1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Gastroenterology. Author manuscript; available in PMC 2024 January 01.

Published in final edited form as:
Gastroenterology. 2023 January ; 164(1): 89-102. doi:10.1053/j.gastro.2022.09.006.

Th17 cell-derived amphiregulin promotes colitis-associated
intestinal fibrosis through activation of mTOR and MEK in
intestinal myofibroblasts

Xiaojing Zhaol2*, Wenjing Yang!:3"*, Tianming Yul:3, Yu Yul, Xiufang Cui2, Zheng Zhoul,
Hui Yang?, Yanbo Yul, Anthony J Bilottal, Suxia Yao?l, Jimin Xu4, Jia Zhou?, Gregory S
Yochum®6, Walter A Koltun®, Austin Portolese®, Defu Zeng’, Jingwu Xie®, Iryna V Pinchuk®,
Hongjie Zhang?, Yingzi Cong!3:

1Department of Microbiology and Immunology, University of Texas Medical Branch, Galveston,
TX;

2Department of Gastroenterology, First Affiliated Hospital of Nanjing Medical University, Nanjing,
China;

3Sealy Center for Microbiome Research, University of Texas Medical Branch, Galveston, TX;

4Chemical Biology Program, Department of Pharmacology and Toxicology, University of Texas
Medical Branch, Galveston, TX;

SDepartment of Biochemistry and Molecular Biology, Pennsylvania State Milton S. Hershey
Medical Center, Hershey, PA;

5Department of Surgery, Pennsylvania State Milton S. Hershey Medical Center, Hershey, PA;

"Diabetes and Metabolism Research Institute, The Beckman Research Institute of City of Hope,
Duarte, CA,;

8Department of Pediatrics, Herman B Wells Center for Pediatric Research, Indiana University,
Indianapolis, IN;

9Division of Gastroenterology, Department of Medicine, Pennsylvania State Milton S. Hershey
Medical Center, Hershey, PA.

TCorrespondence: Yingzi Cong, Ph.D., Department of Microbiology and Immunology, University of Texas Medical Branch, 4.142C
Medical Research Building, 301 University Blvd, Galveston, TX 77555-1019. Phone: (409) 772-4902. Fax: (409) 772-5065.
yicong@utmb.edu.

These authors contributed equally to this work
Author Contributions: Conceptualization: X.Z., W.Y., and Y.C.; Methodology: X.Z., W.Y., L.V.P,, and Y.C.; Investigation: X.Z., W.Y.,
TY,VY.Y, X.C,ZZ,HY,VY.Y,ATB,,S.Y, and Y.C.; Resources: J.X., J.Z.,, G.S.Y.,, WA K, D.Z, J.X.,, AP, LV.P, HZ. and Y.C,;
Writing — original draft preparation: X.Z., W.Y., and Y.C.; Writing — review and editing: X.Z., W.Y., .V.P,, H.Z., and Y.C. with input
from all other authors; Supervision: Y.C.; Funding acquisition: Y.C.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.
Disclosures: No authors have conflicting financial, professional, or personal interests.

Microarray data: Microarray data in this study is available in ArrayExpress database at the European Molecular Biology Laboratory-
European Bioinformatics Institute under the accession number E-MTAB-10398.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhao et al. Page 2

Abstract

BACKGROUND & AIMS: Intestinal fibrosis is a significant complication of Crohn’s disease
(CD). Gut microbiota reactive Th17 cells are crucial in the pathogenesis of CD; however, how
Th17 cells induce intestinal fibrosis is still not completely understood.

METHODS: In this study, T cell transfer model with wild-type (WT) and Areg™/~ Th17 cells and
dextran sulfate sodium (DSS)-induced chronic colitis model in WT and Areg™~ mice were used.
CD4* T cell expression of Areg was determined by gRT-PCR and ELISA. The effect of Areg

on proliferation/migration/collagen expression in human intestinal myofibroblasts was determined.
Areg expression was assessed in healthy controls and CD patients with or without intestinal
fibrosis.

RESULTS: Although Thl and Th17 cells induced intestinal inflammation at similar levels when
transferred into 7crB8x6~'~ mice, Th17 cells induced more severe intestinal fibrosis. Th17 cells
expressed higher levels of Areg than Thi cells. Areg™~ mice developed less severe intestinal
fibrosis compared with WT mice upon DSS insults. Transfer of Areg/~ Th17 cells induced less
severe fibrosis in 7crBx&'~ mice compared with WT Thi7 cells. IL-6 and 1L-21 promoted Areg
expression in Th17 cells by activating Stat3. Stat3 inhibitor suppressed Th17-induced intestinal
fibrosis. Areg promoted human intestinal myofibroblast proliferation, maotility, and collagen |
expression, which was mediated by activating mTOR and MEK. Areg expression was increased in
intestinal CD4* T cells in fibrotic sites compared with non-fibrotic sites from CD patients.

