TJ maintenance. Disruption of AJs leads to disas-
sembly of TJs [13,21]. Although numerous TJs can be found in small arterioles, the level of
TJs is reduced in capillaries and post-capillary veins. As a result, AJs are predominantly
found in capillaries and post-capillary venules [21]. In intestinal ECs, TJs are formed by oc-
cludin, zonula occludens-1 (ZO-1), cingulin, junctional adhesion molecule-A (JAM-A), and
claudins [13,22]. The expression of endothelial claudins has been extensively studied in the
mouse intestine and varies between gut areas and cell types. While claudin-1 is expressed at
similar levels in ECs throughout the intestines, the channel-forming claudins-7, -12, and -15
are exclusively expressed in the colon [22]. Outside of the BBB and the blood–retinal barrier,
where a high expression of claudin-5 prevents the passage of small molecules, claudin-5
exhibits diminishing expression along the arteriovenous axis [23]. In the gut, claudin-5
expression is restricted to lymphatic ECs, high endothelial venules (HEVs), and certain
capillary ECs [13,24]. These different patterns of expression are thought to be responsible
for variations in permeability and to reflect the site-specific physiological function of the
GVB. In humans, claudins working as channels show a higher expression in the colon,
where they regulate solute paracellular transport, compared to the small intestine or the
BBB [25,26].

Kalucka et al. performed a single-cell transcriptome analysis of murine ECs across
11 tissues, revealing heterogeneity between tissues and vascular beds [24]. Overall, they
found that colon and small-intestine ECs are characterized by the high expression of genes
involved in vascular barrier integrity and maintenance. In addition, two specific EC-
fractions were found in the intestine. First, a subset of capillary ECs was described, which
display an elevated expression of genes involved in the uptake and metabolism of glycerol
and fatty acids. Cells in this cluster were notably characterized by a high expression of
aquaglyceroporin 7 (Aqp7), a pore-forming transmembrane protein involved in glycerol
transport across cell membranes, and were therefore termed Aqp7+ capillary ECs. Second,
a subset of intestinal venous ECs showing enriched expression of HEV markers (Madcam1,
Lrg1, Ackr1) was identified. HEVs represent a specialized subtype of post-capillary venules
mediating the recruiting and trafficking of lymphocytes from blood to lymph nodes and
secondary lymphoid organs, which take their name from the cuboidal appearance of their
endothelial cells (Table 1).

The investigation of isolated human intestinal mucosa-derived endothelial cells (HIMECs)
has revealed unique functional features when compared to human umbilical veins (HUVECs)
(Table 1). For instance, exposure to lipopolysaccharide (LPS) induces a transient increase
in the presence of adhesion molecules in HIMECs, compared to a long-lasting increase in
the presence of adhesion molecules in HUVECs [27]. This reflects the relative tolerance
of intestinal microvascular cells to bacterial products from the gut microbiota. In addi-
tion, HIMECs produce different cytokines, including IL-3 and IL-6, as HUVECs upon
activation with inflammatory cytokines [28]. Furthermore, HIMECs constitutively ex-
press the (otherwise) inducible nitric oxide synthase (iNOS) in addition to endothelial
NOS (eNOS) [29]. Under physiological conditions, endothelial-derived NO maintains the
anti-adhesive state of the endothelium by limiting leukocyte and platelet adhesion, and
regulates vasodilatation [29,30].

Overall, in the state of homeostasis, intestinal ECs are involved in barrier function
maintenance, nutrient uptake, and immune tolerance.
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3. The Intestinal Vasculature in IBD

The intestinal microvasculature plays a crucial role during inflammation by regulating
tissue recruitment of inflammatory cells and wound healing. However, uncontrolled
inflammation induces a sustained EC activation (Figure 1), causing an increase in leakiness
(edema), adhesiveness (leukocyte recruitment), pro-coagulant activity (thrombus), and
angiogenesis (immature vessels) [5,31]. As a result, inflammation is enhanced, ultimately
leading to sustained tissue and vessel damage.

The histopathological analysis of inflamed human and murine intestinal tissues has
revealed massive changes in the blood microvasculature, including vasodilatation, vaso-
congestion, edema, flares of angiogenesis, microvascular occlusions, and abnormal vessel
architecture characterized by tortuous vessels of varying diameter (Figure 2) [32–34]. These
profound alterations have been considered to be an early event since they precede the
development of mucosal ulceration, and to significantly enhance inflammation in IBD [32].
Hence, the intestinal microvasculature can be seen both as a regulating factor and as a target
of inflammation. In the following, we examine the respective contributions of intestinal
vascular changes to IBD pathogenesis (Figure 2).
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Figure 2. (A) The colonic microvascular architecture is massively remodeled in the presence of
inflammation. The vessel structure was analyzed in mouse colon samples in the absence (left) or
presence (right) of colitis. Vessels were visualized via the staining of CD31 (2-photon microscopy)
or via lectin-staining (light sheet microscopy and ultramicroscopy). (B). Vascular changes and
dysfunction observed in IBD participate in the initiation and perpetuation of mucosal inflammation
and extra-cellular manifestations. PAMP: pathogen-associated molecular pattern.

3.1. Endothelial Cell Activation and Leukocyte Recruitment

The recruitment of circulating leukocytes into tissues is an early and central event
during inflammation. It starts with the activation of the microvascular endothelium by
inflammatory mediators, including cytokines such as IFN-γ, IL-1β, and TNF-α (Table 2).
The activated endothelium regulates the leukocyte extravasation cascade in a tightly co-
ordinated sequence, including tethering and rolling, activation, adhesion, spreading, and
the transmigration of leukocytes [35]. Activated ECs are characterized by an elevation in
the level of cell adhesion molecules (CAMs), the production of chemokines, and the ex-
pression of costimulatory molecules, which further amplify the recruitment and activation
of leukocytes (Figure 1). Leukocyte hyper-adhesion has been observed in the intestinal
ECs of patients with IBD. For instance, Binion et al. described a significant increase in
leukocyte binding in HIMECs isolated from inflamed regions of IBD patients compared to
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HIMECs that were obtained from non-inflamed intestinal sites or from the guts of control
subjects [36].

Table 2. Vessel-directed effects of key inflammatory cytokines involved in the pathogenesis of IBD.

Cytokines Effect

IFN-γ

EC activation, ↑ CAM expression (notably MadCAM-1)
↑ vascular permeability

Disassembly of VE-cadherin junctions, ↓ VE-cadherin expression
↓ EC proliferation and migration, ↓ angiogenesis

↓ vascular coverage, ↓ PDGF-B
↑ TLR3 expression

↑ CX3CL1 (fractalkine)

TNF-α

EC activation, ↑ CAM expression (notably MadCAM-1)
↑ vascular permeability, ↑ Phosphorylation of VE-cadherin,

↑ monolayer tension
↓ TJ protein expression in EC

↑ circulating levels, ↑ vascular dysfunction
↓ EC proliferation and migration, ↓ angiogenesis

↑ CX3CL1 (fractalkine)

IL-1β EC activation, ↑ CAM expression (notably MadCAM-1)
↑ CX3CL1 (fractalkine)

Abbreviations: ↑: increase; ↓: decrease.

At the molecular level, the MAPK pathway has been shown to play an important role
in the upregulation of CAMs and the production of chemokines by activated HIMECs, as
well as lymphocyte extravasation [37]. In the inflamed mucosa of IBD patients, increased
levels of phosphorylated MAPK have been detected in the microvasculature [37].

Among the various CAMs expressed in activated ECs, P- and E-selectins are gly-
coproteins involved in the rolling and recruitment of leukocytes. Although P-selectin is
constitutively available as a pool that can be mobilized upon activation, E-selectin expres-
sion is induced in response to inflammatory stimuli. A notable increase in P-selectin levels
has been observed in the colons of UC patients compared to controls, whereas serum levels
of the decoy soluble P-selectin were decreased [37–39].

An important class of adhesion molecules expressed in ECs is the immunoglobin CAM
superfamily, which includes intracellular cell adhesion molecule 1 (ICAM-1), vascular cell
adhesion molecule 1 (VCAM-1), platelet endothelial cell adhesion molecule (PECAM-1,
also known as CD31), as well as the gut-specific mucosal addressin cell adhesion molecule
1 (MadCAM-1). Upon EC activation, ICAM-1 is recruited from the EC junctions to the
apical surface [27]. The microvascular expression of ICAM-1 is increased in IBD patients,
and ICAM-1 has been shown to be crucial to T-cell recruitment in the T-cell transfer murine
colitis model [40]. ICAM-1 is constitutively expressed in HIMECs and can be upregulated
by inflammatory cytokines and vascular endothelial growth factor-A (VEGF-A) [27,41,42].
VCAM-1, which mediates adhesion to lymphocytes expressing integrin α4β1 or α4β7,
is also inducible in HIMECs, notably by VEGF-A. The expression of VCAM-1 in the
mucosal vasculature is increased in patients with IBD and murine colitis models, where
its expression correlates with disease severity [43,44]. PECAM-1/CD31 is also inducible
by inflammatory cytokines and is involved in leukocyte rolling and firm adhesion during
IBD [45]. A large amount of attention has been paid to MadCAM-1, a gut-specific homing
molecule mediating the recruitment of T and B cells expressing integrin α4β7 [46]. High
MadCAM-1 expression has been observed in the inflamed intestinal endothelium during
IBD [36]. In HIMECs, MadCAM-1 expression can be induced by inflammatory cytokines
(IFN-γ, IL-1β, TNF-α) [47,48]. Interestingly, the expression of MadCAM-1 in HIMECs is
inversely correlated to cellular density, suggesting that high MadCAM-1 expression might
be a marker of proliferating vessels [47,48]. Recently, MadCAM-1 has been found to be

137



Int. J. Mol. Sci. 2023, 24, 5517

critical for the recruitment of antibody-producing B cells into the intestinal mucosa in the
IL-10-knockout colitis model [49].

3.2. Pathological Angiogenesis in IBD

Angiogenesis is a hallmark of chronic inflammation [50]. In human IBD and in several
murine models of colitis, the microvascular density is increased and directly correlates with
disease severity (Figures 1 and 2) [51–53]. Angiogenic ECs exhibit increased proliferation
and migration, as well as a unique cell-surface molecular pattern. For instance, the integrins
ανβ3 and ανβ5 are specifically expressed at the surface of ECs from newly formed vessels,
and an increased expression of ανβ3 has been observed in the inflamed mucosa of IBD
patients [51]. The blockade of ανβ3 was found to reduce disease activity in the IL-10 knock-
out colitis model, suggesting that angiogenesis contributes to IBD pathogenesis [54]. The
angiogenic expansion of the vascular bed is assumed to physically increase blood supply
through the increased endothelial surface, and therefore to enhance the leukocyte supply
to the tissue. However, the newly formed vessels in the context of chronic inflammation
show an immature phenotype in mouse and human tissues [34,55,56]. They are leaky, have
less or no coverage by pericytes, and are hypoperfused and often hyperthrombic [32–34].
Stenoses are also frequently observed [32]. Hence, pathological angiogenesis appears to
contribute to the intense vascular remodeling observed in IBD.

The fact that mucosal extracts of IBD patients could induce dose-dependent HIMEC
migration in vitro supported the presence of a pro-angiogenic microenvironment in the
inflamed gut mucosa [57]. Two main mechanisms of angiogenesis have been proposed
to occur during IBD, namely, extension from existing vessels (sprouting) and vessel split-
ting (intussusception). Angiogenesis through the recruitment of endothelial progenitor
cells seems less likely to occur during colitis since the number of bone-marrow-derived
endothelial progenitor cells is reduced in UC [58–60].

The induction of sprouting angiogenesis during IBD has been partly attributed to
inflammation-related hypoxia, with hypoxia-inducible factor-1 and -2 transcriptionally
activating the expression of vascular endothelial growth factor A (VEGF-A), the major an-
giogenic growth factor (AGF) [61]. In agreement with this hypothesis, the human inflamed
intestinal epithelium was found to represent an important source of VEGF-A, which is also
produced by leukocytes [62–65]. Furthermore, increased expression of VEGF and other
AGFs including basic fibroblast growth factor (bFGF) and platelet-derived growth factor
(PDGF) has been detected in mucosal extracts and in the serum of IBD patients as compared
to controls (Table 3) [51,53,66–70], although this increase was more evident for UC than for
CD, especially for VEGF [61,71–73]. However, experimental colitis models have provided
conflicting results regarding the contribution of sprouting angiogenesis to disease activity.
The inhibition of angiogenesis via the neutralization of VEGF-A improved the course of
intestinal inflammation in mice [34,64,74,75] and modestly in rats [76]. In contrast, the
knock-out of placental growth factor, a VEGF homolog, also caused decreased angiogenesis,
but lead to an aggravation of colonic injury in the mouse dextran sodium sulfate (DSS)-
induced colitis model [77]. These results are reflected in the responses of cancer patients
treated with anti-angiogenic treatment. Rare adverse effects of bevacizumab, a humanized
monoclonal antibody against VEGF, include intestinal perforation, gastrointestinal bleed-
ing, and ulcerative colitis [78–80]. However, anti-VEGF therapy is well tolerated by most
patients with quiescent and moderately active IBD [81]. The frequency of inflammatory
side effects is higher when the PDFG pathway is involved. For instance, an exaggeration
of UC has been observed during treatment with the angiogenic inhibitors sunitinib and
sorafenib, which target both the VEGF and PDGF pathways [82–84].
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Table 3. Pathogenic effects of vascular factors in IBD.

Factor Effect on the Intestinal Vasculature

Angiogenic growth factors

VEGF

Expression increased in IBD
↑ sprouting angiogenesis

↑ EC proliferation and migration
↑ ICAM-1 and VCAM-1 expression

↑ recruitment of VEGFR- expressing immune cells
↑ vascular permeability, disassembly of VE-cadherin junctions

↓ vascular coverage
↑ wound healing

bFGF Expression increased in IBD
↑ sprouting angiogenesis

PDGF

Expression increased in IBD
↑ sprouting angiogenesis

↑ vascular coverage
Protective effect in UC

Nitric oxide (NO)

Decreased constitutive expression of eNOS and iNOS in
intestinal EC during IBD

↓ CAM expression
↓ ROS production

↑ intestinal endothelial barrier function
↑ vasodilatation

Potentiates VEGF-mediated effects

Coagulation factors

Increased platelet activation and thrombi in IBD
↓ thrombomodulin expression in IBD
↓ protein C receptor expression in IBD

Impaired protein C activation in activated intestinal EC

Toll-like receptors (TLR)

Tolerance to endotoxin in intestinal EC
Expression of TLR3 and TLR5 by intestinal EC, protective

against colitis in mice
↑ endothelial barrier function

Angiocrine factors

↑ CX3CL1 (fractalkine) → ↑ adhesion and activation of
CX3CR1+ leukocytes

↑ CL25 → recruitment of CCR9+ immune cells →
protective effect

↑ NO
↑ CXCL10 → epithelial cell survival

Abbreviations: ↑: increase; ↓: decrease.

Several reasons might explain the contradictory effects of angiogenesis in IBD. Firstly,
while angiogenic and inflammatory vessels can synchronously co-exist in the inflamed
mucosa during mouse colitis [32], the two phenotypes are mutually exclusive in a single
EC. In particular, inflammatory cytokines (ICs) such as IFN-γ, TNF-α, and IL1-β can inhibit
AGF-induced proliferation and the migration of human ECs in vitro (Table 2) [85–87]. In
addition to ICs, several anti-angiogenic factors are upregulated during intestinal inflamma-
tion, including the chemokine CXCL-10, thrombospondin, angiostatin—a cleaved fragment
of plasminogen, and endostatin—a cleaved fragment of collagen XVIII [63,88–92]. Hence,
the balance between angiogenic and inflammatory-associated angiostatic stimuli might
explain the relative contribution of angiogenesis to IBD pathogenesis.

Secondly, there is a strong interplay between angiogenesis, inflammatory vessel ac-
tivation, and barrier function during inflammation. For instance, human and murine
VEGF-A stimulates angiogenesis and increases vessel permeability, while reducing vessel
coverage [41,42,93]. In murine colitis models, the permeability marker CD146/MUC18
was shown to induce angiogenesis, lymphangiogenesis, and leukocyte recruitment [94–96].
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In a similar manner, mice that are deficient in CD40 or CD40L display both a decrease in
leukocyte and platelet recruitment and impaired angiogenesis in the gut [97–99].

Thirdly, the importance of intussusceptive angiogenesis during IBD might have been
underestimated. The vessel splitting that is characteristic of intussusceptive angiogenesis
occurs through intraluminal endothelial cell rearrangements rather than endothelial cell
proliferation [100]. These are triggered by increased blow flow and are regulated by the
nitric oxide (NO), endoglin, and ephrinB2/EphB4 signaling pathways [101–105]. Intus-
susceptive angiogenesis has been observed in murine colitis [100,106,107], where it was
induced through mechanical forces and changes in the intraluminal blood flow, and was
regulated by MT1-MMP [100,106]. EC-specific knockout of MT1-MMP ameliorated dextran
sodium sulfate (DSS)-induced colitis in mice [107]. The predominance of intussusceptive
angiogenesis compared to sprouting angiogenesis during colitis might explain the relative
success of classical anti-angiogenic approaches in animal models of IBD.

Finally, angiogenesis not only sustains inflammation, it also plays an essential role
during mucosal healing. For instance, VEGF-A is involved in UC healing and angiogen-
esis via the recruitment of cells expressing vascular endothelial growth factor receptor 1
(VEGFR1), including monocytes, Tregs, and bone-marrow derived stem cells, to ulcerated
tissues [108]. Furthermore, the expression of the Wnt pathway member adenomatous
polyposis coli (APC) in murine intestinal ECs has been shown to mediate mucosal repair
following colonic inflammation through angiogenesis [109]. Hence, treatment with angio-
genesis inhibitors might result in wound healing complications. Despite the activation of
angiogenic signals, impaired mucosal healing is observed and represents a major issue in
IBD, notably in UC. Pathological angiogenesis or an increase in anti-angiogenic signals
such as endostatin and angiostatin might explain why mucosal lesions are slow to repair
in UC [91]. In addition, the decrease in the number of bone-marrow-derived endothelial
progenitor cells (BMD-EPC) observed in UC, whether it is due to a decreased release from
the bone marrow and/or impaired homing in colonic lesions, participates in mucosal
healing impairment [59,60]. In addition, there is crosstalk between VEGF and transforming
growth factor-beta (TGF-β), which is essential for wound healing, tissue repair, and the
resolution of inflammation. A dysregulation of the TGF-β pathway, as seen in case of the
impairment of endoglin, the endothelial-specific co-receptor for TGF-β, caused the levels
of VEGF to spike in the acute DSS colitis model [110,111]. This resulted in enhanced and
chronic intestinal inflammation, characterized by higher angiogenesis and MAdCAM-1
vascular expression [110,111]. Hence, both the therapeutic inhibition of angiogenesis and
the presence of exacerbated or pathological angiogenesis seem to impair wound healing in
IBD and experimental colitis models.

Another example of the interplay between vascular remodeling and inflammation
in IBD is given by HEVs (Table 1). Subsequently to the ectopic formation of tertiary
lymphoid organs observed in the inflamed gut mucosa, the density of HEVs has been
found to increase in the mucosa of IBD patients [112,113]. However, HEVs not only
regulate the lymph drainage of antigen-presenting cells, they also regulate the homing
of T-cells. Extrafollicular HEV formation has been observed in the intestinal mucosa of
IBD patients during active inflammation, where it correlates with T-cell infiltration and
disease activity [113,114]. Human intestinal HEVs express high levels of MadCAM-1, and
in UC, the O-glycosylation of MadCAM1 is increased, which induces a higher binding to
L-selectin, expressed on leukocytes [112,115]. Taken together, pathological angiogenesis in
IBD seems to both potentiate inflammation and impair mucosal healing.

3.3. The Gut–Vascular Barrier in IBD

During IBD, the epithelial barrier is compromised, as shown by an increased per-
meability and mucosal damage such as erosions or ulcers [116,117]. In consequence, the
passage of antigens, bacteria, and bacterial products into the submucosa is increased [117].
This further enhances the local inflammation, resulting in the release of large amounts of
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inflammatory mediators from—but not restricted to—immune cells, which can in turn
affect the gut–vascular barrier [118].

IBD is associated with increased gut vascular permeability (Figure 1), which is in-
dicative of a loss of intestinal vascular barrier function, and results in edema and tissue
damage [33,34,69,119–121]. For instance, human CD146 (MUC18), a cell junction molecule
constitutively expressed in ECs, and its soluble form (sCD146), which is considered a
marker for vascular permeability, are upregulated in intestinal ECs and serum of IBD
patients, respectively [96,122]. Endothelial damage and increased colonic vascular perme-
ability have been observed early during the development of experimental ulcerative colitis
in rats and mice [123]. Post-capillary venules, the most reactive part of the vascular tree,
were also shown to be the major site of vascular leakage [124]. The increased vascular
permeability of inflamed post-capillary venules has been attributed to endothelial cell-cell
contact disruption, to the contraction of activated ECs, to EC death and detachment, and/or
to plasma protein extravasation at the site of leukocyte transendothelial migration [125,126].
A variety of inflammation mediators found in IBD can induce vascular permeability, in-
cluding histamine, serotonin, substance P, bradykinin, and ICs, notably IFN-γ and TNF-α
(Table 2) [121]. In addition, the reduction of anti-inflammatory cytokines such as IL-10
can further amplify intestinal vascular permeability induced by IFN-γ in experimental
colitis [121]. Vascular permeability is also increased during angiogenesis, notably through
a direct effect of VEGF [127–129]. Intussusceptive angiogenesis has also been associated
with an enhanced permeability, likely because it induces holes in the vascular layer. In
particular, endothelial cell-specific MT1-MMP knockout mice, which are characterized by
a lower intussusceptive angiogenesis, also display a reduced vessel permeability during
DSS-induced colitis [107].

In a study comparing the respective effects of IFN-γ and VEGF on disease develop-
ment, both endothelial-specific knockout of the IFN-γ receptor (IFNγR) and VEGF blockade
inhibited DSS-induced colitis in mice [34]. In agreement with the angiostatic properties of
IFN-γ and the pro-angiogenic effect of VEGF, angiogenesis was increased in the case of
IFNγR knockout, whereas it was decreased after VEGF blockade as compared to controls.
Both approaches, however, led to a strong decrease in vascular permeability [34,74]. These
results suggested that the induction of vascular permeability by VEGF might contribute
more to colitis pathogenesis than the mere induction of angiogenesis. Several reports
further support the promoting role of GVB disruption in IBD. Vascular permeability is
associated with disease activity in UC and CD [34]. The inhibition of vascular perme-
ability with the RTK inhibitor imatinib restores VE-cadherin junctions, increases vascular
coverage, and inhibits DSS-induced colitis [34]. Fibrinogen, which is upregulated in UC
and mouse colitis, was shown to promote DSS-induced colitis by enhancing vascular
permeability [130]. Moreover, transient receptor potential vanilloid 4 (TRPV4) channels
were found to enhance DSS-induced colonic inflammation in mice through an increase in
vascular permeability [131]. Taken together, these studies have established the pathogenic
contribution of vascular barrier breakdown to IBD.

3.3.1. VE-Cadherin and Vascular Barrier Regulation in IBD

VE-cadherin, the major component of endothelial adherens junctions and the master
regulator of vascular barrier function, is regarded as the primary target during inflammation-
induced vascular permeability [132–134]. In IBD patients, membrane VE-cadherin expres-
sion is significantly reduced in blood vessels found in inflamed areas compared to unin-
volved intestinal tissues [34]. Several mechanisms of VE-cadherin junction disruption have
been described. Inflammation-induced proteases such as matrix metalloproteinases (MMPs)
or elastase, which are produced by leukocytes, smooth muscle cells, and ECs, can promote
vascular permeability through the degradation of VE-cadherin AJs and TJs [5,34,135–138].
In IBD, vascular smooth muscle cells and pericytes express MMP-1 and MMP-9 [137], and
MMP-9 serum levels are increased [139–141]. This is supported by the fact that MMP9
deficiency was found to attenuate intestinal injury in animal colitis models [142–144]. In
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addition, MMP-catalyzed VE-cadherin cleavage results in the generation of soluble VE-
cadherin, which itself can further destabilize the vascular barrier by impairing the binding
of VE-cadherin molecules, as shown in human rheumatoid arthritis, systemic inflammation,
and sepsis [145–147].

The vascular hyperpermeability induced by VEGF and inflammatory cytokines also
involves the direct disassembly of VE-cadherin junctions. Binding of VEGF to VEGFR2 at
the surface of human ECs activates the Src kinase, resulting in VE-cadherin phosphorylation
and internalization, which occurs via clathrin-dependent endocytosis and is mediated by
neuropilin and Rac [127,129,147–150]. In a similar manner, TNF-α was shown to increase
tyrosine phosphorylation of VE-cadherin and to open the paracellular pathway in the
human lung endothelium through the activation of the Fyn kinase [138]. The effect of
IFN-γ on the disruption of the VE-cadherin junction was found to be even stronger and
longer lasting than the effect of VEGF in human ECs and mouse intestinal endothelial
cells (MIECs) [33,34,151]. However, the molecular mechanism by which IFN-γ dismantles
VE-cadherin junctions remains to be elucidated.

VE-cadherin disruption can also result from EC contraction, since the VE-cadherin
complex and the actin cytoskeleton are functionally connected [134,152,153]. For instance,
treatment of ECs with TNF-α was found to induce an almost immediate rise in mechanical
substrate traction force and internal monolayer tension [154]. VEGF also induces actin
reorganization and the migration of endothelial cells via the serine/threonine kinase
Akt [155]. A similar disruption of actin has been observed in human ECs following
exposure to IFN-γ, and might explain, at least partially, the IFN-γ-induced destabilization
of VE-cadherin [156]. Such a mechanism was also observed during experimental colitis,
where fibrinogen was shown to induce vascular permeability through activation of AKT
and depolymerization of actin microfilaments [130].

Downregulation of AJ and TJ adhesion molecule expression has also been observed
upon exposure to ICs and VEGF. For instance, VE-cadherin expression decreases in MIECs
after treatment with IFN-γ [34]. Using an in-vitro intestinal endothelial barrier model
composed of rat intestinal microvascular endothelial cells, Liu et al. found that TNF-α
decreases the expression of TJ proteins, including ZO-1, occludin, and claudin-1, while
increasing the expression of pore-forming claudin-2 [157]. Nevertheless, several reports
showed no difference in the TJ-associated protein expression of zonula occludens-1 (ZO-1)
in MIECs or intestinal endothelial cells during DSS-induced colitis [34,158]. In this model,
ZO-1 was notably only reduced in epithelial cells but not in ECs [158], supporting the
predominant role of VE-cadherin junctions in the regulation of the GVB.

3.3.2. Vessel Coverage and Permeability

During intestinal inflammation, vessel coverage with adventitial support cells, the
so-called mural cells (pericytes and smooth muscle cells), is reduced in mouse models of
colitis [159,160]. Mural cell recruitment is regulated by the PDGF-B-PDGFR-β pathway.
PDGF-B is secreted by sprouting ECs and signals through PDGFR-β at the surface of
mural cells [159]. This induces the proliferation and migration of mural cells. PDGF-
B/PDGFR-β knockout models in mice showed reduced mural cell coverage and increased
vessel permeability [159,161,162]. In the DSS colitis model, vessel coverage has been found
to promote the stabilization of the vascular barrier, decreasing vessel permeability and
inflammation [163,164]. Endothelial IFN-γ receptor knockout leads to increased vessel
coverage during DSS-induced colitis in mice [33,34]. This could be attributed to the fact
that IFN-γ inhibits PDGF-like protein release and decreases the PDGF-B chain mRNA
level in HUVECs [165]. Similarly, excess VEGF-A disrupts pericyte recruitment and VEGF
blockade was found to increase vessel coverage in the DSS-colitis model [34,166].

3.4. Microvascular Dysfunction in IBD

In IBD, the mucosal vasculature displays pathological traits, including tortuous struc-
tures, edema, arteriolar dilatation, hypercoagulation, and vascular damage (Figure 2) [32].
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These vascular defects are multifactorial. For instance, chronic high levels of angiogenic
factors and inflammatory cytokines can alter microvascular structure and function [167].
More precisely, structural changes in vessels have been shown to result from pathological
angiogenesis and inflammation-driven GVB dysfunction, including the loss of mural cell
coverage and an immature phenotype [167]. Another example is edema formation, which
results both from increased afferent blood flow (hyperemia) due to arteriolar dilatation and
from hyperpermeability. The imbalances in vascular function observed during IBD lead to
complex and sometimes contradictory effects. In IBD patients, for instance, hyperemia has
been observed in submucosal arterioles enlarged by increased afferent blood flow, whereas
decreased perfusion was found in the intestinal mucosa [168].

3.4.1. The Role of Nitric Oxide in Vascular Dysfunction during IBD

Among the numerous mediators involved in microvascular function, nitric oxide
(NO) has attracted a large amount of interest due to its broad range of functions. Under
physiological conditions, NO counteracts leukocyte and platelet adhesion to ECs, regulates
vasodilatation and endothelial permeability, and acts as radical scavenger [30]. As men-
tioned above, HIMECs express both the endogenous endothelial and the inducible form of
NO-synthase (eNOS and iNOS), indicating the high tolerance of the gut microvasculature
towards inflammatory activation [29]. The resulting high NO levels can, for instance,
inhibit the expression of endothelial CAMs and MMPs induced by ICs (Table 3). Dur-
ing IBD, the production of NO by ECs is reduced due to the loss of iNOS and eNOS in
HIMECs, and leukocyte adhesion is increased [169,170]. Furthermore, an upregulation
of arginase expression and activity has been observed in inflamed HIMECs. Arginase
competes with NOS for L-arginine, and therefore can limit NO production due to reduced
substrate availability [170]. The decreased production of NO in ECs during IBD results in a
loss of NO-mediated vasodilatation and an increase in ROS production in the microvessels
of affected intestinal areas [171,172]. In parallel, NO also plays a role in VEGF-driven
angiogenesis, as well as in intussusceptive angiogenesis [107], hence contributing both
to the perpetuation of inflammation and to wound healing. Finally, NO has been shown
to regulate endothelial barrier function in human, murine, and bovine ECs, notably by
promoting VEGF-induced permeability through targeting of the VE-cadherin/β-catenin
and Rho pathways [173,174]. However, NO can also protect ECs from hypoxia-induced
barrier dysfunction [175]. In line with these contradictory results, the deficiency of eNOS
and iNOS has been associated with either a better or a more severe course of disease in
mouse models of colitis [176–179]. These differences might be attributed to the different
roles played by NO in different cell compartments. The expression of eNOS by intestinal
endothelial cells has been shown to specifically maintain mucosal integrity and prevent bac-
terial translocation in an TNBS-colitis model in mice [179]. Overall, the impairment of NO
production during IBD increases the inflammatory activation of ECs and impairs vasodi-
latation, which might ultimately lead to pathological vasoconstriction, reduced mucosal
perfusion, impaired wound healing, and the maintenance of chronic inflammation.

3.4.2. Coagulation

In mucosal tissues from patients with IBD or murine colitis models, the presence
of thrombi due to increased platelet activation and binding to the EC surface has been
observed [57]. This, in turn, can result in ischemic inflammation in the intestinal microvas-
culature, further enhancing tissue damage. In the DSS-colitis model and in IBD patient
samples, accumulation of platelets in mucosal venules is linked to an increased leukocyte
binding and disease activity [57,180,181]. The increase in thrombus formation associated
with IBD has been attributed to several factors (Table 3). At the endothelial level, the activa-
tion of ECs through ICs and the decrease in NO levels upregulate the surface expression of
adhesion molecules. Activated platelets found in the general circulation and in the intesti-
nal mucosa of IBD patients can activate ECs, notably through the expression of P-selectin
or CD40L, as well as the release of the soluble form of CD40L (sCD40L) [182,183]. In turn,
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P-selectin and CD40L/sCD40L activate HIMECs, resulting in increased adhesion molecule
expression, the secretion of cytokines such as IL-8, and increased binding to leukocytes,
as well as to platelets themselves [97,183]. Increased coagulation has also been attributed
to a reduced expression of thrombomodulin and protein C receptor (PCR) in the mucosal
microvasculature of IBD patients and in colitic mice [184–187]. Protein C activation is also
impaired in HIMECs under inflammatory conditions. This dampening of the PC system is
correlated with increased adhesiveness of ECs, thereby promoting leukocyte recruitment
and inflammation.

3.5. Regulatory Role of the Vasculature during Mucosal Inflammation
3.5.1. Vasculature and Innate Immunity

Following the rupture of the gut–epithelial barrier, mucosal microvascular ECs are
exposed to bacteria and bacterial products. ECs can then launch an innate immune reaction
through the engagement of toll-like receptors (TLRs) via pathogen-associated molecular pat-
terns (PAMPs). Gut microvascular ECs exhibit a particular TLR response pattern compared
to ECs from other origins (Table 3). For instance, tolerance to lipopolysaccharide (LPS),
an activator of TLR4, has been observed in HIMECs but not in HUVECs after repeated
exposure [188]. TLR3 and TLR5 are expressed at the surfaces of intestinal ECs. TLR3 is
involved in the anti-viral response and is constitutively expressed in HIMECs, where it can
be further upregulated by IFN-γ [189]. TLR5, a receptor for flagellin, was shown to play an
important role in the EC innate immune response [190,191]. Activation of TLR3 and TLR5
in HIMECs induces the upregulation of inflammatory mediators and ICAM-1, leading to
leukocyte recruitment [189,192]. TLRs expressed by intestinal ECs serve as a second barrier
in the case of epithelial barrier breakdown. In particular, flagellin has been described as a
dominant antigen in CD [193–195]. In agreement with this protective function of the GVB,
TLR3 and TLR5 expression on ECs is protective against colitis in mice [196,197]. Taken
together, the propensity of HIMECs to develop endotoxin tolerance might prevent an
excessive immune reaction from occurring in the case of luminal bacterial penetration into
the mucosa, while the response to viruses and flagellin remains intact, protecting against
systemic propagation.

3.5.2. Paracrine Effects of the Inflamed Vasculature

ECs are highly reactive and can themselves express and secrete inflammatory medi-
ators upon activation [192,198,199]. Those factors can either further promote or dampen
inflammation through local or systemic effects (Table 3). For example, CX3CL1 (fractalkine),
a chemokine that is upregulated in ECs via the MAPK pathway upon stimulation by
TNF-α, IL-1, LPS, and IFN-γ, is highly upregulated in the mucosal endothelia of IBD
patients [200,201]. CX3CL1 released from ECs stimulates the adhesion and transmigration
of leukocytes expressing the CX3CR1 receptor. Higher levels of circulating and infiltrating
CX3CL1+ T cells have been observed during IBD [202]. Under inflammatory conditions,
HIMECs are also able to express monocyte chemotactic protein 1 (MCP-1) [199]. In addition,
intestinal vessels might exert angiocrine activity on epithelial cells during IBD through the
release of TIMP1 and CXCL10, the latter being able to increase crypt survival [199].

Vascular ECs also secrete the C-C chemokine ligands 5 (CCL5) and 25 (CCL25) during
inflammation [5]. CCL25 leads to the recruitment of immune cells expressing CCR9 [203].
Both CCR9 and CCL25 are upregulated during DSS-induced colitis, in which the CCL25-
CCR9 axis exerts a protective anti-colitic effect in the intestinal mucosa by balancing
different dendritic cell subsets [203]. Furthermore, during experimental colitis, NO of
endothelial origin protects the intestinal mucosa of mice against inflammation by increasing
the number of goblet cells and mucin production, thereby preventing luminal bacteria
translocation [179].
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3.6. Role of the Mesenteric Lymphatic Vasculature in IBD

Intestinal lymphatic vessels are involved in the removal of excess interstitial fluids,
immune regulation, and the absorption of fatty acids by lacteal lymphatic endothelial
cells [204]. During inflammation, lymphatic endothelial cells participate in the regulation of
the adaptive inflammatory response and promote the resolution of inflammation through
the clearance of immune cells and mediators [204]. Lymphangiogenesis is frequently
observed during inflammation [205]. An increase in lymphatic vessel density has been
observed in UC and CD throughout the mucosa, including in non-inflamed areas [206–208].
This development of the lymphatic system is thought to be a reaction to the inflammation
and edema in the mucosa, aiming to dampen tissue damage by draining immune cells and
excess fluid. However, similarly to blood vessels, lymph vessels show abnormal architec-
tures and are often dysfunctional [209,210]. In CD, granulomatous structures characteristic
of chronic lymphangitis have been observed in mesenteric lymph nodes and lymphatic
vessels of the intestinal mucosa, and these correlate with disease activity [57,209,211]. In
addition, lymphangiectasia, lymphadenopathy, and lymphatic vessel obstruction occur-
ring during IBD compromise lymph drainage and leukocyte trafficking. This ultimately
leads to edema, lymph leakage, and the deposition of adipose tissue into the mucosa,
further fostering inflammation [211–213]. These observations are supported by the fact
that a notable reduction in lymphatic contractile activity has been observed during murine
experimental colitis, both locally and systematically [209,210,214]. Taken together, the
lymphangiogenesis observed in IBD cannot resolve inflammation due the dysfunctionality
of the newly formed lymphatics. The normalization of lymphatic function might represent
an additional therapeutic approach in IBD.

3.7. Vascular Function and Extra-Intestinal Manifestations of IBD

More than one third of patients with CD and UC are affected by extraintestinal
manifestations in addition to intestinal inflammation (Figure 2). The most common man-
ifestations include thromboembolisms; hepatobiliary disorders; arthropathies; and cu-
taneous, pulmonary, and ocular manifestations, as well as neurological and psychoso-
cial disturbances [14,215,216]. For example, major depressive disorder and multiple
sclerosis are well-described IBD comorbidities [216–218]. Some of these extraintesti-
nal manifestations correlate with flares of intestinal inflammation but others occur in-
dependently [215]. It remains unclear why only a fraction of patients with IBD present
extra-intestinal manifestations.