CONCLUSIONS: These findings reveal that Th17-derived Areg promotes intestinal fibrotic
responses in experimental colitis and human CD patients. Thereby, Areg might serve as a potential
therapeutic target for fibrosis in CD.
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Lay Summary

Th17 cells induce more severe intestinal fibrosis through the production of Areg, which promotes
human intestinal myofibroblast proliferation and migration.
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Introduction

Crohn’s disease (CD) is a chronic intestinal inflammatory disease[1], and intestinal fibrosis
is a significant complication of CD[2, 3]. Increased numbers of intestinal myofibroblasts
(MFs) that are classically believed to have a mesenchymal origin and excessive amount

of the extracellular matrix (ECM) proteins are hallmarks of intestinal fibrosis[4]. There
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are currently no effective drugs with anti-fibrotic mechanisms in treating CD patients with
fibrosis. Endoscopic or surgical intervention remains the only long-term effective treatment
option for CD patients with fibrosis.

Accumulating evidence supports the role of inflammation in the induction of intestinal
fibrosis in CD[5-7]. Inflammation is currently believed to be pivotal in the initiation and
development of intestinal fibrosis by activating MFs and ECM production. An intestinal
injury usually follows acute inflammation of the intestines. Thereafter, healing of the
damaged tissue and recovery of intestinal structure and function occur under normal
physiological conditions. Conversely, chronic inflammation in the intestine is characterized
by recurrent damage and repair events, which lead to the initiation and progression

of intestinal fibrosis. It has been shown that MFs play crucial roles in tissue fibrosis,
particularly for CD patients[8]. Immune responses, including innate and adaptive immune
responses, which play a pivotal role in chronic intestinal inflammation, participate in
transferring the normal healing process toward fibrogenesis. Innate and adaptive immune
responses are involved in the activation of ECM-producing MFs and subsequently lead to
the initiation and progression of intestinal fibrosis[9]. Gut microbiota antigen-specific T
cells, especially Thl and Th17 cells, have been implicated in the pathogenesis of CD[10-
12]. An overlap between inflammation and fibrosis was observed in resection specimens of
CD patients with fibrosis[2, 13]. In addition to the induction of intestinal inflammation,

T cells have been implicated in the early stages of fibrosis. Mechanisms other than
inflammation have also been reported in the regulation of intestinal fibrosis. It is often
observed that intestinal fibrosis develops despite the removal of an inflammatory stimulus
and elimination of inflammation, including through the use of anti-TNF therapy[14].
However, how T cells, especially Th17 cells, induce intestinal fibrosis remains unclear.

In this report, we investigated the cellular and molecular mechanisms that regulate Th17
cell induction of intestinal fibrosis. We found that although Th1 and Th17 cells induced
intestinal inflammation at similar levels, Th17 cells induced more severe fibrosis when
transferred into 7crB8x6~~ mice. Thi17 cells produced higher levels of amphiregulin (Areg)
which is crucial in the induction of intestinal fibrosis. Importantly, Areg expression was
increased in CD patients with fibrosis compared with that in healthy controls and CD
patients without fibrosis.

Methods and materials

Mice

Specific pathogen-free C57BL/6 WT mice and 7crBx 57/~ mice were purchased from the
Jackson Laboratory and maintained in the animal facilities of the University of Texas
Medical Branch (UTMB). CBirl TCR transgenic (Tg) mice were bred in the animal
facilities of UTMB. Areg™/~ mice were provided by Dr. Jingwu Xie from Indiana University
School of Medicine, which are originally on the B6.129 background and have been
backcrossed with C57BL/6 for ten generations. Stat3/~ mice were provided by Dr. Defu
Zeng from The Beckman Research Institute of City of Hope. Both male and female mice
were used. All experiments were reviewed and approved by the Institutional Animal Care
and Use Committees of UTMB.
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Human tissue and cells

CD patients with or without fibrosis were recruited at the Gastroenterology Department

of the First Affiliated Hospital of Nanjing Medical University. CD was diagnosed based

on clinical, endoscopic, and histologic criteria. Mucosal biopsies from CD patients with
intestinal fibrosis were obtained from stenotic regions and adjacent non-stenotic regions

of the ileum. The presence of intestinal stenosis was confirmed by a radiologist and

an endoscopist. The area of stenosis was identified by the pathologist by macroscopic
evaluation and was confirmed by histology. Intestinal biopsies and peripheral blood were
collected from CD patients with fibrosis, CD patients without fibrosis, and healthy controls.
The basic information for CD patients and healthy controls is illustrated in Supplementary
Table 1.

Intestinal lamina propria cells and MFs were isolated from full thickness tissue specimens
from CD patients obtained from the Department of Surgery at Penn State Health Medical
Center The purity of isolated CD90*™ MFs (98-99%) was confirmed by flow cytometry.
Studies were performed with primary MF isolates in passages 3-9[15]. MFs were cultured
at 37°C in 5% CO2 atmosphere in complete MEM media with 10% FBS (Sigma-Aldrich).
Tissues were from the PennState Inflammatory Bowel and Colorectal Diseases Biobank and
procured in compliance with the protocol approved by the College of Medicine at Penn State
Health Medical Center Institutional Review Board (#HY98-057EP-A).