3.7.1. Systemic Vascular Barrier Dysfunction in IBD

The GVB has been shown to lie at the heart of the gut–liver–brain axis. Increased
GVB leakiness and dysfunction has been observed in patients during Salmonella infection,
diet-induced nonalcoholic steatohepatitis, and metastatic colorectal cancer, leading to an
impaired gut–liver axis connection [13,219,220]. The breakdown of the GVB in IBD may
induce widespread low-grade vascular inflammation through the uncontrolled release
of microbial products or pro-inflammatory factors into the systemic circulation, which
might then compromise the vascular barrier at distant organs and result in extra-intestinal
manifestations [12]. A strong link between the GVB and the blood–brain barrier (BBB)
has been established in IBD. Manifestations of anxiety and depression have been reported
in up to 40% of patients with active IBD (14), together with deterioration in cognitive
functions [216–218,221–224]. Similar observations have been made in DSS-colitis models
where mice displayed increased anxiety- and depression-like behaviors and alterations
of the limbic system [158,225–227]. Carloni et al. have recently shown that after DSS
challenge, there is a persistent increase in intestinal vascular permeability in treated mice,
even after recovery [158]. They also observed an increased absolute number and percentage
of innate immune cells in the liver and the brain, suggesting that acute intestinal inflam-
mation quickly spreads to other organs, including the brain [158]. Interestingly, vascular
permeability induced by DSS treatment was only increased transiently in the brain due
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to the closure of the vascular barrier in the brain choroid plexus (PVB), which was then
released after discontinuation of the application of DSS. In a transgenic mouse model of
the inducible closure of the PVB, animals exhibited anxiety-like behavior and a deficit in
short-term memory, suggesting that PVB closure may correlate with cognitive and mental
disturbances [158]. These observations are further supported by the fact that a disruption
of the BBB has been observed during TNBS-induced colitis in mice [228].

The translocation of bacteria into the bloodstream during IBD-related intestinal inflam-
mation has been proposed to contribute to extra-intestinal effects. Indeed, patients with IBD
have an elevated risk of sepsis [229,230]. Nevertheless, sepsis represents a rare complication
of IBD, mainly occurring after surgery [230]. In DSS-induced colitis, mice treated with the
glucocorticoid budesonide, bacterial translocation to the liver, and endotoxemia have been
observed following massive intestinal barrier disruption [231]. However, these effects were
not observed in the transfer colitis model, or in DSS-treated mice which did not receive
budesonide. Together, these data suggest that the translocation of bacteria and bacterial
products is limited during IBD and experimental colitis [231].

Bacterial products, on the contrary, have been frequently detected in the circulation
of patients with IBD. Bacterial DNA can be found in the blood for up to 50% of IBD
patients [232], and bacterial DNA translocation represents an independent risk factor
of relapse at 6 months in CD patients [233]. The presence of bacterial endotoxin and
LPS-binding protein can also be detected in the circulation of IBD patients [234–238].
Higher serum levels of LPS were observed in patients with IBD-associated spondylarthritis
compared to IBD alone, indicating that an increased translocation of bacterial products is
linked to the development of extra-intestinal manifestations [236]. Recently, Carloni et al.
showed that the LPS blood concentration increases only transiently after DSS challenge in
mice. The fact that patients with UC have elevated serum concentrations of LPS-binding
protein but not of LPS supports the idea of a transient increase [158]. The authors proposed
that increased scavenging by circulating inflammatory cells might explain the transient
character of the serum LPS spike.

The release of inflammatory mediators by the inflamed intestinal endothelium might
also lead to systemic low-grade inflammation, resulting in vascular activation and/or
barrier dysfunction at distant organs. Increased levels of circulating inflammatory cy-
tokines (IL-6, TNF-α . . . ), for instance, can be found in IBD patients and animals with
colitis [158]. There is indeed increasing evidence that circulating pro-inflammatory media-
tors in IBD patients may contribute to the progression of several central nervous system
(CNS) disorders [158,239–241].

3.7.2. Endothelial Damage and Systemic Vascular Inflammation

During IBD, local endothelial dysfunction, which can spread into systemic vascular
barrier defects, might also promote generalized vascular inflammation. There is evidence
linking IBD with atherosclerosis, coronary dysfunction, and an increased risk of cardio-
vascular (CV) morbidity and mortality [242–248]. Furthermore, IBD patients have an
elevated risk of vasculitis, which is linked to more frequent headaches and extraintestinal
symptoms [249,250]. Antibodies to endothelial cells reflect vascular injury and have been
detected in the serum of patients with vasculitis. Anti-endothelial cell antibody levels
are elevated in UC and CD patients compared with healthy controls [251]. In addition,
increased anti-EC antibody levels were found to correlate with circulating levels of Von
Willebrand factor, a marker of vascular inflammation and injury, indicating the occurrence
of vasculitis during IBD. Some association between anti-endothelial cell antibody levels
and disease activity has been found in both UC and CD [252,253].

Increasing evidence links intestinal microbiota dysbiosis, vascular aging, and car-
diovascular diseases (the “gut–heart axis”). The passage of bacterial products into the
bloodstream has been associated with increased arterial stiffness, atherosclerosis, hyperten-
sion, and cardiovascular risk in human individuals [254]. For instance, the reduction of
short chain fatty acids and the increased production of trimethylamine-N-oxide, which are
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associated with gut dysbiosis, increase cardiovascular risk. In addition, the transmigration
of LPS into the bloodstream activates vascular inflammation [254].

3.7.3. Coagulation and Thrombosis in IBD

The local increase of pro-coagulant and pro-thrombotic events in the microvascula-
ture of inflamed intestinal tissues is associated with systemic subclinical thrombosis in
patients with IBD. Markers of coagulation are elevated in the serum of IBD patients, and in-
creased extra-intestinal thrombus formation is enhanced in the DSS-colitis model [184,255].
Thrombosis represents a significant comorbidity, and thromboembolitic events have been
estimated to account for up to 25% of IBD-related deaths [256]. The risk of venous throm-
boembolism is particularly increased in patients with IBD during a flare up or in the
presence of chronically active inflammation [257–263]. In comparison, the overall risk of
arterial disease is only modestly increased [260].

3.8. Targeting the Vasculature in IBD Therapy

The role of the microvasculature in the pathogenesis and perpetuation of IBD is
receiving increasing recognition, and it represents an attractive therapy target.

Interestingly, several anti-inflammatory drugs used in the clinical management of
IBD also ameliorate vascular dysfunction, suggesting that their efficacy depends in part
on their endothelium-directed effects. For instance, mesalazine (5-aminosylicyclic acid), a
medication used to treat mildly to moderately severe forms of IBD, has been shown to in-
hibit platelet activation [264]. In addition, the anti-TNF-α neutralizing antibody infliximab,
which blocks TNF-induced inflammation and has been successfully used in IBD therapy,
notably improves endothelial dysfunction in CD by enhancing agonist-induced vasodilata-
tion, by reducing thrombus formation through inhibition of the CD40/CD40L/sCD40L
pathway, and by inhibiting TNF-α-induced endothelial cell permeability [265–267].

Anti-TNF-α therapy has allowed healthcare professionals to bridge a therapeutic gap
for IBD patients who are refractory or intolerant to treatment with classic immunosuppres-
sive agents. However, a significant proportion of patients does not respond to anti-TNF-α
therapy. New approaches based on the blockade of T-cell homing have shown promising
results. Here, the recruitment of T-cells through the binding of α4β7 integrins to endothe-
lial MadCAM1 is inhibited [268–270]. The α4β7-integrin-specific antibody vedolizumab
induces long-term remission in CD and UC, and represents a good alternative for patients
with refractory disease and colonic inflammation [271–273]. The β7-integrin-specific anti-
body etrolizumab as well as anti-MadCAM1 antibodies are currently being evaluated in
clinical trials [269,274,275]. Hence, the specific blockade of the interaction of T-cells with
the activated MadCAM1+ endothelium is increasingly being implemented in the clinical
routine.

Therapeutic strategies targeting the endothelium represent an interesting way to
reduce mucosal inflammation and/or extraintestinal manifestations by normalizing the
vascular function. For example, heparin has been administrated to IBD patients to prevent
venous thromboembolism [276–278]. In addition, treatment with low-molecular-weight
heparin has shown therapeutic efficiency in IBD [279,280], which was not only due to the
inhibition of microvascular thromboses, but also to immuno-modulating properties (such as
the suppression of neutrophil recruitment) and to an increase in mucosal recovery [281,282].
A new therapeutic approach based on the delivery of heparin via nanoparticles (NPs) has
provided promising results in the TNBS-induced colitis mouse model [283]. In addition,
heparin-coated human serum albumin NPs have been shown to efficiently deliver drugs
into the inflamed intestine in a murine model of colitis, opening up new possibilities for
combinational treatment [284]. Similarly, the treatment of microvascular lesions with Panax
notoginseng attenuated inflammation and disease activity in rats with colitis [285]. In another
study, the targeting of phosphatidylserine externalized by stressed ECs in capillaries of the
mouse colonic mucosa using annexin-V inhibited TNBS-induced colitis [286].
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Another promising strategy for vessel-directed therapy of IBD is the inhibition of the
loss of GVB function during IBD. The receptor tyrosine kinase imatinib has been shown
to inhibit vascular dysfunction and edema in various models [162,287–289]. Treatment
with imatinib blocks vessel permeability and alleviates DSS-induced colitis in mice [34].
Imatinib, given in the context of chronic myeloid leukemia, has been reported to induce
long-standing remission of CD [290]. Sphingosine 1-phosphate (S1P), a sphingolipid
mediator, represents another potential target. S1P signals through high-affinity G protein-
coupled receptors S1P1 to 5 to regulate the egress of lymphocytes from lymphoid organs
and the maintenance of vascular integrity [291,292], targeting both blood and lymphatic
ECs. A dysfunctional S1P signaling axis leads to pathological angiogenesis and increased
vascular permeability [293,294]. Several S1P agonists including ozanimod and etrasimod
have shown promising results by blocking lymphocyte recruitment and improving barrier
function, and are currently being tested in phase 3 clinical trials for UC and CD [293,295,296].
In conclusion, pharmacological normalization of the vasculature could not only prevent
vascular co-morbidities in IBD patients, but might also complement the standard anti-
inflammatory regimens.

4. Conclusions

The endothelium lies at the heart of the inflammation circle, and the manifold changes
it undergoes during activation are regulated by complex mechanisms. These mechanisms
can explain in part the refractory character of IBD, but might also represent complementary
anti-inflammatory therapy targets. The blockade of leukocyte recruitment by endothelial
cells plays an important role in that regard. Vascular damage, hyperpermeability, and the
activation of the hyperthrombic state of the inflamed vasculature also represent important
contributors to inflammation, whereas the role of angiogenesis appears to be less important
than initially thought. In recent years, the intestinal microvascular barrier has been shown
to play a decisive role as a second barrier in the gut. The loss of its function has furthermore
been found to promote inflammation and has been linked to the development of extra-
intestinal manifestations of IBD. Therefore, the intestinal microvascular barrier is now
emerging as a promising therapeutic target for the treatment of IBD patients.
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Abstract: Inflammatory bowel disease (IBD) is a complex and multifactorial systemic disorder of the
gastrointestinal tract and is strongly associated with the development of colorectal cancer. Despite
extensive studies of IBD pathogenesis, the molecular mechanism of colitis-driven tumorigenesis is not
yet fully understood. In the current animal-based study, we report a comprehensive bioinformatics
analysis of multiple transcriptomics datasets from the colon tissue of mice with acute colitis and
colitis-associated cancer (CAC). We performed intersection of differentially expressed genes (DEGs),
their functional annotation, reconstruction, and topology analysis of gene association networks,
which, when combined with the text mining approach, revealed that a set of key overexpressed
genes involved in the regulation of colitis (C3, Tyrobp, Mmp3, Mmp9, Timp1) and CAC (Timp1, Adam8,
Mmp7, Mmp13) occupied hub positions within explored colitis- and CAC-related regulomes. Further
validation of obtained data in murine models of dextran sulfate sodium (DSS)-induced colitis and
azoxymethane/DSS-stimulated CAC fully confirmed the association of revealed hub genes with
inflammatory and malignant lesions of colon tissue and demonstrated that genes encoding matrix
metalloproteinases (acute colitis: Mmp3, Mmp9; CAC: Mmp7, Mmp13) can be used as a novel prognos-
tic signature for colorectal neoplasia in IBD. Finally, using publicly available transcriptomics data,
translational bridge interconnecting of listed colitis/CAC-associated core genes with the pathogenesis
of ulcerative colitis, Crohn’s disease, and colorectal cancer in humans was identified. Taken together,
a set of key genes playing a core function in colon inflammation and CAC was revealed, which can
serve both as promising molecular markers and therapeutic targets to control IBD and IBD-associated
colorectal neoplasia.

Keywords: colitis; colitis-associated cancer; inflammatory bowel disease; colorectal cancer; colon
adenocarcinoma; ulcerative colitis; Crohn’s disease; cDNA microarray; transciptomics analysis;
microarray

1. Introduction

Colorectal cancer (CRC) is the third most common malignancy and the second leading
cause of cancer-related deaths worldwide [1,2]. Colon inflammation, along with the partic-
ular host and environmental factors, plays a crucial role in the initiation and progression of
CRC [3]. Colitis-associated cancer (CAC) is a type of CRC, which is preceded by clinically
detectable inflammatory bowel disease (IBD), including Crohn’s disease (CD) and ulcera-
tive colitis (UC), two highly heterogeneous, incurable, persistent, relapsing/worsening, and
immune-arbitrated inflammatory pathologies of the digestive system [4,5]. Epidemiologic
studies have showed that patients with IBD have a predisposition to CRC, and cancer risk
is highly correlated with the duration and severity of colon inflammation [6,7].
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In IBD, chronic long-term colon inflammation accompanied by oxidative stress can
alter the expression patterns of key carcinogenesis-associated genes [8]. Moreover, persis-
tent stimulation of epithelial proliferation in the colon by the pro-inflammatory stimuli
and excessive cell damage with increased epithelial cell turnover result in detrimental
genetic and immunological alterations, making patients with IBD prone to developing
CRC [9]. Despite the proven involvement of “inflammation-dysplasia-carcinoma” axis in
the malignant transformation of cells in IBD-related CRC [10], the molecular mechanism
underlying this process is not yet fully understood. In particular, it remains rather unclear
which core genes are involved in the regulation of acute colitis and how markedly their
profiles change during colitis-associated malignant transformation of the colon tissue. In
addition, the proven complexity of the colitis/CAC-related regulome underlies the low effi-
cacy of conventional IBD/CRC therapy, making it inevitable that surgery is recommended
for treating these pathologies [5,11]. Given the known adverse impact of the surgical
management of colonic diseases on the quality of life, mental health, and work productivity
of patients [5,11], the search for novel key genes involved in the inflammation-related
tumor transformation, which can be used as potential molecular targets for IBD therapy,
is urgently needed. Moreover, such regulatory genes can be considered as biomarkers of
inflammation-driven tumorigenesis and serve as predictors for surveillance strategies and
chemoprevention of colitis-related dysplasia and CRC in IBD patients.

To date, extensive exploration of colitis- and CAC-associated regulomes has been per-
formed using transcriptomics-based approaches [12–21]. Reported bioinformatics studies
have revealed some candidate biomarker genes and key signaling pathways susceptible
to the development of the mentioned disorders [14–23], colitis-induced changes in the
landscape of immune infiltration of colon tissue [14,16], and a range of hub genes probably
involved in the development of CAC [15,20,23]. Despite a plethora of published studies,
obtained results are still uncertain and are not well correlated with each other, probably
due to insufficient usage of a multiple microarray analysis algorithm (the exploration
of three or more independent microarray datasets in the same study, which gives more
valid results [18,20,21]), ineffective manual searching of the published literature on the
topic of study [14–21], and, in some cases, the absence of proper experimental valida-
tion [18]. Since the obtained data still remain insufficient for a thorough understanding of
colitis/CAC-associated gene signature, further comprehensive bioinformatics analysis of
colitis/CAC-related core genes is required.

In this study, deep re-analysis of multiple microarray datasets related to murine
acute colitis (GSE42768, GSE35609, GSE64658, GSE71920, GSE35609) and CAC (GSE31106,
GSE5605, GSE64658, GSE42768) was performed. Firstly, the differentially expressed genes
(DEGs) were computed between injured and healthy colon tissues, followed by their func-
tional annotation and Venn diagram analysis to identify acute colitis- and CAC-associated
core genes. Next, the changes in the sets of core genes associated with the transition from
colon inflammation to CRC were identified. Further reconstruction and analysis of gene
association networks revealed a range of hub regulators among core genes, subsequent
exploration of which by the text mining approach identified a list of candidate genes, which
can be used as novel promising biomarkers and therapeutic targets for colitis and CAC. The
obtained results were finally validated using an in vivo model of dextran sulfate sodium
(DSS)-induced acute colitis and azoxymethane (AOM)/DSS-induced CAC. Furthermore,
the role of identified core genes in the colonic carcinogenesis in the backstage of chronic
long-term inflammation was analyzed with respect to IBD and CRC in humans.

2. Results
2.1. Identification of Core Genes Related to Colitis and Colitis-Associated Cancer

To reveal key genes involved in the regulation of acute colitis and its transformation
to CAC in mice, a range of independent expression profiles of murine colon tissue were
retrieved from the GEO database, including samples of mice of both sexes and different
strains with acute colitis stimulated by DSS (GSE42768, GSE35609, GSE64658, GSE71920) or
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dinitrobenzene sulfonic acid (DNBS) (GSE35609), or chronic colitis driven by azoxymethane
(AOM)/DSS accompanied by the development of colorectal cancer (GSE31106, GSE5605,
GSE64658, GSE42768). The analysis of selected transcriptomic datasets using the GEO2R
tool revealed the sets of differentially expressed genes (DEGs) (colitis vs. control and
CAC vs. control) susceptible to the mentioned pathologies, further overlapping of which
identified 54 and 109 common DEGs specific to colitis and CAC, respectively (hereafter
referred to as core genes) (Figure 1A).

2.1.1. Hierarchical Clustering and Functional Analysis of DEGs

Hierarchical clustering of the expression profiles of identified colitis-associated core
genes revealed two main clades separating up- and down-regulated DEGs from each other
(Figure 1B). The sub-clade of the most overexpressed DEGs included genes related to
immune response (Ccl3, S100a9, S100a8, Cxcl2) and heme metabolism (Hp), whereas the
most suppressed core genes in the colitis group were Hao2 and Slc26a3, associated with fatty
acid metabolism and chloride ion transport, respectively (Figure 1B). Further functional
analysis of colitis-specific core genes revealed high enrichment of inflammatory-related
terms, including the production of pro-inflammatory cytokines IL-1 and TNF-α, IL-17,
IGF1-Akt and Tyrobp signaling pathways, antiviral response, matrix metalloproteinases
(MMPs), lung fibrosis, and rheumatoid arthritis (Figure 1C, upper panel).

Hierarchical clustering of CAC-specific core genes (Figure 1D) revealed two main
clades, grouping activated and suppressed DEGs separately, and one outgroup consisted
of the most overexpressed CAC-associated DEGs, notably, regulators of host-microbiota
interplay (Reg3b, Reg3g), immune response (S100a9), and extracellular matrix (ECM) remod-
eling (Mmp7). In turn, the most suppressed core genes in the CAC group were involved in
the regulation of cell adhesion (Zan), pH homeostasis (Car4), and ion transport (Slc26a3,
Slc37a2, Aqp8) (Figure 1D). Performed gene set enrichment analysis revealed that CAC-
specific core genes are tightly associated with cell invasiveness (wound healing involved
in inflammatory response and MMPs), immune response (acute inflammatory response,
antimicrobial peptides, etc.), redox imbalance, ion transport, bile secretion, and numerous
metabolic processes (Figure 1C, lower panel). Interestingly, the retrieved functional an-
notation map specific for CAC was significantly less interconnected compared with the
acute colitis-associated GO term/pathways network (Figure 1C, upper panel), which can
be explained by the more discrete disposition of identified core genes in the CAC-related
regulome.

2.1.2. Analysis of Interconnection between Acute Colitis- and CAC-Specific Core Genes

To explore how strongly identified core genes are interconnected in acute and chronic
(CAC) phases of colitis, their Venn diagram analysis and the reconstruction of the gene
association network were performed. Overlapping of acute colitis- and CAC-related genes
demonstrated that 22 of the core genes, playing a regulatory role in acute inflammation,
were involved in CAC pathogenesis (Figure 1E), including immune genes (Ifitm1, Ifitm3, Il1a,
Lcn2, S100a9, Saa3, Tnf ), genes encoding protease inhibitors (Serpina3n, Slpi, Wfdc18), ion
transporters (Slc26a2, Slc26a3, Trpm6), ECM remodeling proteins (Mmp10, Timp1, Mep1a),
signal transduction components (Igfbp4, Lrg1) and regulators of cell motility (Capg), fatty
acid homeostasis (Hao2), host-microbiota interplay (Sult1a1), and heme metabolism (Hp).

Analysis of the gene association network generated from acute colitis- and CAC-
associated core genes using the STRING database [24] demonstrated their relatively high
interconnection: 72 of 141 uploaded core genes (51%) formed interactions with each other
within the network (Figure 1F). Interestingly, only 34 of 87 CAC-specific genes (39%) were
involved in the network, whereas the shares of acute colitis-specific and common genes
in the reconstructed interactome were 66% (21 of 32 genes) and 73% (16 of 22 genes),
respectively. Considering that highly interconnected genes can be involved in the same
or similar biological processes [25], revealed low enrichment of the analyzed network by
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CAC-specific genes (Figure 1F) was in line with the discrete structure of the CAC-related
functional annotation map shown above (Figure 1C).
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Figure 1. Core genes involved in the development of acute colitis and CAC in mice revealed by
bioinformatics analysis. (A) Venn diagrams overlapping differentially expressed genes (DEGs)
identified by re-analysis of cDNA microarray datasets of colon tissue of mice with colitis and CAC.
(B) Heatmap demonstrating expression levels of DEGs in acute colitis-related GSE datasets (acute
colitis vs. healthy control). (C) Functional analysis of overlapped DEGs associated with acute
colitis and CAC. Enrichment for Gene Ontology (Biological Processes), KEGG, REACTOME, and
WikiPathways terms performed using ClueGO plugin in Cytoscape. Only pathways with p < 0.05
after Bonferroni correction for multiple testing were included in the functional annotation map.
(D) Heatmap demonstrating expression levels of DEGs in CAC-related GSE datasets (CAC vs.
healthy control). (E) Venn diagrams overlapping revealed acute colitis- and CAC-associated core
genes. (F) Gene association network retrieved from identified core genes associated with acute colitis
and CAC reconstructed using STRING database (confidence score ≥ 0.7). Degree—the number of
first neighbors (gene partners) within the gene network.
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Further computing of degree centrality scores of explored core genes revealed a range
of genes occupying hub positions in the analyzed network (Figure 1F). It was found that
the most interconnected nodes were acute colitis-specific or common genes involved in
immune response (C3, Cxcl2, Il1b, Tnf ) and ECM remodeling (Mmp9, Timp1). Among CAC-
specific genes, the highest degree was identified for stabilizer of endoplasmic reticulum
structure Ckap4, regulator of cell–cell interaction Cd44, and gene Lyz1 encoding lysozyme
(Figure 1F). Given the hub position of Mmp9 and Timp1 and the formation of a highly
connected cluster of MMPs in the core gene-retrieved network (Figure 1F), the changes in
the MMPs profile can be involved in the regulation of malignant transformation of colon
tissue during chronic colitis. This pattern needs further clarification.

2.2. Identification of Novel Acute Colitis- and CAC-Specific Hub Genes
2.2.1. Acute Colitis-Associated Hub Genes

To identify novel candidate genes for acute colitis and CAC, which can be used as both
diagnostic markers and promising therapeutic targets, next we questioned how strongly
evaluated core genes can be involved in the regulation of the mentioned pathologies
and how well these genes have been studied in the field of inflammatory and neoplastic
disorders of the colon.

To address the first issue, the degree centrality scores of the core genes in gene associ-
ation networks created for each analyzed transcriptomic dataset were computed. Given
that hub genes can exert key regulatory functions in reconstructed gene networks [26], the
top 20 acute colitis-specific hub genes were identified and are shown in Figure 2A. The
obtained results demonstrated that the most interconnected genes associated with acute
colitis included genes encoding cytokines (Tnf, Il1a, Il1b), chemokines and its receptors
(Ccl2, Cxcl2, Ccl3, Ccr5), growth factors and signal transduction components (Igf1, Tyrobp,
Arrb2), ECM remodeling regulators (Mmp3, Mmp9, Timp1), and immune (C3, Clec7a, H2-Aa,
Sell, Selp) and protective (Hp, Ugt2b35) proteins.

Next, to select genes poorly characterized for their role in colitis and colitis-associated
disorders, a text mining approach was performed. Analysis of the mention of acute colitis-
related core genes (Figure 1B) alongside the keywords “Colitis”, “Crohn’s”, “Dysplasia”,
and “Colon cancer” in scientific texts deposited in the MEDLINE database revealed the
most studied genes in the field of colitis (Tnf, Il1b, Mmp9, Igf1, Ccl2, Slc26a2, Timp1, Lcn2, Il1a,
and Sell); the majority of them occupied hub positions in retrieved colitis-associated gene
networks (key nodes) (Figure 2A). The rest of the genes were found to be less explored as
colitis-related ones (Figure 2B), and, therefore, could be used as a source of novel promising
markers/regulators of colitis. To experimentally verify the obtained data, Mmp3, C3, and
Tyrobp, displaying, on the one hand, little connection with colitis in the published reports
(Figure 2B), and, on the other hand, high degree centrality scores in colitis-associated gene
networks (Figure 2A), were selected for further qRT-PCR analysis. Since the profile of
MMPs was identified as hypothetically susceptible to transforming acute colitis into CAC
(Figure 1F), expressions of Mmp9 and Timp1 (known inhibitor of MMPs) were also further
validated.

2.2.2. CAC-Associated Hub Genes

The ranking of CAC-specific core genes according to their degree centrality scores in
CAC-related gene networks identified the top 20 genes occupying hub positions, including
genes encoding cyto- and chemokines (Tnf, Il1a, Cxcl16), regulators of ECM remodeling
(Timp1, Mmp7, Mmp13, Gusb), immune (Ctla4, Cyba) and protective (Gstt1, Hp, Clu, Cyp2s1)
response, lipid homeostasis (Acss2, Chpt1), ROS production (Maoa), cell–cell interaction
(Cd44), membrane fusion (Snap25), and signal transduction (Plce1, Lgr5) (Figure 2C). Further
text mining study, combined with the computing of the association of CAC-related core
genes with the overall survival of patients with colon (COAD) and rectal (READ) adenocar-
cinomas, clearly confirmed the credibility of our bioinformatics analysis: the most reported
CAC-related genes (Tnf, Cd44, Timp1, Mmp7, Ctla4, Clu, Il1a, Hp) were not only associated
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with poor prognosis in COAD and READ patients but also occupied the hub positions in the
networks retrieved from CAC-associated DEGs (Figure 2D). These results indicate a proba-
ble important regulatory function of the listed core genes in colitis-associated neoplastic
transformation of colon tissue.
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lomes. (A,C) Heatmaps demonstrating interconnection of core genes in gene association networks
reconstructed for each acute colitis- (A) and CAC-related (C) dataset using the STRING database
(confidence score ≥ 0.7). Only the top 20 of the most interconnected hub genes are represented.
(B,D) Co-occurrence of revealed hub genes with keywords associated with colitis (B) and CAC (D)
in the scientific literature deposited in the MEDLINE database. Analysis was performed using the
GenClip3 tool. Data were visualized using Circos. COAD and READ-association of the aberrant
expression of hub genes with poor prognosis in patients with colon and rectal adenocarcinomas,
respectively, according to the TCGA database.

To identify novel candidate genes for CAC, our attention was centered on the core
genes that are, on the one hand, poorly characterized in the field of CAC, and, on the other
hand, associated with ECM remodeling susceptible to “inflammation-dysplasia-carcinoma”

166



Int. J. Mol. Sci. 2023, 24, 4311

axis (Figure 1C,F), notably, Mmp13 (key node) and Adam8 (extracellular metalloprotease-
disintegrin involved in ECM digestion and markedly associated with pathogenesis of
gastrointestinal malignancies [27]) (Figure 2D). In addition, the key nodes Timp1 and Mmp7
previously reported as probable regulators of CRC were also selected for qRT-PCR analysis.

2.3. Validation of Novel Candidate Genes for Colitis and CAC
2.3.1. Murine Model of DSS-Induced Colitis and CAC

Acute colitis was induced in mice by administration of 2.5% DSS solution in drinking
water for 7 days, followed by a 3 day recovery (Figure 3A). CAC was induced in mice
by single intraperitoneal (i.p.) injection of AOM 1 week before DSS administration. Fur-
thermore, mice were exposed to 3 consecutive cycles of 1.5% DSS instillations for 7 days,
followed by 2 weeks of recovery (Figure 3A). After the experiment termination, the colons
were separated from the proximal rectum, mechanically cleaned with saline buffer, and
collected for subsequent histological analysis and qRT-PCR.
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analysis in the colon tissues of healthy mice and mice with acute colitis and colitis-associated cancer
(CAC). (A) Experimental setup. Acute colitis was induced by the administration of 2.5% dextran
sulfate sodium (DSS) solution in drinking water for 7 days followed by a 3 day recovery (upper
panel) (n = 10). CAC was induced in mice by single intraperitoneal (i.p.) injection of azoxymethane
(AOM) 1 week before DSS administration. Mice were then exposed to 3 consecutive cycles of 1.5%
DSS instillations for 7 days followed by 2 weeks recovery (lower panel) (n = 10). At the end of the
experiment, the colons were collected for subsequent histological analysis and qRT-PCR. (B,C) Gross
morphology (B) and histology (C) of the colon tissue of healthy mice and mice with acute colitis
and CAC. Hematoxylin and eosin staining. Original magnification ×100. Black arrows indicate
inflammatory infiltration. Green arrows indicate adenomatous transformation of colon epithelium.
(D) Expression levels of identified genes in the colon tissues measured by qRT-PCR. HPRT was used
as a reference gene. Healthy—healthy colon tissue, colitis—colon tissue with acute colitis, colitis
in CAC—colon tissue with chronic colitis adjacent to adenomas. The data are expressed as the
mean ± SD (n = 6). * p < 0.05, ** p < 0.01, *** p < 0.001.

Gross morphological analysis of healthy colons revealed the normal thickness of the
colonic wall and mucosa structure (Figure 3B). Administration of 2.5% DSS for one week
led to acute inflammatory changes in the colonic tissues, clearly demonstrating the de-
velopment of acute colitis and represented by thickening of the colonic wall, hyperemia,
hemorrhages, and scattered ulcers (Figure 3B). Long-term cyclic administration of 1.5%
DSS with prior injections of carcinogen AOM caused the development of multiple adeno-
mas in the distal part of mice colons with a significant decrease in the intensity of acute
inflammatory changes in the colonic tissues (Figure 3B).

Histologically, the colon tissue of healthy mice demonstrated intact colon architecture,
non-disrupted crypts, and goblet cells with active mucus vacuoles (Figure 3C). Acute
administration of DSS caused severe colon tissue damage, represented by massive epithe-
lium disruption with erosions and ulcerations, diffuse destruction of crypts, and loss of
mucosal architecture (Figure 3C). Pronounced inflammatory infiltration through the whole
colonic wall, due to neutrophils and lymphocytes as well as mucosa edema, was revealed
(Figure 3C). In the case of CAC, chronic administration of DSS after AOM injection caused
adenomatous transformation of the colon mucosa, represented by multiple adenomas in
the colonic tissue with epithelial hyperproliferation and hyperplastic crypts (Figure 3C).
Residual inflammatory infiltration located in the mucosa and submucosa of colon tis-
sue with adenomas and represented by lymphocytes and macrophages was detected
(Figure 3C). In the colon tissue adjacent to adenomas (colitis in CAC), signs of chronic
colonic inflammation with moderate destruction of the mucosal architecture and crypt
damage were found (Figure 3C).

Thus, we reproduced the process of colon carcinogenesis, starting with acute inflam-
mation in the colon tissue, transitioning to chronic inflammation, and eventually ending
up with the colonic tumor formation.

2.3.2. Core Genes Expression in the Colonic Tissue of Mice with Acute Colitis and CAC

Finally, the expression of the revealed hub genes related to acute colitis (C3, Tyrobp,
Mmp3, Mmp9, Timp1) and CAC (Timp1, Adam8, Mmp7, Mmp13) was validated by qRT-PCR
in the colon tissue of mice with acute colitis and colitis-driven adenomas (Figure 3D).
As expected, the expression of colitis-related genes C3, Tyrobp, Mmp3, Mmp9, and Timp1
was significantly up-regulated in inflamed colon tissue compared with healthy controls;
among them, Mmp3 and Timp1 were found to be the most susceptible to acute colitis
induction, demonstrating 306.3- and 110.6-fold increases in the expression, respectively, in
DSS-treated mice compared with healthy controls (Figure 3D). The chronification of colonic
inflammation led to significant reduction in the expression of C3, Tyrobp, Mmp3, and Timp1
in the adjacent to adenomas colonic tissue by 17.5, 6.6, 2.8 and 46.1 times compared with
the samples from acute colitis group, and, moreover, the expression of C3 and Tyrobp in
this compartment decreased to the healthy level (Figure 3D). Interestingly, chronification of
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colitis had no obvious effect on the expression of Mmp9: comparable induction of this gene
in both DSS- and AOM/DSS-inflamed colon tissues was observed (Figure 3D), which could
indicate the important role of Mmp9 in both acute and chronic colon inflammation, agreeing
with [28]. The analysis of colonic adenomatous nodes revealed low expression of all the
explored acute colitis-associated key genes: the expression levels of C3, Tyrobp, Mmp3,
Mmp9, and Timp1 in adenoma tissue were 26.3, 3.4, 20.8, 11.9, and 27.7 times lower than
those in the samples with acute colitis (Figure 3D). Note that adenomatous and adjacent
tissues in mice with CAC mainly differed in the expression of the following genes: Tyrobp
and Timp1 were found to be 1.9 and 1.7 times overexpressed in adenomas compared with
the adjacent counterparts, respectively, whereas Mmp3 and Mmp9 were 7.6 and 13.9 times
suppressed in tumor tissue, respectively (Figure 3D). Taken together, the obtained results
clearly demonstrated that selected key genes associated with acute colitis indeed reached
the maximum expression in the acute phase of colon inflammation, whereas chronification
of the latter led to a marked decline in this parameter.

As expected, all CAC-associated hub genes (Adam8, Mmp7, Mmp13, and Timp1 (men-
tioned above)) were characterized by significant overexpression in tumor nodes compared
with healthy tissue, which confirms the expediency of their further exploration as CAC-
related marker genes (Figure 3D). Interestingly, only Mmp7 and Mmp13 displayed a signifi-
cantly higher level of activation in colon adenomas compared with both the adjacent tissue
(13.8- and 13.4-fold increase, respectively) and colon tissue with acute colitis (186.4- and
19.6-fold increase, respectively). Adam8 and Timp1 mentioned above were also up-regulated
in adenomas by 8.3 and 1.7 times compared with the adjacent tissue; however, the max-
imum of their expression was revealed in the acute colitis samples (86.6- and 110.6-fold
increase compared with the healthy group, respectively) (Figure 3D).

Thus, the performed qRT-PCR analysis successfully confirmed the expression of the
acute colitis- and CAC-related hub genes identified by the in silico analysis in correspond-
ing murine tissues and clearly demonstrated that colitis-driven colonic adenomatous
transformation is accompanied by significant changes in the expression profiles of ma-
trix metalloproteinases, which can be used as a novel prognostic signature for colorectal
neoplasia in IBD.

3. Discussion

Despite the large collection of transcriptomics data from IBD and CAC studies, molec-
ular regulators of the transition of colonic inflammatory lesions to cancer have not yet been
clearly defined. The current study aimed to reveal core genes involved in the regulation of
acute colitis and CAC development in mice and to explore how far their expression profiles
changed during the chronification of colon inflammation.

Performed bioinformatics analysis of multiple cDNA microarray datasets of acute
colitis and CAC identified a range of core genes associated with the explored pathologies,
further functional annotation of which clearly confirmed the reliability of the obtained data.
Indeed, high enrichment of acute colitis-related functional terms with pro-inflammatory
cytokines and IGF1-Akt signaling pathway (Figure 1C, upper network) agrees well with
the proven regulatory role of the latter in colon inflammation and inflammation-induced
mucosal injury [29,30]. Along with this, CAC-related core genes were associated with the
processes which markedly changed during colitis-driven tumorigenesis (Figure 1C, lower
network): it is known that dysplastic and malignant lesions of colon tissue markedly dysreg-
ulate sodium transport [31], bile acid secretion [32], and metabolic [33] and oxidative [34]
homeostasis.

Interestingly, the analysis of core genes common for both acute colitis and CAC
(Figure 1E) also demonstrated the credibility of the performed in silico study. According to
the published reports, the acute-phase genes Hp, Lcn2, Lrg1, and Serpina3n included in this
list are not only activated in response to inflammatory stimuli, but their aberrant expression
is also strongly implicated in tumorigenesis: high levels of Hp and Lcn2 resulted in glucose
metabolic dysfunction, angiogenesis, and metastasis in different tumor types [35,36], and

169



Int. J. Mol. Sci. 2023, 24, 4311

Lrg1 and Serpina3n were associated with epithelial–mesenchymal transition in colorectal
cancer [37,38]. In addition, the interferon-responsive gene Ifitm3 is critical to early colon
cancer development [12,39], along with S100a9 and Slpi, which, when highly expressed
in inflamed colon tissues in mice and patients with colitis and IBD, respectively, can be
considered as potent amplifiers of tumor invasion [40,41].

Analysis of gene association networks with subsequent processing of obtained results
using the text mining approach revealed a range of core genes occupied hub positions
in the acute colitis- and CAC-associated regulomes, which had not yet been extensively
studied in relation to the explored diseases (acute colitis: C3, Tyrobp, Mmp3; CAC: Adam8,
Mmp13) (Figure 2). Further qRT-PCR analysis clearly confirmed the overexpression of the
mentioned hub genes in the colon tissue of mice with acute colitis and CAC (Figure 3D)
that indicated the expediency of further exploration of these genes as promising novel
biomarkers of colon inflammation and colon tumorigenesis.