Statistical analysis

Results

Graphpad Prism 9.0 (GraphPad software, USA) was used for statistical analysis. Data are
shown as the mean + standard error of the mean (SEM). Paired/unpaired student’s #test or
one-way analysis of variance (ANOVA) were used for the analysis of differences between
two groups or more than two groups. Mann—Whitney U test was used for the analysis of
pathological scores. Pvalue less than 0.05 was considered statistically significant.

1. Th17 cells induce more severe intestinal fibrosis in Tcrgx&/~ mice

Gut microbiota-specific Thl and Th17 cells have been implicated in the pathogenesis of
inflammatory bowel diseases. To investigate the roles of Th1 and Th17 cells in the induction
of intestinal fibrosis, we used a gut microbiota antigen-specific T cell transfer colitis model.
We cultured CD4*T cells isolated from CBirl TCR transgenic (CBirl Tg) mice, which

are specific for an immunodominant microbiota antigen CBirl flagellin[16], under Th1 and
Th17-polarization conditions and transferred them into 7cr8x6~/~ mice. The mice were
sacrificed 6 weeks after cell transfer, and disease severity was measured by histopathology.
TerBx6~'~ mice transferred with Th17 cells developed colitis at levels similar to that in the
mice that received Th1 cells, as evidenced by histopathology and pathological scores (Figure
1A). Meanwhile, we determined cytokine production using ELISA in the supernatants

of colonic organ cultures and found that there were no differences in TNF-a and IL-6
production between the mice reconstituted with Thl and Th17 cells (Figures 1B-C).
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The increase of collagen deposition, the most abundant fibrous protein in the ECM, is

one of the characteristics of intestinal fibrosis. To determine whether Th1 and Th17 cells
induce intestinal fibrosis differentially, we measured the collagen levels in the intestine by
Sirius Red staining which bind to all type of collagen. We found that Th17 cells induced
more collagen deposition than Thi cells in 7crB8x6~~ mice (Figure 1D). Because increase
deposition of several collagens, including type I and VI collagen was associated with
fibrosis in CD[17], we analyzed expression of genes involved in these collagen synthesis.
We observed that, both mRNA and protein levels of collagen type | were increased in the
colon of mice receiving Th17 cells (Figures 1E and H). We also found that collagen type
VI, col6al, and col6a3, showed an increased tendency in 7crBx57~ recipients of Th17 cells
(Figures 1F and G). Furthermore, aSMA, a marker for activated MFs and smooth muscle
cells involved in fibrosis[18], was increased in the mucosal lamina propria and its adjacent
smooth muscle layer in the colon of 7cr8x5~~ mice reconstituted with Th17 cells compared
with mice reconstituted with Th1 cells (Figure 11), suggesting that Th17 cells induce MFs
activation. However, there were no differences in //-36a, 1/136g, and //1r/2 expression in

the colon (Supplementary figures 1A-C), which has been reported to be involved in the
intestinal fibrosis[19]. Overall, these data indicated although gut microbiota-specific Thl
and Th17 cells induce similar levels of intestinal inflammation, Th17 cells induce more
severe intestinal fibrosis than Th1 cells.

To confirm the difference in intestinal fibrosis induced by Th1 and Th17 cells, we also
used WT Th1 and Th17 cells to induce colitis in 7cr8x6~~ mice. Similar to CBirl-specific
Th17 cells, polyclonal Th17 cells induced an increase in both collagen deposition and
a-SMA expression, and showed more severe intestinal fibrosis than polyclonal Thl cells
(Supplementary figures 2A-C).

2. Th17 cells produce high levels of Areg

To explore the genes that drive Th17 cell induction of more severe intestinal fibrosis, we
analyzed gene expressions in Th1l and Th17 cells using a microarray. CD4*T cells were
cultured under neutral (Th0), Thl, and Th17-polarization conditions for microarray analysis.
Many genes were differentially expressed between Thl and Th17 cells, including their
signature cytokines and transcription factors, i.e., //17aand Rorcin Th17 cells and /fng

and 7bx21in Thl cells (Figures 2A and B). In addition to pro-inflammatory cytokines and
transcription factors, Areg, a member of the epidermal growth factor (EGF) family and has
been found to induce airway fibrosis[20], was 2.35 times higher in Th17 cells than Thl

cells (Figure 2B) and 2.06 times higher in Th17 cells than ThO cells (Supplementary figure
3A). There was no difference in Areg expression between ThO and Th1 cells (Supplementary
figure 3B).