To independently examine how tightly revealed hub genes were associated with
inflammation and colorectal cancer, their sub-networks with first gene neighbors from
rodent inflammatome [42] and the gene network related to malignant tumors of the colon
(DisGeNET ID: C00071202) were reconstructed and analyzed. As depicted in Figure 4, all
explored hub genes, except for Adam8, indeed form tight modules with gene partners within
the evaluated regulomes, and are related to diverse processes and signaling pathways
important for the pathogenesis of colitis and CAC. For instance, the detection of the
functional group “Interleukin-4 and 13 signaling” is in accordance with [43]: a marked
IL-13 response from CD4+ natural killer T cells was previously detected in mice with
oxazolone-induced colitis and its blockage was found to ameliorate intestinal inflammation
and injury. The members of the integrin family (Figure 4A, Timp1-, C3- and Mmp3-centered
sub-networks) play a crucial role in the intestinal homing of immune cells and in supporting
the inflammatory mechanisms in the gut [44]. uPA-mediated signaling (Figure 4, Timp1-,
Mmp3-, Mmp9-centered sub-networks) controls macrophage phagocytosis in intestinal
inflammation, and uPA receptor deficiency leads to marked aggravation of experimental
colitis in mice [45]. Moreover, uPA-/- mice demonstrated more severe colorectal neoplasia
compared with their wild-type littermates [46]. In addition, remodeling of the extracellular
matrix is a hallmark of both colitis/IBD [47] and CAC [48], and prostaglandin signaling is
involved in the malignant transformation of inflamed intestinal tissue [49].

The detailed comparison of obtained results revealed a group of MMPs as key partici-
pants of acute colon inflammation and its transition to malignancy: functional term “Matrix
Metalloproteinases” was identified as statistically significant in both acute colitis- and
CAC-associated functional annotation maps (Figure 1C), the highly interconnected cluster
of MMPs related to different phases of colitis was revealed in the gene network retrieved
from computed core genes (Figure 1F), and MMPs occupied hub positions in all analyzed
regulomes related to both acute colitis (Figure 2A: Mmp3, Mmp9) and CAC (Figure 2B:
Mmp7, Mmp13). Interestingly, the tissue inhibitor of matrix metalloproteinase-1 (Timp1) was
also detected as a hub gene specific to both acute colitis and CAC (Figures 1E and 2A,B)
and tightly interconnected with MMPs module (Figure 1F), which clearly indicated the
importance of Timp1/MMPs balance in colitis-induced tumorigenesis. Indeed, Timp1
is a known regulator of colitis, knockout of which markedly attenuated fibrosis in DSS-
inflamed colon tissue [50], and, according to the recent report of Niu et al. [51], a hub gene
in colorectal cancer regulome. High expression of MMP3 and MMP9 in mucosa-resident
macrophages/neutrophils and IgG plasma cells was detected in patients with IBD [52,53].
According to Pedersen et al. [54], MMP3 and MMP9 are two key enzymes involved in the
degradation of intestinal tissue during IBD. Interestingly, the silencing of Mmp3 by siRNA
markedly ameliorated DSS-induced colitis in mice [55], whereas knockout of Mmp9 or
its pharmacological inhibition surprisingly had no obvious effect on the progression of
DSS- and TNBS-stimulated colitis in the murine model [56]. Thus, the master regulatory
functions of MMPs in colitis pathogenesis require further clarification: in some cases, their
overexpression can be considered as a consequence rather than a cause of intestinal in-
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flammation [56]. In the case of CAC-associated MMPs (Mmp7, Mmp13) revealed in this
study, focal high expression of Mmp7 was previously observed in CAC-related dysplastic
lesions [48] and its overexpression was associated with tumor growth, metastasis, and
worse overall survival in patients with colon cancer [57]. According to Wernicke et al. [58],
the up-regulation of MMP-13 was considered as an early predictive cancer biomarker in
patients with colon adenoma, which agrees well with the results of our qRT-PCR analysis
(Figure 3D). Despite the extensive studies of MMPs as candidate marker genes of coli-
tis and CAC, to the best of our knowledge, the complex evaluation of the expression of
Mmp3, Mmp7, Mmp9, and Mmp13 in acutely inflamed, adenomatous, and adjacent colon
tissues has not yet been reported. Revealed marked changes in their expression profiles
during chronification of colitis (Figure 3D) can be considered as a novel gene signature for
predicting CAC.
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Besides MMPs, another ECM remodeling player, Adam8, a member of a disintegrin
and metalloproteinase family (ADAMs), was identified as a core gene associated with
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CAC development (Figures 1F, 2D and 3D). Surprisingly, high expression of Adam8 was
detected not only in CAC but also in DSS-inflamed colon tissue (Figure 3D). Along with
the reorganization of ECM, ADAMs are engaged in the processing of various substrates,
including cytokines, growth factors, cell adhesion molecules, and receptors, that determines
their important role in a range of pathological processes [59]. The most studied ADAMs
in IBD was Adam17, associated with EGFR and STAT3 signaling pathways crucial for
the pathogenesis of colitis [60], high epithelial expression of which positively correlated
with cell proliferation and goblet cell number in UC patients [61]. To the best of our
knowledge, the involvement of Adam8 in the regulation of acute colitis and colitis-induced
adenomatous transformation of colon tissue had not yet been reported. Only Christophi
et al. and Guo et al. have discussed the overexpression of Adam8 in IBD patients [62] and
AOM/DSS-induced colitis in mice [63]. Given the recently demonstrated ability of Adam8
to control neutrophil transmigration [64] and NLRP3 inflammasome activation [65], the
processes tightly associated with colon inflammation [66,67], Adam8 can be considered as
a novel promising master regulator of colitis and CAC; this requires further clarification.
Interestingly, despite the revealed low interconnection of Adam8 with the colon cancer-
associated gene network retrieved from DisGeNET (Figure 4), this gene seems to play an
important role in the pathogenesis of CAC: Adam8 is involved in the activation of integrin,
FAK, ERK1/2, and Akt/PKB signaling pathways related to cancer progression [68], its over-
expression was identified in colorectal cancer compared with adjacent normal tissues [69],
and the suppression of the expression of Adam8 by knockout or siRNA approaches resulted
in reduced proliferation and invasiveness of colon cancer cells [69,70].

Finally, C3 and Tyrobp were also revealed as colitis-specific hub genes
(Figures 2A and 3D), which is in line with published reports. Previously, a high level
of C3 in the serum and jejunal secretion of IBD patients was identified [71,72]. Moreover,
C3 was found to be up-regulated in intestinal epithelial cells in the DSS-induced colitis
model [73], and its ablation promoted inflammatory responses in the mid colon [74] and
significantly reinforced DSS-induced colitis in C3 knockout mice compared with wild-type
littermates [72]. Tyrobp is a known regulator of the production of pro-inflammatory me-
diators in macrophages and neutrophils [75], and, thus, is implicated in pathogenesis of
various inflammation-associated diseases [75–77]. According to recent studies, Tyrobp
was identified as a probable upstream regulator of UC [78], and its knockout robustly
attenuated the severity of DSS-induced colitis in mice, whereas its overexpression resulted
in a striking exacerbation of colon damage caused by DSS [79].

The published works discussed above demonstrated the involvement of the revealed
core genes in the regulation of inflammation and malignant lesion of the colon, not only
in murine models but also in patients. To independently confirm the translational bridge
between our findings and the pathogenesis of colitis/CAC in humans, expression of core
genes (acute colitis: C3, Tyrobp, Mmp3, Mmp9, Timp1; CAC: Timp1, Mmp7, Mmp13, Adam8)
was further evaluated in the transcriptomics profiles of colon tissue from patients with UC
and CD collected from GEO (Figure 5A) and colorectal cancer retrieved from The Cancer
Genome Atlas (TCGA) (Figure 5B). As depicted in Figure 5A, the majority of the explored
key genes were overexpressed in IBD and demonstrated more pronounced susceptibility
to the induction of UC compared with CD, except for TYROBP, expression of which was
more up-regulated in CD patients. Interestingly, despite the proven association with CAC
(Figure 2B,D), TIMP1, MMP7, and ADAM8 were activated in IBD-affected colon tissues
(Figure 5A), which is fully in line with our data: the high expression of these genes was
demonstrated in DSS-inflamed and adjacent to adenomas colon tissues in mice (Figure 3D).
In addition, similar to our results (Figure 3D), CAC-specific MMP13 was found to be slightly
associated with IBD: its low activation in two of the four analyzed UC transcriptomics
datasets and unchanged levels in CD samples were observed (Figure 5A). Presumably,
Mmp13 plays a minor role in ECM remodeling in colitis, whereas CAC was associated with
significant up-regulation of its expression, which makes Mmp13 a promising gene candidate
for the predicting of colitis-associated tumorigenesis; this requires further detailed study.
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TCGA analysis of the identified CAC-related core genes revealed a significant association
between high expression of TIMP1 and ADAM8 with low overall survival of patients
with both colon (COAD) and rectal (READ) adenocarcinomas (Figure 5B). Despite the
finding that Timp1 and Adam8 can play important regulatory functions in CAC, this
supposition requires further detailed confirmation, since TCGA analysis was performed
without consideration of the ratio of UC- and CD-associated CAC patients in COAD and
READ cohorts. In addition, given recently reported sex disparities in the association of
Timp1 expression with cancer progression [80], further exploration of its regulatory role in
CAC in mice of both sexes is needed.
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with ulcerative colitis and Crohn’s disease. The differential analysis of cDNA microarray data
was performed according to Section 4.1. The heat map was constructed using Morpheus.
Log2FC = Log2(fold change). In all datasets, biopsy samples were taken from the colon at the
sites of active inflammation. (B) Survival of patients with COAD and READ depending on the
expression levels of identified DEGs (TIMP1 and ADAM8) in the colon tissue. Kaplan–Meier survival
curves were constructed using TCGA data according to Section 4.8. (C) The final scheme of core
genes associated with acute colitis and CAC revealed in the current study, their expression profiles in
murine models, and association with IBD and colorectal cancer in humans.

The obtained results were finally summarized in the scheme depicted in Figure 5C.
According to our findings, (a) revealed core genes not only occupy hub positions within
explored acute colitis- and CAC-specific regulomes, but also are interconnected with each
other, (b) Timp1 is identified as a hub node in gene association networks retrieved for both
acute colitis and CAC, which can indicate its crucial role in colitis-associated tumorigenesis,
(c) chronification of colonic inflammation is accompanied by a switch in MMPs profile (acute
colitis: Mmp3, Mmp9; CAC: Mmp7, Mmp13), which can serve as a gene signature panel for
prognosis of malignant transformation of inflamed colon tissue; and (d) identified core
genes are overexpressed in the colon tissue of patients with IBD (all explored genes) and
highly aggressive colorectal cancer (TIMP1, ADAM8), confirming the interest in studying
these genes within the framework of intestinal pathologies in humans (Figure 5C).

Limitations of the Study

The limitations of the study are as follows: First, given the relatively low number of
mice used for experimental validation of the obtained data (n = 6), and their belonging
to only one sex (female) and one strain (C57Bl6), further study is required to validate the
results using a larger sample size obtained from mice of both sexes and different strains.
Second, considering that our findings are predominantly animal-based, to more clearly
elucidate how closely (if at all) the identified core genes are involved in the regulation of
intestinal pathologies in humans, revealed translational bridge needs further large-scale
verification study, using clinical samples of patients with UC, CD, and UC/CD-associated
colorectal cancer. Third, despite the identification of high degree centrality scores of the
explored key genes and their tight association with crucial colitis/CAC-related signaling
pathways, the master regulatory functions of these genes in colitis and CAC should be
further verified experimentally (for instance, using knockout models).

4. Materials and Methods
4.1. Microarray Data Collection and Differential Expression Analysis

The gene expression profiles associated with murine acute colitis and CAC, as well
as ulcerative colitis and Crohn’s disease, in patients were acquired from the Gene Expres-
sion Omnibus database [81] (Table 1). The fold changes between the mean expression
values of the genes in the experimental (pathology) versus control groups were computed
using the GEO2R tool [82]. The Benjamini–Hochberg false discovery rate method was
selected for adjusting p-values. The genes with a p-value < 0.05 and |fold change| > 1.5
were identified as differentially expressed genes (DEGs) and were collected for further
analysis. Overlapping of the DEGs from different datasets was performed using the
InteractiVenn tool [83]. Hierarchical clustering of DEGs according to their expression
profiles was carried out using the Euclidean distance metric, using the Morpheus tool
(https://software.broadinstitute.org/morpheus, accessed on 12 December 2022).
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Table 1. The GEO microarray datasets used in the study.

Object Pathology GEO ID Murine
Strain Sex Analyzed Groups Number of

DSS Cycles

Mice

Acute colitis

GSE31106 ICR m 3 untreated mice,
3 AOM/DSS-treated mice 1

GSE35609 ICR f 4 untreated mice,
4 TNBS-treated mice –

GSE42768 C57Bl6 f 3 untreated mice,
3 DSS-treated mice 1

GSE64658 C57Bl6 f 6 untreated mice,
3 AOM/DSS-treated mice 1

GSE71920 C57Bl6 m 3 untreated mice,
3 DSS-treated mice 1

CAC

GSE31106 ICR m 3 untreated mice,
3 AOM/DSS-treated mice 3

GSE42768 C57Bl6 f 3 untreated mice,
3 DSS-treated mice 3

GSE56050 Lrg5-lacZ m 2 untreated mice,
2 AOM/DSS-treated mice 3

GSE64658 C57Bl6 f 6 untreated mice,
6 AOM/DSS-treated mice 3

Humans

Ulcerative
colitis (UC)

GSE73661 – f, m 12 healthy samples,
67 UC samples –

GSE75214 – f, m 11 healthy samples,
74 UC samples –

GSE87466 – f, m 21 healthy samples,
27 UC samples –

GSE92415 – f, m 21 healthy samples,
87 UC samples –

Crohn’s
disease (CD)

GSE9686 – f, m 8 healthy samples, 11 CD samples –

GSE10616 – f, m 26 healthy samples,
18 CD samples –

GSE16879 – f, m 6 healthy samples, 18 CD samples –

GSE75214 – f, m 11 healthy samples,
59 CD samples –

4.2. Functional Analysis of DEGs

Functional annotation of acute colitis- and CAC-associated DEGs was performed using
the ClueGO 2.5.7 plugin in Cytoscape 3.7.2, using the latest updates of Gene Ontology
(Biological Processes), Kyoto Encyclopedia of Genes and Genomes (KEGG), WikiPathways,
and REACTOME databases. The GO Tree interval was ranged from 3 to 8 and the minimum
number of genes per cluster was set to 3. Enrichment of functional terms was tested using
the two-sided hypergeometric test corrected using the Bonferroni method, followed by
selecting significantly enriched terms with a p-value < 0.05. To cluster similar functional
groups retrieved from different databases in the common pathway-specific modules, the
GO Term Fusion was used. Functional grouping of finally selected functional terms was
performed using kappa statistics (kappa score ≥ 0.4). Functional annotation of gene
modules, consisting of core genes and their first gene partners extracted from murine
inflammatome and colon cancer-related regulome, was performed using the ToppFun tool
(databases: KEGG, REACTOME, MSigDB C2 BIOCARTA, BioSystems: Pathway Interaction
Database, Pathway Ontology; Bonferroni adjustment) [84].

4.3. Reconstruction of Gene Association Networks

Gene association networks were reconstructed from the genes of interest using the
Search Tool for the Retrieval of Interaction Genes (STRING) database, using the stringApp
1.5.1 tool [85], and were visualized using Cytoscape 3.7.2. The cutoff criterion of the
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confidence score was set as >0.7 to eliminate inconsistent “gene–gene” pairs from the
dataset. The number of neighbors of a gene of interest within reconstructed networks was
calculated using the NetworkAnalyzer plugin [86] and visualized using the Morpheus
platform [87].

4.4. Data Mining Analysis

The search for the co-occurrence of the names of core genes with various colitis- and
CAC-related terms in the same sentences in abstracts of published reports deposited in
the MEDLINE database was performed using the GenCLiP3 tool [88], with the following
settings: impact factor of 0–50 and year of publication of 1992–2022. The results were
visualized using Circos [89].

4.5. Murine Models of Acute Colitis and Colitis-Associated Cancer (CAC)

Eight-week-old female C57Bl6 mice with an average weight of 22–24 g were obtained
from the Vivarium of the Institute of Chemical Biology and Fundamental Medicine SB RAS
(Novosibirsk, Russia). Mice were housed in plastic cages (7 animals per cage) under normal
daylight conditions. Water and food were provided ad libitum. Experiments were carried
out in accordance with the European Communities Council Directive 86/609/CEE. The
experimental protocols were approved by the Committee on the Ethics of Animal Exper-
iments at the Institute of Cytology and Genetics SB RAS (Novosibirsk, Russia) (protocol
No. 56 from 10 August 2019).

Acute colitis was induced in mice (n = 10) by administration of 2.5% DSS solution in
drinking water for 7 days, followed by 3 days of recovery. Mice were sacrificed on day 10
after colitis initiation. CAC was induced in mice (n = 10) by a single intraperitoneal (i.p.)
injection of carcinogen AOM (10 mg/kg) 1 week before DSS administration, as described
in [90]. Furthermore, mice were exposed to 3 consecutive cycles of 1.5% DSS instillations
with drinking water for 7 days, followed by 2 weeks of recovery. The mice were sacrificed
10 weeks after the start of the experiment. At the end of the study, the colons were separated
from the proximal rectum, mechanically cleaned with saline buffer, and were then collected.
Only 8 of 10 samples had well-formed adenomas in the colon, which were selected for the
subsequent gross examination, histological analysis, and qRT–PCR.

4.6. Histology

For the histological study, colon specimens were fixed in 10% neutral-buffered formalin
(BioVitrum, Moscow, Russia), dehydrated in ascending ethanol and xylols, and embedded
in HISTOMIX paraffin (BioVitrum, Moscow, Russia). The paraffin sections (5 µm) were
sliced on a Microm HM 355S microtome (Thermo Fisher Scientific, Waltham, MA, USA)
and stained with haematoxylin and eosin. The images were examined and scanned using
an Axiostar Plus microscope equipped with an Axiocam MRc5 digital camera (Zeiss,
Oberkochen, Germany) at magnifications of ×100.

4.7. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from the colons of experimental animals using TRIzol reagent
(Ambion, Austin, TX, USA) according to the manufacturer’s instructions. Briefly, colon
tissue was collected in 1.5 mL capped tubes, filled with 1 g of lysing matrix D (MP Biomed-
icals, Irvine, CA, USA) and 1 mL of TRIzol reagent, then homogenized using a FastPrep-24
TM 5G homogenizer (MP Biomedicals, Irvine, CA, USA) with QuickPrep 24 adapter. The
homogenization was performed at 6.0 m/s for 40 s. After homogenization, the content
of the tubes was transferred to the new 1.5 mL tubes without lysing matrix. Total RNA
extraction was performed according to the TRIzol reagent protocol.