Areg expression has been detected in various cells, including epithelial cells, T cells,
dendritic cells, MFs, and keratinocytes[20-24]. It has been shown that Areg is highly
expressed in Th2 cells and absent in Th1 cells[23], which could contribute to Th2 cell
induction of airway fibrosis[20]. However, Areg expression in Th17 cells is still unclear We
next sought to verify Areg expression in Th17 cells. CBirl CD4™T cells were cultured under
ThO, Thl, Th2, and Th17 conditions, and Areg expression was determined by gRT-PCR and
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ELISA. Consistent with a previous report[23], Th2 cells highly expressed Areg, whereas
Th1 and ThO cells expressed low levels of Areg at both mMRNA and protein levels (Figures
2C and D). Interestingly, Th17 cells highly expressed Areg at both mRNA and protein
levels (Figures 2C and D). We also measured Areg expression in the intestines of colitic
TerBxs™~ mice received Thl and Th17 cells and found that Areg expression was higher in
Th17-recipient mice than in Thl-recipient mice (Figure 2E).

As Th17 cells produce high levels of Areg, we then investigated whether CD4*T cells

can also respond to Areg to regulate Th17 cell differentiation. The expression of EGFR
was detectable on different subsets of CD4*T cells (Supplementary figure 4A). Notably,
Th1, Th2, and Th17 cells expressed higher levels of EGFR than ThO cells. Areg induced
phosphorylation of EGFR in T cells (Supplementary figure 4B). Next, we cultured WT
and Areg/~ CD4*T cells under Th17 conditions. There was no difference in IL-17* cells
between WT and Areg/~ CD4*T cells (Supplementary figure 4C). Furthermore, Areg
treatment did not affect T cell differentiation and proliferation (Supplementary figures 4D—
E). These data indicated that Areg does not affect T cell differentiation and proliferation.

3. Areg™~ Thi7 cells induce less severe intestinal fibrosis

To investigate the role of Areg in intestinal fibrosis, we induced intestinal fibrosis in WT and
Areg™~ mice using a chronic DSS-induced colitis model. We treated WT and Areg™~ mice
with DSS in the drinking water for 7 days, followed by an additional 7 days with drinking
water alone, and repeated 2 times for a total of 3 cycles of DSS treatment. When mice

were sacrificed, we found that Areg™~ mice developed more severe colitis compared with
WT mice (Figure 3A). However, intestinal fibrosis was less severe in Areg™~ mice, in that
although the collagen genes expressions, including Co/lal, Col6al, and Col6a3 (Figures
3B-D), were not significantly changed, collagen layer thickness (Figure 3E) and collagen |
thickness (Figure 3F) were decreased in the colon of Areg™~ mice, indicating that deficiency
of Areg suppressed collagen deposition in the colon. In addition, a SMA was decreased in
Areg~’~ mice. These data suggest that Areg promotes intestinal fibrosis.

We then determined the role of Areg in Th17 cell induction of intestinal fibrosis. We
transferred WT and Areg™~ Th17 cells into 7crBx6~~ mice. The mice were sacrificed 4
weeks after cell transfer, and disease severity and the levels of fibrosis were determined.
The recipient mice that received Areg’~ Th17 cells showed more severe colitis than those
receiving WT Th17 cells (Figure 3H). Interestingly, Areg'~ Th17 cells induced less severe
fibrosis in 7crBx6~~ mice than WT Th17 cells, as evidenced by decreased collagen |
deposition and aSMA thickness in the colon (Figures 31-J). These data indicate that Areg
mediates Th17 cell induction of intestinal fibrosis in an inflammation-independent manner.

4. IL-6 and IL-21 promote Areg expression through activation of Stat3 in Th17 cells.

We then investigated the mechanisms driving the Th17 cell expression of Areg. RORyt has
been identified as the major transcription factor driving Th17 cell differentiation[25]. To
determine whether high levels of Areg expression require the development of Th17 cells,
we cultured CD4*T cells under Th17 conditions in the presence or absence of the RORyt
inhibitor, GSK805. As expected, the addition of the RORyt inhibitor suppressed Th17 cell
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differentiation (Supplementary figure 5). Interestingly, the RORyt inhibitor inhibited Areg
expression (Figure 4A), verifying that Th17 polarization promotes Areg expression in T
cells.

IL-6, IL-23, and IL-1p are the critical cytokines for Th17 development in addition to TGFp.
To determine whether these cytokines regulate T cell production of Areg, we cultured
CD4*T cells in the presence or absence of the IL-6, IL-23, or IL-1p for 5 days. IL-6, but

not IL-23 or IL-1B, induced Areg expression (Figure 4B). In addition, neither IL-23 nor
IL-1p facilitated IL-6 induction of Areg expression in T cells (Figure 4C). Furthermore, IL-6
induced T cell Areg expression in a time and dose-dependent manner (Figures 4D and E).

To explore whether Th17 signature cytokines, IL-17 and IL-21, mediate the production of
Areg in T cells, we cultured CD4*T cells with or without IL-17 and 1L-21. Treatment with
IL-21, but not IL-17, upregulated Areg expression (Figure 4F).

We then investigated the underlying mechanisms by which IL-6 and 1L-21 induce Th17 cell
expression of Areg. It has been shown both IL-6 and IL-21 activate Stat3, which is necessary
for IL-6 induction of Th17 cells and I1L-21 amplification of Th17 differentiation[26]. To
determine whether IL-6 and IL-21 induce Areg production in Th17 cells through activation
of Stat3, we cultured CD4*T cells with IL-6 or/and IL-21. IL-6 and IL-21 treatment
activated Stat3 (Figure 4G). Furthermore, 1L-6 or IL-21 did not induce Areg expression

in Stat3~/~ T cells (Figures 4H-1). Together, these data indicated that Stat3 is critical for IL-6
and IL-21 induction of Areg in Th17 cells.

5. Blockade of Stat3 pathway suppresses intestinal fibrosis.

Given that Stat3 is critical in regulating Th17 expression of Areg, we then investigate
whether Stat3 mediates Th17 induction of intestinal fibrosis. To this end, we transferred
Th17 cells into TcrBxS'~ mice and treated the mice with or without HIC0152[27], a

Stat3 inhibitor, every other day. When mice were sacrificed 4 weeks after cell transfer, we
found that treatment with Stat3 inhibitor suppressed intestinal inflammation (Figure 5A) and
inhibited intestinal TNFa but not IL-6 production (Figures 5B—C). In addition, treatment
with Stat3 inhibitor suppressed intestinal fibrosis, as evidenced by a thinner collagen layer
(Figure 5D), decreased expression of Colaland Col6al (Figures 5SE-F), and decreased
expression of Collagen | and aSMA in the colon (Figures 5G-H), indicating a role of Stat3
in Th17 induction of intestinal fibrosis.

6. Areg promotes human intestinal myofibroblast proliferation and motility through
activation of mTOR

Intestinal MF proliferation and migration are two critical events in the development

of intestinal fibrosis. To determine whether Areg affects fibroproliferative responses in
intestinal fibrosis, we investigated the direct effects of Areg on intestinal MFs. Human
intestinal MFs were treated with Areg and stained with Ki67, a marker specifically detecting
cycling cells. The percentage of Ki67* MFs in the Areg treatment group was higher than that
in the control group (Figure 6A), indicating that Areg treatment promotes the proliferation
of human intestinal MFs. We then investigated whether Areg affects human intestinal MF
motility using a scratch wound-healing assay. The residual wound gap was measured after

Gastroenterology. Author manuscript; available in PMC 2024 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhao et al.

Page 8

human intestinal MF monolayers were scratch wounded. Areg treatment enhanced the
rate and extent of wound gap reduction relative to untreated control cells (Figure 6B,
Supplementary videos 1 and 2), indicating that Areg enhances intestinal MF motility. We
also found that Areg treatment increased Co/lal expression in MFs (Figure 6C).

Several signaling pathways have been shown to regulate cell proliferation and migration,
including Stat3, mTOR, and MEK. We first asked whether Areg promotes activation of
Stat3, mTOR, and MEK in intestinal MFs. Areg treatment enhanced activation of MEK and
MTOR, but not Stat3 (Figure 6D and Supplementary figure 6A). To determine whether these
pathways mediate Areg induction of intestinal MF proliferation, migration, and collagen, we
added mTOR inhibitor (Rapamycin) or MEK inhibitor (U0126) in the intestinal MF culture
with or without Areg. The addition of either mTOR inhibitor or MEK inhibitor suppressed
Areg induction of proliferation (Figure 6E). In contrast, only mTOR inhibitor decreased the
intestinal MF migration (Figure 6F and Supplementary videos 3-6) and Co/Zal expression
(Figure 6C) induced by Areg. To determine whether the EGF pathway serves as a potential
downstream signaling mediator, we measured EGFR phosphorylation in MFs treated with
or without Areg. Areg promoted EGFR phosphorylation in MFs (Supplementary figure

6B). These data suggest that activation of mTOR and MEK differentially mediates Areg
induction of human intestinal MF proliferation, migration, and collagen expression.

7. Areg expression is increased in CD patients with fibrosis

To determine whether Areg expression plays a role in intestinal fibrosis in human CD
patients with intestinal fibrosis, we first collected intestinal tissues from healthy controls
and CD patients with or without intestinal fibrosis, where the inflammation levels were
similar (Figure 7A) and measured the Areg expression in intestinal tissues. Areg expression
in intestinal biopsies of CD patients with fibrosis was higher than that in healthy controls
and CD patients without intestinal fibrosis (Figure 7B), indicating that higher levels of Areg
are associated with fibrosis in CD patients. We also determined the expression of Areg in
non-fibrotic and fibrotic sites from the same patients. We found that Areg expression was
higher in fibrotic sites than in non-fibrotic sites (Figure 7C).

Next, we compared Areg expression in the intestine of healthy controls and CD patients
with intestinal fibrosis using immunofluorescence staining, and found that Areg*CD4*T
cells were increased in intestinal tissues from CD patients with intestinal fibrosis compared
with those in healthy controls (Supplementary figure 7A). Then, we assessed the Areg
expression in intestinal lamina propria cells in non-fibrotic and fibrotic sites from the same
CD patients. CD4* T cells showed increased expression of Areg in fibrotic sites compared
with non-fibraotic sites (Figure 7D), while there was no difference in Areg expression in
other cell types, including CD8* T cells and B cells (Supplementary figure 7B). In addition,
we found that both Th1l and Th17 cells were increased in fibrotic sites, while there was no
difference in Th2 cells and Treg cells (Supplementary figure 7C).