Due to the known ability of DSS to linger in the RNA extracted from the colon tissue,
and, thus, interfere with both reverse transcription and PCR reactions, the extracted total
RNA was diluted to a volume of 250 µL and purified using Microcon Centrifugal Filter
Devices (MilliPore, Burlington, MA, USA) by centrifuging for 1 h at 14,000× g.
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The first strand of cDNA was synthesized from total RNA (n = 6 per group, the samples
with the highest RNA purity and integrity) in 100 µL of reaction mixture containing 2.5 µg
of total RNA, 20 µL of 5× RT buffer (Biolabmix, Novosibirsk, Russia), 250 U of M-MuLV-RH
revertase (Biolabmix, Novosibirsk, Russia), and 100 µM of dT(15) diluted to a volume of
100 µL. Reverse transcription was performed at 25 ◦C for 10 min followed by the incubation
at 42 ◦C for 60 min with subsequent termination at 70 ◦C for 10 min.

Amplification of cDNA was performed in a 25 µL PCR reaction mixture containing
5 µL of cDNA, 12.5 µL of HS-qPCR (2×) master mix (Biolabmix, Novosibirsk, Russia),
0.25 µM each of the forward and reverse primers to Hprt and Hprt specific ROX-labeled
probe, 0.25 µM each of the forward and reverse gene-specific primers, and FAM-labeled
probe (Table 2). Amplification was performed as follows: (1) 94 ◦C, 2 min; (2) 94 ◦C, 10 s;
(3) 60 ◦C, 30 s (steps 2–3: 50 cycles). The relative level of gene expression was normalized
to the level of Hprt expression according to the ∆∆Ct method.

Table 2. Primers used in the study.

Gene Type Sequence

Adam8
Forward 5′-TATGCAACCACAAGAGGGAG-3′

Probe 5′-((5,6)-FAM)-TCATCTGATACATCTGCCAGCCGC-3′–BHQ1
Reverse 5′-ACCAAGACCACAACCACAC-3′

C3
Forward 5′-GTTTATTCCTTCATTTCGCCTGG-3′

Probe 5′-((5,6)-FAM)-ACACCCTGATTGGAGCTAGTGGC-3′–BHQ1
Reverse 5′-GATGGTTATCTCTTGGGTCACC-3′

Timp1
Forward 5′-CTCAAAGACCTATAGTGCTGGC-3′

Probe 5′-((5,6)-FAM)-ACTCACTGTTTGTGGACGGATCAGG-3′–BHQ1
Reverse 5′-CAAAGTGACGGCTCTGGTAG-3′

Tyrobp
Forward 5′-GGTGACTTGGTGTTGACTCTG-3′

Probe 5′-((5,6)-FAM)-CCTTCCGCTGTCCCTTGACCTC-3′–BHQ1
Reverse 5′-GACCCTGAAGCTCCTGATAAG-3′

Mmp3
Forward 5′-TGCATATGAGGTTACTAACAGAGAC-3′

Probe ((5,6)-FAM)-5′-AATCAGTTCTGGGCTATACGAGGGC-3′-BHQ1
Reverse 5′-CAGGGTGTGAATGCTTTTAGG-3′

Mmp7
Forward 5′-CATAATTGGCTTCGCAAGGAG-3′

Probe ((5,6)-FAM)-5′-TACTGGACTGATGGTGAGGACGCA-3′-BHQ1
Reverse 5′-CAAATTCATGGGTGGCAGC-3′

Mmp9
Forward 5′-ACCTGAAAACCTCCAACCTC-3′

Probe ((5,6)-FAM)-5′-TAGCGGTACAAGTATGCCTCTGCC-3′-BHQ1
Reverse 5′-TCGAATGGCCTTTAGTGTCTG-3′

Mmp13
Forward 5′-GATTATCCCCGCCTCATAGAAG-3′

Probe ((5,6)-FAM)-5′-CAGCATCTACTTTGTTGCCAATTCCAGG-3′-BHQ1
Reverse 5′-CCCACCCCATACATCTGAAAG-3′

Amplification was performed using a C1000 Touch with CFX96 module Real-Time sys-
tem (BioRad, Hercules, CA, USA), and the relative level of gene expression was calculated
using BioRad CFX manager software (BioRad, Hercules, CA, USA). Three to five samples
from each experimental group were analyzed in triplicate. The sequences of the primers
used in the study are listed in Table 2.

4.8. The Association of DEGs Expression with Survival Rates of Patients with Colorectal Cancer

To explore the association of revealed core genes with the progression of colon (COAD)
and rectal (READ) adenocarcinomas, analysis of the survival rates and their correlation
with the expression of studied genes was performed using The Cancer Genome Atlas
(TCGA) clinical data for patients with COAD and READ. Kaplan–Meier survival curves for
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COAD and READ patients depending on the mRNA expression level of core genes were
constructed using the OncoLnc tool [91].

4.9. Statistical Analysis

The statistical analysis was performed using Benjamini–Hochberg false discovery
rate method (identification of DEGs; GEO2R tool), two-sided hypergeometric test with
Bonferroni correction (functional analysis of DEGs; ClueGO plugin and ToppFunn tool),
and two-tailed unpaired Student’s t-test (qRT-PCR analysis; Microsoft Excel). p-values of
less than 0.05 were considered statistically significant.

5. Conclusions

In summary, this animal-based research revealed a range of core genes associated with
acute colitis (C3, Tyrobp, Mmp3, Mmp9, Timp1) and CAC (Timp1, Mmp7, Mmp13) in mice.
The observed high rate of interconnection of these genes with gene networks retrieved for
intestinal inflammation and malignancy, their significant association with key colitis/CAC-
related signaling pathways, and probable involvement in the pathogenesis of IBD and
colorectal cancer in patients demonstrated the expediency of further detailed studies of
identified core genes as novel master regulators and promising therapeutic targets for
colitis and CAC.
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27. Łukaszewicz-Zając, M.; Pączek, S.; Mroczko, B. A Disintegrin and Metalloproteinase (ADAM) Family—Novel Biomarkers of
Selected Gastrointestinal (GI) Malignancies? Cancers 2022, 14, 2307. [CrossRef]

28. Marônek, M.; Marafini, I.; Gardlík, R.; Link, R.; Troncone, E.; Monteleone, G. Metalloproteinases in Inflammatory Bowel Diseases.
J. Inflamm. Res. 2021, 14, 1029–1041. [CrossRef] [PubMed]

29. Liu, D.; Saikam, V.; Skrada, K.A.; Merlin, D.; Iyer, S.S. Inflammatory bowel disease biomarkers. Med. Res. Rev. 2022, 42, 1856–1887.
[CrossRef]

30. Guijarro, L.G.; Cano-Martínez, D.; Toledo-Lobo, M.V.; Salinas, P.S.; Chaparro, M.; Gómez-Lahoz, A.M.; Zoullas, S.; Rodríguez-
Torres, R.; Román, I.D.; Monasor, L.S.; et al. Relationship between IGF-1 and body weight in inflammatory bowel diseases:
Cellular and molecular mechanisms involved. Biomed. Pharmacother. 2021, 144, 112239. [CrossRef]

31. Prasad, H.; Visweswariah, S.S. Impaired Intestinal Sodium Transport in Inflammatory Bowel Disease: From the Passenger to the
Driver’s Seat. Cell. Mol. Gastroenterol. Hepatol. 2021, 12, 277–292. [CrossRef]

32. Camilleri, M. Bile acid detergency: Permeability, inflammation, and effects of sulfation. Am. J. Physiol. Liver Physiol. 2022,
322, G480–G488. [CrossRef] [PubMed]

179



Int. J. Mol. Sci. 2023, 24, 4311

33. Shen, Y.; Sun, M.; Zhu, J.; Wei, M.; Li, H.; Zhao, P.; Wang, J.; Li, R.; Tian, L.; Tao, Y.; et al. Tissue metabolic profiling reveals major
metabolic alteration in colorectal cancer. Mol. Omics 2021, 17, 464–471. [CrossRef] [PubMed]

34. Cao, Y.; Deng, S.; Yan, L.; Gu, J.; Mao, F.; Xue, Y.; Zheng, C.; Yang, M.; Liu, H.; Liu, L.; et al. An Oxidative Stress Index-Based
Score for Prognostic Prediction in Colorectal Cancer Patients Undergoing Surgery. Oxid. Med. Cell. Longev. 2021, 2021, 6693707.
[CrossRef] [PubMed]

35. Chen, J.; Cheuk, I.W.-Y.; Siu, M.-T.; Yang, W.; Cheng, A.S.; Shin, V.Y.; Kwong, A. Human haptoglobin contributes to breast cancer
oncogenesis through glycolytic activity modulation. Am. J. Cancer Res. 2020, 10, 2865–2877.

36. Santiago-Sánchez, G.S.; Pita-Grisanti, V.; Quiñones-Díaz, B.; Gumpper, K.; Cruz-Monserrate, Z.; Vivas-Mejía, P.E. Biological
Functions and Therapeutic Potential of Lipocalin 2 in Cancer. Int. J. Mol. Sci. 2020, 21, 4365. [CrossRef]

37. Camilli, C.; Hoeh, A.E.; De Rossi, G.; Moss, S.E.; Greenwood, J. LRG1: An emerging player in disease pathogenesis. J. Biomed. Sci.
2022, 29, 6. [CrossRef]

38. Soman, A.; Asha Nair, S. Unfolding the cascade of SERPINA3: Inflammation to cancer. Biochim. Biophys. Acta Rev. Cancer 2022,
1877, 188760. [CrossRef]

39. Fan, J.; Peng, Z.; Zhou, C.; Qiu, G.; Tang, H.; Sun, Y.; Wang, X.; Li, Q.; Le, X.; Xie, K. Gene-expression profiling in Chinese patients
with colon cancer by coupling experimental and bioinformatic genomewide gene-expression analyses. Cancer 2008, 113, 266–275.
[CrossRef]

40. Shabani, F.; Farasat, A.; Mahdavi, M.; Gheibi, N. Calprotectin (S100A8/S100A9): A key protein between inflammation and cancer.
Inflamm. Res. 2018, 67, 801–812. [CrossRef]

41. Nugteren, S.; Samsom, J.N. Secretory Leukocyte Protease Inhibitor (SLPI) in mucosal tissues: Protects against inflammation, but
promotes cancer. Cytokine Growth Factor Rev. 2021, 59, 22–35. [CrossRef] [PubMed]

42. Wang, I.M.; Zhang, B.; Yang, X.; Zhu, J.; Stepaniants, S.; Zhang, C.; Meng, Q.; Peters, M.; He, Y.; Ni, C.; et al. Systems analysis
of eleven rodent disease models reveals an inflammatome signature and key drivers. Mol. Syst. Biol. 2012, 8, 594. [CrossRef]
[PubMed]

43. May, R.D.; Fung, M. Strategies targeting the IL-4/IL-13 axes in disease. Cytokine 2015, 75, 89–116. [CrossRef] [PubMed]
44. Garlatti, V.; Lovisa, S.; Danese, S.; Vetrano, S. The Multiple Faces of Integrin–ECM Interactions in Inflammatory Bowel Disease.

Int. J. Mol. Sci. 2021, 22, 10439. [CrossRef]
45. Genua, M.; D’Alessio, S.; Cibella, J.; Gandelli, A.; Sala, E.; Correale, C.; Spinelli, A.; Arena, V.; Malesci, A.; Rutella, S.; et al.

The urokinase plasminogen activator receptor (uPAR) controls macrophage phagocytosis in intestinal inflammation. Gut 2015,
64, 589–600. [CrossRef]

46. Karamanavi, E.; Angelopoulou, K.; Lavrentiadou, S.; Tsingotjidou, A.; Abas, Z.; Taitzoglou, I.; Vlemmas, I.; Erdman, S.E.;
Poutahidis, T. Urokinase-Type Plasminogen Activator Deficiency Promotes Neoplasmatogenesis in the Colon of Mice. Transl.
Oncol. 2014, 7, 174–187.e5. [CrossRef]

47. Derkacz, A.; Olczyk, P.; Olczyk, K.; Komosinska-Vassev, K. The Role of Extracellular Matrix Components in Inflammatory Bowel
Diseases. J. Clin. Med. 2021, 10, 1122. [CrossRef]

48. Walter, L.; Harper, C.; Garg, P. Role of Matrix Metalloproteinases in Inflammation/Colitis-Associated Colon Cancer. ImmunoGas-
troenterology 2013, 2, 22. [CrossRef]

49. Wang, Q.; Morris, R.J.; Bode, A.M.; Zhang, T. Prostaglandin Pathways: Opportunities for Cancer Prevention and Therapy. Cancer
Res. 2022, 82, 949–965. [CrossRef]

50. Breynaert, C.; de Bruyn, M.; Arijs, I.; Cremer, J.; Martens, E.; Van Lommel, L.; Geboes, K.; De Hertogh, G.; Schuit, F.; Ferrante, M.;
et al. Genetic Deletion of Tissue Inhibitor of Metalloproteinase-1/TIMP-1 Alters Inflammation and Attenuates Fibrosis in Dextran
Sodium Sulphate-induced Murine Models of Colitis. J. Crohn’s Colitis 2016, 10, 1336–1350. [CrossRef]

51. Niu, L.; Gao, C.; Li, Y. Identification of potential core genes in colorectal carcinoma and key genes in colorectal cancer liver
metastasis using bioinformatics analysis. Sci. Rep. 2021, 11, 23938. [CrossRef] [PubMed]

52. O’Sullivan, S.; Gilmer, J.F.; Medina, C. Matrix Metalloproteinases in Inflammatory Bowel Disease: An Update. Mediat. Inflamm.
2015, 2015, 964131. [CrossRef] [PubMed]

53. Nakov, R. New markers in ulcerative colitis. Clin. Chim. Acta 2019, 497, 141–146. [CrossRef] [PubMed]
54. Pedersen, G.; Saermark, T.; Kirkegaard, T.; Brynskov, J. Spontaneous and cytokine induced expression and activity of matrix

metalloproteinases in human colonic epithelium. Clin. Exp. Immunol. 2009, 155, 257–265. [CrossRef]
55. Kobayashi, K.; Arimura, Y.; Goto, A.; Okahara, S.; Endo, T.; Shinomura, Y.; Imai, K. Therapeutic implications of the specific

inhibition of causative matrix metalloproteinases in experimental colitis induced by dextran sulphate sodium. J. Pathol. 2006,
209, 376–383. [CrossRef]

56. de Bruyn, M.; Breynaert, C.; Arijs, I.; De Hertogh, G.; Geboes, K.; Thijs, G.; Matteoli, G.; Hu, J.; Van Damme, J.; Arnold, B.; et al.
Inhibition of gelatinase B/MMP-9 does not attenuate colitis in murine models of inflammatory bowel disease. Nat. Commun.
2017, 8, 15384. [CrossRef]

57. Liao, H.-Y.; Da, C.-M.; Liao, B.; Zhang, H.-H. Roles of matrix metalloproteinase-7 (MMP-7) in cancer. Clin. Biochem. 2021, 92, 9–18.
[CrossRef]

58. Wernicke, A.-K.; Churin, Y.; Sheridan, D.; Windhorst, A.; Tschuschner, A.; Gattenlöhner, S.; Roderfeld, M.; Roeb, E. Matrix
metalloproteinase-13 refines pathological staging of precancerous colorectal lesions. Oncotarget 2016, 7, 73552–73557. [CrossRef]

180



Int. J. Mol. Sci. 2023, 24, 4311

59. Lambrecht, B.N.; Vanderkerken, M.; Hammad, H. The emerging role of ADAM metalloproteinases in immunity. Nat. Rev.
Immunol. 2018, 18, 745–758. [CrossRef]

60. Calligaris, M.; Cuffaro, D.; Bonelli, S.; Spanò, D.P.; Rossello, A.; Nuti, E.; Scilabra, S.D. Strategies to Target ADAM17 in Disease:
From Its Discovery to the iRhom Revolution. Molecules 2021, 26, 944. [CrossRef]

61. Blaydon, D.C.; Biancheri, P.; Di, W.-L.; Plagnol, V.; Cabral, R.M.; Brooke, M.A.; van Heel, D.A.; Ruschendorf, F.; Toynbee, M.;
Walne, A.; et al. Inflammatory Skin and Bowel Disease Linked to ADAM17 Deletion. N. Engl. J. Med. 2011, 365, 1502–1508.
[CrossRef] [PubMed]

62. Christophi, G.P.; Rong, R.; Holtzapple, P.G.; Massa, P.T.; Landas, S.K. Immune Markers and Differential Signaling Networks in
Ulcerative Colitis and Crohn’s Disease. Inflamm. Bowel Dis. 2012, 18, 2342–2356. [CrossRef] [PubMed]

63. Guo, Y.; Su, Z.-Y.; Zhang, C.; Gaspar, J.M.; Wang, R.; Hart, R.P.; Verzi, M.P.; Kong, A.-N.T. Mechanisms of colitis-accelerated
colon carcinogenesis and its prevention with the combination of aspirin and curcumin: Transcriptomic analysis using RNA-seq.
Biochem. Pharmacol. 2017, 135, 22–34. [CrossRef] [PubMed]

64. Conrad, C.; Yildiz, D.; Cleary, S.J.; Margraf, A.; Cook, L.; Schlomann, U.; Panaretou, B.; Bowser, J.L.; Karmouty-Quintana, H.; Li, J.;
et al. ADAM8 signaling drives neutrophil migration and ARDS severity. JCI Insight 2022, 7, e87489. [CrossRef] [PubMed]

65. Lu, H.; Meng, Y.; Han, X.; Zhang, W. ADAM8 Activates NLRP3 Inflammasome to Promote Cerebral Ischemia-Reperfusion Injury.
J. Healthc. Eng. 2021, 2021, 3097432. [CrossRef] [PubMed]

66. Wang, Y.; Wang, K.; Han, G.-C.; Wang, R.-X.; Xiao, H.; Hou, C.-M.; Guo, R.-F.; Dou, Y.; Shen, B.-F.; Li, Y.; et al. Neutrophil
infiltration favors colitis-associated tumorigenesis by activating the interleukin-1 (IL-1)/IL-6 axis. Mucosal Immunol. 2014,
7, 1106–1115. [CrossRef]

67. Perera, A.P.; Sajnani, K.; Dickinson, J.; Eri, R.; Körner, H. NLRP3 inflammasome in colitis and colitis-associated colorectal cancer.
Mamm. Genome 2018, 29, 817–830. [CrossRef]

68. Conrad, C.; Benzel, J.; Dorzweiler, K.; Cook, L.; Schlomann, U.; Zarbock, A.; Slater, E.P.; Nimsky, C.; Bartsch, J.W. ADAM8 in
invasive cancers: Links to tumor progression, metastasis, and chemoresistance. Clin. Sci. 2019, 133, 83–99. [CrossRef]

69. Yang, Z.; Bai, Y.; Huo, L.; Chen, H.; Huang, J.; Li, J.; Fan, X.; Yang, Z.; Wang, L.; Wang, J. Expression of A disintegrin and
metalloprotease 8 is associated with cell growth and poor survival in colorectal cancer. BMC Cancer 2014, 14, 568. [CrossRef]

70. Park Bin, G.; Choi, S.; Yoon Sang, Y.; Kim, D. TrkB/C-induced HOXC6 activation enhances the ADAM8-mediated metastasis of
chemoresistant colon cancer cells. Mol. Med. Rep. 2021, 23, 423. [CrossRef]

71. Okada, K.; Itoh, H.; Ikemoto, M. Serum complement C3 and α2-macroglobulin are potentially useful biomarkers for inflammatory
bowel disease patients. Heliyon 2021, 7, e06554. [CrossRef] [PubMed]

72. Sina, C.; Kemper, C.; Derer, S. The intestinal complement system in inflammatory bowel disease: Shaping intestinal barrier
function. Semin. Immunol. 2018, 37, 66–73. [CrossRef] [PubMed]

73. Sünderhauf, A.; Skibbe, K.; Preisker, S.; Ebbert, K.; Verschoor, A.; Karsten, C.M.; Kemper, C.; Huber-Lang, M.; Basic, M.; Bleich,
A.; et al. Regulation of epithelial cell expressed C3 in the intestine—Relevance for the pathophysiology of inflammatory bowel
disease? Mol. Immunol. 2017, 90, 227–238. [CrossRef] [PubMed]

74. Choi, Y.J.; Kim, J.E.; Lee, S.J.; Gong, J.E.; Jin, Y.J.; Lee, H.; Hwang, D.Y. Promotion of the inflammatory response in mid colon of
complement component 3 knockout mice. Sci. Rep. 2022, 12, 1700. [CrossRef]

75. Subramanian, S.; Pallati, P.K.; Sharma, P.; Agrawal, D.K.; Nandipati, K.C. Significant association of TREM-1 with HMGB1, TLRs
and RAGE in the pathogenesis of insulin resistance in obese diabetic populations. Am. J. Transl. Res. 2017, 9, 3224–3244.