To compare the Areg expression between human Th1l cells and Th17 cells, we isolated
peripheral blood CD4+ T cells from healthy controls and CD patients with fibrosis and then
cultured them under Th1l and Th17 conditions. We found that Th17 cells expressed a higher
level of Areg than Th1 cells either from healthy controls or CD patients with fibrosis (Figure
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7E). In addition, Areg expression was much higher in Th17 cells from CD patients with
fibrosis than from healthy controls (Figure 7E).

Discussion

Both Thl and Th17 cells have been implicated in the pathogenesis of fibrosis during
intestinal inflammation[6, 28], which is mainly attributed to their proinflammatory cytokine
production. In this report, we demonstrated that Th17 cells induced more severe intestinal
fibrosis than Thl cells, which was mediated by Th17 cell production of Areg. Areg
expression was higher in CD4*T cells in CD patients with fibrosis, which promoted
intestinal MF proliferation and motility.

Both Thl and Th17 cells are crucial in the pathogenesis of IBD[12, 29]. Despite the progress
made regarding T cells in intestinal inflammation, how they induce intestinal fibrosis is

still poorly defined. One major argument on the role of T cells in driving intestinal fibrosis
in CD is that Th1l and Th17 cells induce severe intestinal inflammation, which causes
fibrosis[30]. However, we found that although gut microbiota-specific Thl and Th17 cells
induced similar levels of intestinal inflammation in our setting, Th17 cells induced more
severe fibrosis than Th1 cells, indicating that although inflammation plays a critical role

in driving fibrosis, other factors in addition to pro-inflammatory cytokines also contribute
to the development of fibrosis in Th17 cell induction of fibrosis. IL-17 has been reported

to be increased in the intestinal fibrosis in CD patients[31]. In this study, we found that
Th17 cells expressed higher levels of Areg than Thi cells. Interestingly, Areg/~ Th17 cells
induced less severe fibrosis than WT Th17 cells, indicating that Th17 expression of Areg
contributes to the development of intestinal fibrosis. However, Areg™~ Th17 cells produced
similar levels of IL-17 compared with WT Th17 cells, indicating that Areg and IL-17 might
contribute to intestinal fibrosis independently.

Areg is a member of the EGF family, and its receptor is EGFR[22, 24]. A variety

of cells, including epithelial cells, leukocytes, dendritic cells, MFs, and keratinocytes,
express Areg[20-24], which is critical in protection against intestinal inflammation[32].
ILC2-derived Areg protects against intestinal inflammation in a Dextran sulfate sodium
(DSS) model[33]. Neutrophil-derived Areg is important in the maintenance of IEC barrier
function and homeostasis[34]. It has been reported that various T cells, including Th2[23]
and Treg cells[35], also highly express Areg. Areg promotes Treg cell development and
enhances the function of Treg cells to maintain tissue homeostasis and improve muscle
repair in acutely injured skeletal muscle[24, 28, 36]. Areg has also been associated with Th2
cell induction of airway fibrosis[20]. We demonstrated that Th17 cells express Areg at levels
similar to Th2 cells, and Areg at least partially mediates Th17 cell induction of intestinal
fibrosis. More importantly, the analysis of peripheral blood CD4* T cells, intestinal biopsies,
and LPL revealed increased expression of Areg in CD patients with fibrosis. Although both
Th1 and Th17 cells were increased in fibrotic sites, there was no difference in Th2 cells

and Treg cells in CD patients with or without fibrosis, indicating a crucial role of Th17
production of Areg in the induction of intestinal fibrosis in CD patients. However, our study
does not exclude the possibility of other cells-derived Areg in mediating intestinal fibrosis.
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We thus provide novel insights into how Th17 cells induce intestinal fibrosis through the
production of Areg, a potential target for the treatment of fibrosis in CD patients.

Our study demonstrated that Th17 polarization promotes Areg expression in that inhibition
of RORyt, a transcription factor for Th17 cell development, inhibited Th17 cell production
of Areg. Among cytokines promoting Th17 cell differentiation, IL-6 but not IL-23 or IL-1
promoted Th17 cell production of Areg, which was mediated by Stat3. Interestingly, 1L-21,
a Th17 cell signature cytokine that in turn promotes Th17 cell differentiation in a positive
loop[26], also promoted Areg production by Th17 cells, indicating that the cytokines that
drive Th17 cell differentiation can induce Areg production in Th17 cells by initiating Th17
cell differentiation (IL-6) or amplifying Th17 cells (IL-21).

Although Areg has been shown to regulate cell proliferation and migration of MFs through
the activation of MAPK and mTOR pathways in the lung and skin[22, 37-39], the
mechanisms involved in intestinal fibrosis are still not far more understood. In our study,
we found that Areg treatment induced a significant increase in proliferation and migration
of intestinal MFs, which was differentially mediated by activation of Mtor and MEK. A
recent report found that mTOR activation was enhanced in a TNBS-induced colitis mouse
model, and mTOR inhibitor rapamycin treatment ameliorated intestinal fibrosis[40], further
supporting the role of mMTOR in driving fibrosis specifically in the intestines. We found

that Areg promoted EGFR phosphorylation in myofibroblast cells, suggesting the EGFR
pathway is upstream of mTOR and MEK in myofibroblasts treated with Areg.

In summary, our current study demonstrated that gut microbiota-specific Th17 cell
production of Areg contributes to the development of intestinal fibrosis, in which the IL-6/
IL-21-Stat3-Areg-mTOR/MEK axis plays a crucial role in the pathology of fibrosis. Our
study thus provided a novel avenue for the development of targeted therapeutic strategies for
CD-associated intestinal fibrosis.
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Refer to Web version on PubMed Central for supplementary material.
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WHAT YOU NEED TO KNOW
BACKGROUND AND CONTEXT:

Intestinal fibrosis is a significant complication of Crohn’s disease (CD). Gut microbiota
antigen-specific T cells have been implicated in the pathogenesis of CD and early stages
of fibrosis.

NEW FINDINGS:

Th17 cells induce more severe intestinal fibrosis through the production of Areg. Areg
promotes human intestinal myofibroblast proliferation and migration through activation
of mTOR and MEK.

LIMITATIONS:

A limitation of the current study is that we did not use an anti-Areg antibody to treat
intestinal fibrosis.

IMPACT:

These findings reveal previously unrecognized roles of Th17-produced Areg in
promoting intestinal fibrosis and suggest Areg as a potentially druggable target to
ameliorate intestinal fibrosis in CD patients.
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Figure 1. Th17 cells induce more severe intestinal fibrosis in TcrﬂXé"/‘ mice.
CD4*T cells were isolated from CBirl TCR transgenic (CBirl Tg) mice and cultured

under Th1 and Th17 conditions and then transferred into 7cr8x6™~ mice (n=4/group).
The mice were sacrificed 6 weeks after cell transfer. (A) Disease severity was measured
by histopathology. (B-C) TNF-a (B) and IL-6 (C) levels in supernatants of colonic

organ cultures were measured by ELISA. (D) Colon tissues were stained with Sirius

Red, and collagen layer thickness were measured. (E-G) Collal, Col6al, and Col6a3
levels in colonic tissues were measured by RT-PCR. (H-1) Colon tissues were stained

with immunofluorescence. Collagen | thickness and a SMA layer thickness were analyzed.
Representative data from 3 independent experiments. (A) Mann-Whitney U test; (B-I)
unpaired Student’s t-test. *p < .05.
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Figure 2. Th17 cells produce high levels of Areg.
(A-B) WT spleen CD4*T cells were activated with a.-CD3 and a-CD28 mAb under Th1 and

Th17-polarization conditions for 24h for analysis of gene differences by microarray analysis.
(A) The expression of different genes is shown in the heatmap. (B) Scatterplot displaying
the log2 fold change in expression between the two groups. (C-D) Splenic CD4*T cells of
CBirl Tg mice were cultured with irradiated APCs and CBirl peptide under neutral, Thi,
Th2, and Th17 polarization conditions for 5 days. Areg expression was detected by gRT-
PCR (C). Areg production was determined by ELISA (D). (E) Intestinal Areg expression

in CBirl Tg Thl-recipient mice and Th17-recipient mice was determined by gRT-PCR.
Representative data from 3 independent experiments. (C-D) One-way ANOVA,; (E) unpaired
Student’s t-test. *p < .05; **p < .01; ***p < .001; ****p< .0001.
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Figure 3. The deficiency of Areg induces less severe intestinal fibrosis.
(A-G) WT mice and Areg™'~ mice (n=5/group) were administered with 3 cycles of DSS

insults. In each cycle, mice were given 2.0% DSS (w/v) in drinking water for 7 days and
control drinking water for 7 days. (A) Colitis severity was measured by histopathology

and pathological scores. (B-D) Collal, Col6al, and Col6a3levels in colonic tissues were
measured by RT-PCR. (E-G) Colon tissues were stained with (E) Sirius Red and (F-G)
immunofluorescence. Collagen layer thickness, Collagen I thickness, and aSMA layer
thickness were analyzed. (H-J) WT and Areg™~ T cells were cultured under Th17 conditions
for 5 days and then transferred into 7cr8x8/~ mice (n=5/group). The mice were sacrificed

4 weeks later. (H) Colitis severity was measured by histopathology and pathological scores.
(1-J) Intestinal fibrosis was determined by Collagen I staining (1) and a SMA staining (J).

Gastroenterology. Author manuscript; available in PMC 2024 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhao et al.