76. Fan, D.; He, X.; Bian, Y.; Guo, Q.; Zheng, K.; Zhao, Y.; Lu, C.; Liu, B.; Xu, X.; Zhang, G.; et al. Triptolide Modulates TREM-1 Signal
Pathway to Inhibit the Inflammatory Response in Rheumatoid Arthritis. Int. J. Mol. Sci. 2016, 17, 498. [CrossRef]

77. Tammaro, A.; Stroo, I.; Rampanelli, E.; Blank, F.; Butter, L.M.; Claessen, N.; Takai, T.; Colonna, M.; Leemans, J.C.; Florquin, S.; et al.
Role of TREM1-DAP12 in Renal Inflammation during Obstructive Nephropathy. PLoS ONE 2013, 8, e82498. [CrossRef]

78. Li, X.; Lee, E.J.; Gawel, D.R.; Lilja, S.; Schäfer, S.; Zhang, H.; Benson, M. Meta-Analysis of Expression Profiling Data Indicates
Need for Combinatorial Biomarkers in Pediatric Ulcerative Colitis. J. Immunol. Res. 2020, 2020, 8279619. [CrossRef]

79. Biagioli, M.; Mencarelli, A.; Carino, A.; Cipriani, S.; Marchianò, S.; Fiorucci, C.; Donini, A.; Graziosi, L.; Baldelli, F.; Distrutti, E.;
et al. Genetic and Pharmacological Dissection of the Role of Spleen Tyrosine Kinase (Syk) in Intestinal Inflammation and Immune
Dysfunction in Inflammatory Bowel Diseases. Inflamm. Bowel Dis. 2018, 24, 123–135. [CrossRef]

80. Hermann, C.D.; Schoeps, B.; Eckfeld, C.; Munkhbaatar, E.; Kniep, L.; Prokopchuk, O.; Wirges, N.; Steiger, K.; Häußler, D.; Knolle,
P.; et al. TIMP1 expression underlies sex disparity in liver metastasis and survival in pancreatic cancer. J. Exp. Med. 2021,
218, e20210911. [CrossRef]

81. Clough, E.; Barrett, T. The Gene Expression Omnibus Database BT—Statistical Genomics: Methods and Protocols; Mathé, E., Davis, S.,
Eds.; Springer: New York, NY, USA, 2016; pp. 93–110, ISBN 978-1-4939-3578-9.

82. Barrett, T.; Wilhite, S.E.; Ledoux, P.; Evangelista, C.; Kim, I.F.; Tomashevsky, M.; Marshall, K.A.; Phillippy, K.H.; Sherman,
P.M.; Holko, M.; et al. NCBI GEO: Archive for functional genomics data sets—Update. Nucleic Acids Res. 2013, 41, D991–D995.
[CrossRef] [PubMed]

83. Heberle, H.; Meirelles, V.G.; da Silva, F.R.; Telles, G.P.; Minghim, R. InteractiVenn: A web-based tool for the analysis of sets
through Venn diagrams. BMC Bioinform. 2015, 16, 169. [CrossRef] [PubMed]

84. Chen, J.; Bardes, E.E.; Aronow, B.J.; Jegga, A.G. ToppGene Suite for gene list enrichment analysis and candidate gene prioritization.
Nucleic Acids Res. 2009, 37, W.305–W.311. [CrossRef] [PubMed]

181



Int. J. Mol. Sci. 2023, 24, 4311

85. Doncheva, N.T.; Morris, J.H.; Gorodkin, J.; Jensen, L.J. Cytoscape StringApp: Network Analysis and Visualization of Proteomics
Data. J. Proteome Res. 2019, 18, 623–632. [CrossRef]

86. Assenov, Y.; Ramírez, F.; Schelhorn, S.E.S.E.; Lengauer, T.; Albrecht, M. Computing topological parameters of biological networks.
Bioinformatics 2008, 24, 282–284. [CrossRef]

87. MORPHEUS. Versatile Matrix Visualization and Analysis Software. Available online: https://software.broadinstitute.org/
morpheus/ (accessed on 12 November 2022).

88. Wang, J.-H.; Zhao, L.-F.; Wang, H.-F.; Wen, Y.-T.; Jiang, K.-K.; Mao, X.-M.; Zhou, Z.-Y.; Yao, K.-T.; Geng, Q.-S.; Guo, D.; et al.
GenCLiP 3: Mining human genes’ functions and regulatory networks from PubMed based on co-occurrences and natural
language processing. Bioinformatics 2019, 36, 1973–1975. [CrossRef]

89. Krzywinski, M.; Schein, J.; Birol, I.; Connors, J.; Gascoyne, R.; Horsman, D.; Jones, S.J.; Marra, M.A. Circos: An information
aesthetic for comparative genomics. Genome Res. 2009, 19, 1639–1645. [CrossRef]

90. Tanaka, T.; Kohno, H.; Suzuki, R.; Yamada, Y.; Sugie, S.; Mori, H. A novel inflammation-related mouse colon carcinogenesis
model induced by azoxymethane and dextran sodium sulfate. Cancer Sci. 2003, 94, 965–973. [CrossRef]

91. Anaya, J. OncoLnc: Linking TCGA survival data to mRNAs, miRNAs, and lncRNAs. PeerJ Comput. Sci. 2016, 2016, e67. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

182



����������
�������

Citation: Lemire, S.; Thoma, O.-M.;

Kreiss, L.; Völkl, S.; Friedrich, O.;

Neurath, M.F.; Schürmann, S.;

Waldner, M.J. Natural NADH and

FAD Autofluorescence as Label-Free

Biomarkers for Discriminating

Subtypes and Functional States of

Immune Cells. Int. J. Mol. Sci. 2022,

23, 2338. https://doi.org/10.3390/

ijms23042338

Academic Editor: Susanne M. Krug

Received: 13 January 2022

Accepted: 17 February 2022

Published: 20 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Natural NADH and FAD Autofluorescence as Label-Free
Biomarkers for Discriminating Subtypes and Functional States
of Immune Cells
Sarah Lemire 1,2,*, Oana-Maria Thoma 1,2, Lucas Kreiss 1,3 , Simon Völkl 4 , Oliver Friedrich 3,5 ,
Markus F. Neurath 1,2, Sebastian Schürmann 3,5 and Maximilian J. Waldner 1,2,5,*

1 Department of Internal Medicine 1, University Hospital Erlangen, Friedrich-Alexander-Universität
Erlangen-Nürnberg (FAU), 91052 Erlangen, Germany; oana-maria.thoma@uk-erlangen.de (O.-M.T.);
lucas.kreiss@fau.de (L.K.); markus.neurath@uk-erlangen.de (M.F.N.)

2 Deutsches Zentrum Immuntherapie, University Hospital Erlangen, Friedrich-Alexander-Universität
Erlangen-Nürnberg (FAU), 91054 Erlangen, Germany

3 Institute of Medical Biotechnology, Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU),
91052 Erlangen, Germany; oliver.friedrich@fau.de (O.F.); sebastian.schuermann@fau.de (S.S.)

4 Department of Internal Medicine 5, Haematology and Oncology, University Hospital Erlangen,
Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU), 91054 Erlangen, Germany;
simon.voelkl@uk-erlangen.de

5 Erlangen Graduate School in Advanced Optical Technologies, Friedrich-Alexander-Universität
Erlangen-Nürnberg (FAU), 91052 Erlangen, Germany

* Correspondence: sarah.lemire@fau.de (S.L.); maximilian.waldner@uk-erlangen.de (M.J.W.);
Tel.: +49-9131-8535894 (S.L.); +49-9131-8535000 (M.J.W.)

Abstract: Immune cell activity is a major factor for disease progression in inflammatory bowel
diseases (IBD). Classifying the type and functional state of immune cells is therefore crucial in clinical
diagnostics of IBD. Label-free optical technologies exploiting NADH and FAD autofluorescence, such
as multiphoton microscopy, have been used to describe tissue morphology in healthy and inflamed
colon samples. Nevertheless, a strategy for the identification of single immune cell subtypes within the
tissue is yet to be developed. This work aims to initiate an understanding of autofluorescence changes
depending on immune cell type and activation state. For this, NADH and FAD autofluorescence
signals of different murine immune cell subtypes under native conditions, as well as upon in vitro
stimulation and cell death, have been evaluated. Autofluorescence was assessed using flow cytometry
and multiphoton microscopy. Our results reveal significantly increased NADH and FAD signals
in innate immune cells compared to adaptive immune cells. This allowed identification of relative
amounts of neutrophils and CD4+ T cells in mixed cell suspensions, by using NADH signals as a
differentiation marker. Furthermore, in vitro stimulation significantly increased NADH and FAD
autofluorescence in adaptive immune cells and macrophages. Cell death induced a significant
drop in NADH autofluorescence, while FAD signals were hardly affected. Taken together, these
results demonstrate the value of autofluorescence as a tool to characterize immune cells in different
functional states, paving the way to the label-free clinical classification of IBD in the future.

Keywords: inflammatory bowel diseases; cell autofluorescence; immune cells; NADH; FAD; flow
cytometry; multiphoton microscopy

1. Introduction

Immune cells are highly important for maintaining health and homeostasis and play a
key role in the pathogenesis of inflammatory bowel diseases (IBD). Specific T-cell subtypes
have been directly linked to disease progression in IBD. For example, helper T cells (Th1,
Th2 and Th17 cells) trigger gut inflammation [1,2], while regulatory T cells (Treg) help
to prevent the inflammation-related destruction of the mucosa [1]. Similarly, adaptive
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immune cells, such as macrophages and neutrophils, are involved in the pathogenesis
of mucosal inflammation. For instance, pro-inflammatory M1 macrophages can support
inflammation through the release of pro-inflammatory cytokines, whereas M2 macrophages
have anti-inflammatory properties [3]. Neutrophil infiltration in the gut mucosa has been
linked to high disease activity in ulcerative colitis (UC), while a lack of neutrophils leads
to an uncontrolled invasion of bacteria that promote inflammation in Crohn’s disease
(CD) [4]. Understanding how immune cells modulate IBD is an important area of research.
Therefore, a specific identification and evaluation of immune cell subtypes, activation states,
proliferation and cell death could reveal important information on the current state and
future course of disease in IBD.

Optical technologies, such as multiphoton microscopy (MPM), have lately received
increasing interest as label-free options to investigate the native tissue morphology of
healthy and inflamed colon based on autofluorescence [5,6]. Autofluorescence is a cell
property that depends on the presence of endogenous fluorescent molecules, such as
NADH and FAD [7]. Using this natural autofluorescence is highly advantageous, as label-
free imaging strategies do not affect the state of individual cells. While MPM allows
for the identification of intrastromal cells in colitis models [5], a clear classification of
infiltrating immune cell subtypes and functional states is not yet available. Therefore,
laying a foundation for understanding how autofluorescence signals differ in individual
types of immune cells and their activation status is relevant for possible clinical applications
in IBD patients.

This study analysed NADH and FAD signals of murine immune cells in different
functional states using flow cytometry and MPM. Flow cytometry, on the one hand, is a
broadly used method, able to analyse high numbers of cells in a short period of time [8].
Although usually used to characterize cells with the help of fluorescent markers, it has also
shown its potential in detecting autofluorescent signals in different types of cells [9–11].
MPM is a promising optical imaging technique exploiting the non-linear excitation of
fluorescent molecules including NADH and FAD [12]. This allows successful label-free
evaluation of 3D tissue morphology, as we have described in previous studies [5]. The
specific characteristics of NADH and FAD autofluorescence in single immune cell types
and under different functional conditions, however, remain to be described. Therefore, the
purpose of this study was to evaluate autofluorescence profiles in various types of innate
and adaptive immune cells and how these are affected by different functional states. This
might be a first step towards a label-free classification of infiltrating immune cells in the
clinical diagnostics of IBD.

2. Results
2.1. Adaptive and Innate Immune Cells Show Different NADH and FAD Signals in
Flow Cytometry

In Figure 1A, we schematically describe the workflow from immune cell isolation
to autofluorescence measurements and NADH/FAD detection by flow cytometry. As
explained in Section 4, the filters used for label-free flow cytometry of immune cells mainly
collected NADH/FAD autofluorescence signals; however, autofluorescence signals from
other endogenous fluorophores cannot be completely avoided. The respective intensities
of NADH and FAD signals among different immune cell types (e.g., CD4+ T cells and
dendritic cells) are illustrated in the exemplary NADH/FAD dot plots and histograms.
Similar histograms for further immune cell subtypes are presented in Supplementary
Figure S1. Quantification of NADH and FAD fluorescence revealed a considerable increase
in both fluorescent molecules in innate immune cells compared to adaptive immune
cells (Figure 1B).
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Figure 1. Immune cell subtypes can be differentiated by NADH and FAD autofluorescence signals
in flow cytometry. (A) Schematic representation of immune cell isolation from murine spleen and
bone marrow, and exemplary autofluorescence analysis in flow cytometry. (B) NADH and FAD
signal mean values of different immune cell subtypes, normalized to the mean values of alive,
unstimulated CD4+ T cells. For statistical analysis, a Kruskal–Wallis test with subsequent Dunn’s
multiple comparisons test was used (* p < 0.05, ** p < 0.01, *** p < 0.001). At least four samples
per group were analysed. Each sample reflects either cells isolated from one mouse (CD4+ T cells,
CD8+ T cells, B cells, neutrophils) or cells cultured in one culture dish (macrophages, dendritic cells).
(C) Comparison of normalized mean NADH and FAD signals in different immune cell types.

Overall, dendritic cells showed the strongest NADH and FAD signals of all analysed
cell types (eight-fold increase in NADH and six-fold increase in FAD compared to adaptive
immune cells). Furthermore, NADH and FAD signals of dendritic cells were also signif-
icantly different to those of neutrophils (2.8-fold increase in NADH, 2.1-fold increase in
FAD). The autofluorescence signals among CD4+ T cells, CD8+ T cells and B cells did not
show any relevant differences. Interestingly, changes in NADH and FAD signals correlated
with each other in the different cell types, as shown in Figure 1C.

2.2. In Vitro Stimulation Increases NADH and FAD Signals in Flow Cytometry

In addition to the type of cell, we identified in vitro stimulation as another important
determinant of cell autofluorescence. As described in Figure 2A, we performed in vitro
stimulation of all six immune cell types and analysed their NADH and FAD signals with
flow cytometry. Histograms and dot plots of unstimulated and stimulated CD4+ T cells are
shown exemplarily and illustrate a significant shift in NADH and FAD autofluorescence
after stimulation. For instance, NADH increased six-fold in stimulated CD4+ T cells
compared to unstimulated CD4+ T cells (Figure 2B).
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Figure 2. In vitro stimulation affects immune cell autofluorescence in flow cytometry. (A) After
in vitro stimulation, immune cell autofluorescence was assessed by flow cytometry. (B) Boxplots
showing NADH autofluorescence of adaptive and innate immune cells before and after in vitro
stimulation. Statistical significance was analysed with a Mann–Whitney test for comparing two
independent groups. For three independent groups, a Kruskal–Wallis test with subsequent Dunn’s
multiple comparisons test was used (* p < 0.05, ** p < 0.01). At least three samples per group were
analysed. Each sample reflects either cells isolated from one mouse (unstimulated CD4+ T cells, CD8+
T cells, B cells, neutrophils) or cells cultured in one culture dish (stimulated CD4+ T cells, CD8+ T
cells, B cells, neutrophils; unstimulated and stimulated macrophages, dendritic cells).

Significant differences were also observed when comparing unstimulated and stimu-
lated CD8+ T cells (4.5-fold increase in NADH) and unstimulated and stimulated B cells
(3.7-fold increase in NADH). Polarized macrophages showed similar results: all three
polarization groups displayed significantly increased NADH signals compared to the un-
stimulated cells (2.9-fold increase in NADH). Interestingly, the type of polarization had no
major effect on autofluorescence signals. Dendritic cells and neutrophils were only weakly
affected by in vitro stimulation (Figure 2B). FAD values displayed similar results in all
cases (data not shown). In conclusion, we observed clear effects of in vitro stimulation on
autofluorescence signals of adaptive immune cells and macrophages.

2.3. NADH Autofluorescence Is Decreased in Dead Cells

To analyse the effect of cell death on immune cell autofluorescence, cells were stained
with the cell death marker Sytox Red. Figure 3A exemplarily illustrates the effect of
cell death on unstimulated CD4+ T cells: while NADH autofluorescence was shifted to
decreased values in the Sytox+ dead cell population compared to the Sytox- alive cells, FAD
signals remained constant. Heat maps in Figure 3B describe similar patterns for all the other
immune cell types and show that cell death only had an impact on NADH autofluorescence
signals, whereas FAD signals were not, or only slightly, affected. To illustrate this finding,
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we calculated the optical redox ratio as R = NADH/(NADH + FAD) and compared the
results for dead and alive cells. As expected, this ratio was significantly decreased in Sytox+
dead cells due to the drop in NADH autofluorescence (Figure 3C). The strongest differences
were observed within adaptive immune cell populations (three-fold decrease in ratio) and
dendritic cells (1.7-fold decrease in ratio); macrophages showed the smallest decrease in
the NADH autofluorescence of dead cells (1.3-fold decrease in ratio). Taken together, these
findings show a considerable impact of cell death on NADH autofluorescence, while FAD
signals were not significantly affected.
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Figure 3. NADH autofluorescence decrease upon cell death as shown by flow cytometry. (A) To iden-
tify dead cells, the samples were stained with Sytox Red after isolation. Autofluorescence signals were
measured using flow cytometry. (B) NADH and FAD signals of dead (Sytox+) and alive (Sytox−)
cells, illustrated in a heat map. (C) Redox ratios calculated as R = NADH/(NADH + FAD). For
statistical analysis, two-way ANOVA with Sidak’s multiple comparisons test was used
(**** p < 0.0001). At least four samples per group were analysed. Each sample reflects either cells
isolated from one mouse (CD4+ T cells, CD8+ T cells, B cells, neutrophils) or cells cultured in one
culture dish (macrophages, dendritic cells).