Page 17

Representative data from 2 independent experiments with similar results. (A and H) Mann-
Whitney U test; (B-G and I-J) unpaired Student’s t-test. *p < .05; **p < .01.
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Figure 4. IL-6 and IL-21 promote Areg expression through activation of Stat3 in CD4+ T cells.
(A) CD4*T cells were cultured under Th17-polarization conditions with or without the

RORyt inhibitor. Areg expression was detected by gRT-PCR. (B) CD4*T cells were cultured
with or without 10 ng/ml IL-6, 10 ng/ml IL-23, or 10 ng/ml IL-1p for 5 days. Areg
expression was detected by qRT-PCR. (C) CD4*T cells were cultured with IL-6 alone or
together with IL-23 and IL-1p for 5 days. Areg expression was detected by RT-PCR. (D)
CD4*T cells were cultured with 10 ng/ml I1L-6 for indicated days. Areg expression was
detected by gRT-PCR. (E) CD4*T cells were cultured with IL-6 at indicated dose for 5 days.
Areg expression was detected by gRT-PCR. (F) CD4*T cells were cultured in the presence
of IL-17 or 1L-21 for 5 days. Areg expression was detected by gRT-PCR. (G) CD4*T cells
were cultured with or without 1L-6 and IL-21 for 5 minutes. Phosphorylated Stat3 and total
Stat3 were detected by western blot. (H-1) CD4*T cells were isolated from Stat3~~ mice

and treated with I1L-6 or 1L-21 for 5 days. Areg expression was detected by qRT-PCR.

Representative data from 2-3 independent experiments with similar results. (A, D, H, and I)
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Unpaired Student’s t-test; (B, C, F, and G) one-way ANOVA. *p < .05; **p< .01; ***p<
.001.
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Figure 5. Stat3 inhibitor attenuates intestinal fibrosis induced by Th17 cells.
CBirl Thi7 cell were transferred into 7cr8x&/~ mice (n=4/group). Mice were injected with

or without Stat3 inhibitor (10 mg/kg, HIC0152) every other day starting from the day of
cell transfer. (A) Disease severity was measured by histopathology and pathological scores.
(B) TNF-a and (C) IL-6 levels in supernatants of colonic organ cultures were measured by
ELISA. (D) Colon tissues were stained with Sirius Red, and Collagen layer thickness were
analyzed. (E-F) Collaland Col6al levels in colonic tissues were measured by RT-PCR.
(G-H) Colon tissues were stained with immunofluorescence. Collagen | thickness (G)

and aSMA layer thickness (H) were measured. Representative data from 2 independent
experiments with similar results. (A) Mann-Whitney U test; (B-H) unpaired Student’s t-test.
*p<.05; **p<.01.
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Figure 6. Areg promotes human intestinal myofibroblast proliferation and motility through
activation of mMTOR and MEK.

(A) Intestinal MFs isolated from CD patients were treated with or without 100 ng/ml Areg
for 48h, and Ki67* cells were analyzed by immunofluorescence. (B) Human intestinal

MFs were wounded and treated with the 100 ng/ml Areg. Images were recorded with
Biotek Cytation 5. (C) Human intestinal MFs were treated with or without the 100 ng/ml
Areg in the presence or absence of Rapamycin or U0126 for 48h, and Co/Zal expression
was determined by gRT-PCR. (D) Intestinal MFs were treated with Areg for 48h, and
phosphorylation of mMTOR and MEK was determined by western blot. (E) Human intestinal
MFs were treated with or without 100 ng/ml Areg in the presence or absence of Rapamycin
(MTOR inhibitor) or U0126 (MEK inhibitor) for 48h, and Ki67* cells were analyzed by
immunofluorescence. (F) Human intestinal MFs were wounded and treated with or without
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the 100 ng/ml Areg in the presence or absence of Rapamycin or U0126, and images were
recorded by Biotek Cytation 5. Representative data from 2-3 independent experiments with
similar results. (A-B, and D) Unpaired Student’s t-test; (C, and E-F) one-way ANOVA. *p <
.05; **p < .01; ***p < .001; ****p< .0001.
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Figure 7. Areg expression is increased in CD patients with fibrosis.

(A) Endoscopic images of the intestinal tract o
intestinal fibrosis. (B) Intestinal biopsies were

f healthy control, CD patients with or without
taken from healthy controls (Control, n=10),

CD patients without fibrosis (n=8), and CD patients with fibrosis (n=10). The expression of
Areg in intestinal biopsies was measured by gRT-PCR. (C) Areg expression in non-fibrotic
(Ctrl) and fibrotic sites from the same CD patients (n=11) was determined by gRT-PCR.

(D) Intestinal lamina propria lymphocytes were isolated from fibrotic and non-fibrotic sites

of the same CD patients (n=5). Areg* CD4* T

cells were determined by flow cytometry.

(E) Peripheral blood CD4" T cells were isolated from healthy controls (n=5) and CD

patients with intestinal fibrosis (n=5) and then

cultured under Thl or Th17 conditions. Areg

Gastroenterology. Author manuscript; available in PMC 2024 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhao et al.

Page 24

expression in T cells was measured by gRT-PCR. (B) One-way ANOVA,; paired Student’s
t-test(C-D); unpaired Student’s t-test (E). *p < .05; ***p < 0.001.
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