2.4. NADH and FAD Signals of Immune Cells Can Be Analysed with MPM

In the second part of our study, all immune cell subtypes were analysed with MPM
(Figure 4A). According to the filter setup described in Section 4, NADH and FAD predomi-
nantly contributed to the autofluorescence signals measured in this study. Nevertheless,
other autofluorescent molecules might also influence cell autofluorescence to a small extent.
Figure 4B depicts the NADH and FAD signals of all six immune cell subtypes as shown by
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MPM. NADH signals are illustrated in green, FAD signals are shown in red and signals
from the DODT channel are displayed in grey. The immune cell subtypes morphologically
differed in shape and size, but also revealed differences in the strength of NADH and
FAD signals. Innate immune cells showed stronger autofluorescence, whereas the signal in
adaptive immune cells was generally weak. Quantification of the data displayed similar
trends to what we observed with flow cytometry: innate immune cells had higher NADH
(1.6-fold increase) and FAD (1.7-fold increase) autofluorescence signals in comparison to
adaptive immune cells (Figure 4C). Furthermore, signal intensities of NADH correlated
with FAD signal intensities for all cell types (Figure 4D).
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Figure 4. NADH and FAD autofluorescence changes as measured in multiphoton microscopy.
(A) Schematic representation of MPM measurements after immune cell isolation from murine spleen
and bone marrow. (B) Exemplary images of different immune cell types, as measured in MPM.
NADH: green, FAD: red, DODT: grey (scalebar: 25 µm). (C) Median NADH and FAD signals
of different immune cells, normalized to NADH and FAD signals of alive, unstimulated CD4+ T
cells. For statistical analysis, a Kruskal–Wallis test with Dunn’s multiple comparisons test was used
(* p < 0.05). At least four samples per group were analysed. Each sample includes at least 30–500 cells
and reflects either cells isolated from one mouse (CD4+ T cells, CD8+ T cells, B cells, neutrophils)
or cells cultured in one culture dish (macrophages, dendritic cells). (D) Comparison of normalized
median NADH and FAD signals.

2.5. NADH and FAD Signals Increase upon In Vitro Stimulation as Measured by MPM

Additionally, we analysed the effect of in vitro stimulation on immune cells in MPM.
For this, autofluorescence signals of unstimulated and stimulated cells were compared, anal-
ogous to what we have described for flow cytometry measurements. The increase in NADH
and FAD signals was especially visible in CD4+ T cells and macrophages (Figure 5A). This
visual impression was confirmed by quantification in Figure 5B: we observed a significant
increase in NADH signals in stimulated adaptive immune cells compared to unstimulated
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adaptive immune cells (1.9-fold increase in NADH). Furthermore, macrophage polarization
induced a significant NADH increase (2.5-fold increase in NADH compared to unpolarized
macrophages). No relevant effects of in vitro stimulation were observed among dendritic
cells and neutrophils. FAD values showed similar results in all cases (data not shown).
Overall, these findings correlate with our results from flow cytometry measurements and
demonstrate the feasibility of assessing single cell autofluorescence with MPM.
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Figure 5. In vitro stimulation changes NADH and FAD autofluorescence signals, as measured
by multiphoton microscopy. (A) Example images of unstimulated and stimulated CD4+ T cells,
macrophages, and dendritic cells. NADH: green, FAD: red, DODT: grey (scalebar: 25 µm). (B) NADH
autofluorescence signals of adaptive and innate immune cells after in vitro stimulation. Statistical
significance was analysed with a Mann–Whitney test for comparing two independent groups. For
three independent groups, a Kruskal–Wallis test with subsequent Dunn’s multiple comparisons test
was used (* p < 0.05, ** p < 0.01). At least three samples per group were analysed. Each sample
includes at least 30–500 cells and reflects either cells isolated from one mouse (unstimulated CD4+ T
cells, CD8+ T cells, B cells, neutrophils) or cells cultured in one culture dish (stimulated CD4+ T cells,
CD8+ T cells, B cells, neutrophils; unstimulated and stimulated macrophages, dendritic cells).

2.6. Autofluorescence as a Tool to Distinguish Cell Types in a Mixed Cell Suspension

The final aim of this study was to detect relative amounts of two different immune cell
types in a mixed suspension by quantifying autofluorescence signatures by flow cytometry
and MPM. CD4+ T cells and neutrophils were chosen as the most suitable mixture, since
they differ regarding their NADH signals, while showing similar morphology and size. As
described in Section 4, NADH and APC values of single cells were measured for all four
conditions of cell mixes. APC-labelled α-CD3 was used as a marker to identify CD4+ T cells.
Results were visualized and quantified in dot plots for MPM and flow cytometry and dot
plots were divided into four quadrants defined by high and low NADH and APC values.
Exemplary dot plots are presented in Figure 6A,B. Furthermore, we calculated the percent-
age of cells found in each quadrant. In the samples that only contained CD4+ T cells, 94.88%
of cells in flow cytometry and 73.98% of cells in MPM displayed low NADH and high APC.
For neutrophils alone, most cells were defined by high NADH and low APC (78.7% flow
cytometry, 68.37% MPM). In the mixed samples, both conditions occurred according to the
mixing ratio in the sample. Interestingly, a cell population displaying low NADH and low
APC was found in the samples containing isolated neutrophils. These cells were confirmed
as B cells in flow cytometry (data not shown) and can hardly be avoided due to the isola-
tion protocol used for neutrophils. Taken together, this experiment showed that NADH

189



Int. J. Mol. Sci. 2022, 23, 2338

autofluorescence values may be used as a potential identification tool for different immune
cell subtypes, without the need for additional staining or morphological characterization.
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Figure 6. NADH autofluorescence signals may be used to differentiate between cell types in a mixed
sample in flow cytometry and multiphoton microscopy. (A,B) Cells were divided into four quadrants,
defined by high and low NADH and APC values. CD4+ T cells and neutrophils were analysed on
their own and in mixed samples and the percentages of cells found in each quadrant were represented
for both flow cytometry and MPM.
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3. Discussion

This study was designed to evaluate label-free, optical differentiation of immune
cell subtypes and functional states without relying on exogenous and artificial markers.
This work is relevant to many inflammatory diseases, such as IBD, since it could allow
semi-specific classification of immune cell groups based on native tissue samples. In the
context of IBD, MPM has already been used to describe the 3D morphology of the gut
mucosa in untreated tissue biopsies or during in vivo endomicroscopy. Thereby, it was
suggested that increased numbers of stromal cells in different colitis models represent
infiltrating immune cells [5]. Yet, a clear identification of single immune cell types and
functional states within this tissue remained difficult, even though this knowledge can be
valuable in the clinical diagnostics of IBD [3,13,14].

In unstimulated immune cells, we observed an increase in NADH and FAD signals
in innate immune cells compared to adaptive immune cells in flow cytometry and MPM.
Similar changes were previously described in macrophages and dendritic cells [15]. These
findings might be explained by the increased cell granularity in innate immune cells due
to high lysosome activity, which can contribute to cell autofluorescence [16–18]. Not sur-
prisingly, the activation of immune cells also changes NADH and FAD autofluorescence.
This might be the result of increased glycolysis and promotion of oxidative phosphoryla-
tion [19,20]. However, not all immune cells showed a change in autofluorescence upon
in vitro stimulation. For example, in neutrophils, LPS is not able to directly activate the
enzyme NAD(P)H oxidase and can therefore not induce extensive oxidation of NAD(P)H
to NAD(P)+ [21–23].

Overall, changes in NADH and FAD signals in both steady state and activated immune
cells might provide additional information about their behaviour in inflammatory diseases,
such as IBD. For example, the recognition of stimulated T cells based on increased NADH
and FAD signals may allow the differentiation of healthy and diseased colon tissue in
the future. Furthermore, monitoring macrophage activation using the strong increase in
NADH and FAD autofluorescence may help to identify early states of gut inflammation,
as the activation of macrophages is a crucial step in the initiation of IBD [24]. Similarly,
neutrophil infiltration in the gut could be tracked by high autofluorescence signals, as this
is an important indicator of acute gut inflammation.

In this study, we report for the first time that cell death induces a decrease in NADH
signals of different immune cell types, while hardly affecting FAD autofluorescence. One
important cause of cell death is oxidative stress, which promotes the oxidation of NADH
and FADH2 to NAD+ and FAD [25]. Since NAD+ is not autofluorescent at the investigated
wavelength [26], this explains the strong decrease in NADH signal during cell death. In the
context of IBD, immune cell apoptosis plays an essential role in therapeutic strategies. For
example, the mechanism of action in drugs, such as azathioprine and anti-TNF antibodies,
relies on cell death induction in T cells [27]. Therefore, identification of apoptotic im-
mune cells only based on the NADH/FAD autofluorescence ratio may be used to monitor
therapeutic success in IBD patients in the future.

On the other hand, anti-TNF antibodies, such as infliximab or adalimumab, are not
only regulators of T-cell apoptosis, but can also block macrophage activation in the gut
mucosa [28]. Therefore, NADH and FAD signals might decrease as an effect of the non-
activation of intestinal macrophages. Similar mechanisms can be discussed for other
biologicals currently used in the therapy of IBD. Vedolizumab, an α4β7-integrin-specific
antibody, inhibits the infiltration or so-called homing of T cells into the gut mucosa, while
pro-inflammatory T cell activation can be blocked by ustekinumab, an antibody against
IL12 and IL23 [28]. Both substances might lead to a measurable decrease in NADH and
FAD signals in the intrastromal cells, as therapy leads to a downregulation of activated T
cells. These examples illustrate the potential value of label-free diagnostics to easily assess
current therapy strategies in IBD patients.

Despite this potential, certain limitations of this study must be considered. Although
MPM and flow cytometry allow the evaluation of immune cell autofluorescence, flow
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cytometry usually achieves clearer results. A possible reason for this fact is that flow
cytometry was designed for measurements at high throughput, while MPM is usually used
as an imaging technology without direct quantification. The number of cells was therefore
limited in MPM investigation. Furthermore, we observed that activation and cell type can
lead to equivalent changes in autofluorescence. Therefore, autofluorescence signals on
their own might not be enough to describe in detail immune cell types and function. A
combination of different components in label-free diagnostics, including size, morphology,
and granularity of cells should be established in the future.

In conclusion, our findings reveal that cell type, state and function have measurable
effects on NADH and FAD autofluorescence signals of isolated murine immune cells
in vitro. Such a semi-specific categorization of immune cells could allow the identification
of immune cells infiltrating the lamina propria of healthy and inflamed colon tissue in
the future. To make autofluorescence, as a clinical parameter, accessible to patients with
IBD, application of this research to human samples, including the blood and tissue of IBD
patients, is essential. As a long-term goal, the results of this research might lead to the
development of automated artificial intelligence systems, able to recognize immune cell
type and function based on autofluorescence signals in the diagnostics of IBD patients,
paving the way to promising clinical applications.

4. Materials and Methods
4.1. Adaptive Immune Cell Isolation and Stimulation

This study was prepared and conducted within a period of 14 months between October
2020 and December 2021.

All immune cell subtypes were obtained from the spleen (CD4+/CD8+ T cells, B cells)
or bone marrow (macrophages, dendritic cells, neutrophils) of wildtype C57BL/6 mice. To
purify CD4+ and CD8+ T cells, as well as B cells, negative selection of the three different cell
types was performed according to the respective isolation kits (Miltenyi Biotec, Bergisch
Gladbach, Germany). Purity reached values of >95%. For stimulation, CD4+ and CD8+ T
cells were seeded in pre-coated 24-well-plates (α-CD3/α-CD28, 10 µg/mL) and incubated
for 5 days. B cells were stimulated with IL4 (10 ng/mL), LPS (5 µg/mL) and α-IgM
(10 µg/mL) in 24-well-plates for 3 days.

4.2. Maturation and Stimulation of Bone Marrow Derived Cells

Macrophages and dendritic cells were both generated from murine bone marrow
progenitor cells, as partly described elsewhere [29–32]. In short, the femur and tibia were
flushed, and cells were resuspended in DMEM/F12 (Anprotec, Bruckberg, Germany)
supplemented with 10% FCS (PAN-Biotech, Aidenbach, Germany) and 1% P/S (Sigma-
Aldrich, St. Louis, USA). To obtain macrophages, cells were then plated in 6-well-plates
and stimulated with M-CSF (20 ng/mL) for 7 days. On day 3, 1 mL of supplemented
DMEM/F12 containing M-CSF was added to the cells. On day 7, macrophage polarization
was performed: cells were resuspended in 2 mL of DMEM (Gibco, Waltham, MA, USA)
supplemented with 10% FCS and 1% P/S and stimulated with either LPS (100 ng/mL)
and IFN-γ (50 ng/mL) to obtain M1 macrophages or with IL-4 (20 ng/mL) to obtain
M2 macrophages. To generate dendritic cells, bone marrow progenitors were seeded in
6-well-plates and stimulated with IL4 (10 ng/mL) and GM-CSF (15 ng/mL). On day 3,
cells were washed and resuspended in 2 mL of supplemented DMEM/F12 containing
IL4 and GM-CSF. On day 5, 2 mL of complete DMEM/F12 supplemented with IL4 and
GM-CSF were added to the cells. For stimulation, dendritic cells were removed from the
plate on day 7 and re-plated for 24 h in a 24-well-plate. LPS (100 ng/mL) was used as a
stimulation factor.

4.3. Neutrophil Isolation and Stimulation

Neutrophils were isolated from murine bone marrow cells with a density gradient, as
described previously [33]. Bones were flushed and cells were resuspended in 2 mL of PBS
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(Sigma-Aldrich, St. Louis, MO, USA). Three layers of Percoll (Cytiva, Uppsala, Sweden)
in different concentrations (78%, 66%, 54%) were prepared and bone marrow cells were
carefully layered on top. After centrifugation (1545× g, 30 min, 20 ◦C, no deceleration),
the neutrophil layer was collected. Cell purity was >60%. Neutrophil stimulation was
performed using LPS (100 ng/mL) in a 24-well-plate for 3 h.

4.4. Flow Cytometry

Experiments were performed using a BD LSRFortessa flow cytometer (BD Biosciences,
Franklin Lakes, USA) within 4 hours after isolation or collection of the cells. Autofluores-
cence of all samples was excited with a 355 nm UV-laser source and signals were detected
with bandpass filters for NADH (BP 450/50) and FAD (BP 560/40). Additionally, samples
were stained with the cell death marker Sytox Red. The cell mixes analysed in Figure 6
were stained with APC-labelled α-CD3. These two markers were chosen specifically as
they do not interfere with the emission spectra of NADH and FAD and were excited by a
second laser source (633 nm). The emitted signal was collected with a 670/14 bandpass
filter. Data were analysed with the FlowJo software (BD Life Sciences, Franklin Lakes,
USA). An example of the gating strategy can be found in Supplementary Figure S1. For
reasons of simplicity and comparability, a mean value of the NADH and FAD signals was
acquired for all samples and normalized to the mean value of alive, unstimulated CD4+
T-cells. These normalized signals are further referred to as NADH and FAD, respectively.

4.5. Multiphoton Microscopy

All samples were measured with an upright multiphoton microscope (TriMScope II,
LaVision BioTec, Bielefeld, Germany) within 6–8 hrs after isolation or collection of the cells.
A 50 µL droplet of cell suspension was placed on a glass slide and cells were allowed to
settle for 5 min before covering the slide with a cover slip. Using a 25× water-immersion
objective (HC Fluortar 178 L 25×/0.95 W VISIR, Leica microsystems, Wetzlar, Germany),
the focal plane was adjusted and autofluorescence was excited with a mode-locked fs-
pulsed Ti:Sa laser (Chameleon Vision II, Coherent, Santa Clara, USA) at 810 nm. Two
bandpass filters (BP 450/70 and BP 560/40) were used to detect autofluorescence. These
two bandpass filters were chosen to collect mainly the emitted light from NADH (BP
450/70) and FAD (BP 560/40). Still, other endogenous fluorophores might also contribute
to cell autofluorescence to a small extent. Additionally, the DODT transmission signal,
which uses scattering of the excitation laser to visualize 3D morphology of cells, was
collected. In every sample, three representative positions were chosen and a 2D image was
acquired. With this method, at least 30–500 cells/sample were measured.

To analyse the mixed cell suspensions shown in Figure 6, the corresponding samples
were stained with APC-labelled α-CD3. A third bandpass filter (BP 675/67) was required
to detect the emission of this marker. As the multiphoton microscope does not include
a second laser source, the excitation wavelength was tuned to 1040 nm to evaluate the
α-CD3 staining. A second image was then acquired at the same position at an excitation
wavelength of 810 nm to excite natural autofluorescence as described above. Between
these recordings, the focal plane was adjusted again to compensate for the different focal
lengths at each wavelength. Both images were then combined for evaluation. This method
is displayed in Supplementary Figure S2.

Image analysis was performed with the open-source software Fiji (v1.52s, Wayne
Rasband, National Institutes of Health, Bethesda, USA). For semi-automatic evaluation, a
macro was implemented. In a first step, the image was thresholded in the NADH channel
by the Otsu method and a binary mask was created upon manual confirmation by the
user. Background noise was subtracted, and the regions of interest (ROIs) were determined
based on the mask. Finally, intensity parameters of all channels (mean and median grey
value and integrated density), as well as area of the cells, were measured. A mean value of
the median grey value for all cells in one sample (including the three different positions)
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was normalized to the mean value of alive, unstimulated CD4+ T-cells, further described
as NADH and FAD.

4.6. Preparation and Analysis of Mixed Cell Samples

To analyse the mixed cell samples shown in Figure 6, four different conditions of cell
samples were prepared: CD4+ T cells alone, neutrophils alone, cell mixes of 50% CD4+
T cells + 50% neutrophils and cell mixes of 80% CD4+ T cells + 20% neutrophils. The
lymphocyte marker α-CD3 (APC) was used as a reference to identify CD4+ T cells. APC
and NADH signals of single cells were plotted as dot plots for flow cytometry and MPM.
These dot plots were divided into four quadrants by defining groups of high and low
NADH and APC values. In flow cytometry, these values were chosen by visual inspection
of different populations in the FlowJo software; in MPM, a cut-off value of 67 for APC raw
median grey values and a cut-off value of 778 for NADH raw median grey values were
identified as best thresholds by ROC curves and Youden-Index.

4.7. Statistical Analysis

GraphPad Prism 8 (GraphPad software, San Diego, CA, USA) was used for statistical
analysis. Normality was tested with Shapiro–Wilk test. As some groups of samples were
not normally distributed, statistical tests for non-parametric distributions were used. Two
independent groups were compared with a Mann–Whitney test, and for three or more
independent groups a Kruskal–Wallis test with subsequent Dunn’s multiple comparisons
test was performed. Boxplots represent median values, interquartile ranges, and the
minimum and maximum values. Statistical significance is shown as follows: * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.
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