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IL-36y and IL-36Ra Reciprocally Regulate Colon
Inflammation and Tumorigenesis by Modulating the
Cell-Matrix Adhesion Network and Wnt Signaling

Wei Yang, Hong-Peng Dong, Peng Wang, Zhi-Gao Xu, Jiahuan Xian, Jiachen Chen,

Hai Wu, Yang Lou, Dandan Lin,* and Bo Zhong*

Inflammatory bowel disease and colorectal cancer are associated with
dysregulation of cytokine networks. However, it is challenging to target
cytokines for effective intervention because of the overlapping functions and
unpredictable interactions of cytokines in such diverse networks. Here, it is
shown that IL-36y and IL-36Ra, an agonist and an antagonist for IL-36R
signaling respectively, reciprocally regulate the experimental colitis and the
colon cancer development in mice. Knockout or neutralization of IL-36y
alleviates dextran sulfate sodium (DSS)-induced colitis and inhibits colon
cancer development, whereas knockout of IL-36Ra exacerbates DSS-induced
colitis and promotes colonic tumorigenesis in multiple colon cancer models in
mice. Mechanistically, IL-36y upregulates extracellular matrix and cell-matrix
adhesion molecules and facilitates Wnt signaling, which is mitigated by
IL-36Ra or IL-36y neutralizing antibody. Consistently, IL-36y levels are
positively correlated with extracellular matrix levels and f-catenin levels in
human colorectal tumor biopsies. These findings suggest the critical role of
IL-36y and IL-36Ra in gut inflammation and tumorigenesis and indicate that
targeting the IL-36y/1L-36Ra signal balance provides potential therapeutic
strategy for inflammatory bowel disease and gastrointestinal cancers.

1. Introduction

Aberrant cytokine expression and signal-
ing are closely associated with inflamma-
tory bowel disease (IBD) and colorectal can-
cer (CRC) that cause serious health prob-
lems worldwide.['?] Tt has been proposed
that the cytokine milieu supporting unspe-
cific, chronic and protumorigenic inflam-
mation in the microenvironment critically
determines disease progression of IBD and
CRC.BJ In support of this notion, genome-
wide association studies (GWAS) and next-
generation sequencing analyses (NSG) have
identified a number of mutations or sin-
gle nucleotide polymorphisms (SNPs) in
the cytokine signaling pathways associated
with IBD and CRC.*® Accordingly, ther-
apeutic strategies targeting the proinflam-
matory cytokines have been developed for
treatment of IBD and CRC. For example,
antitumor necrosis factor agents have been
clinically approved to treat IBD with limi-
tations such as loss of response in about
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two thirds of patients and increased risk of infections.!”] However,
completed clinical trials have shown either limited but significant
clinical remission with a follow-up of 6-22 weeks (such as anti-IL-
12p40 or anti-IL-23p19) or no improvement (such as antibodies
against IL-17A, IL-1, or IL-6) for IBD."! In addition, clinical trials
with blockades against proinflammatory cytokines in CRC have
so far shown little to no effect in disease control.>4-1°1 Although
the reasons behind these phenomena are unclear, the available
data indicate challenges to modulate cytokine networks for treat-
ment of IBD and CRC.

The extracellular matrix (ECM) is a complex and highly dy-
namic structure that plays critical roles during homeostasis and
disease pathophysiology in the gastrointestinal tract.'"!2] The
ECM directly provides biochemical and mechanical signals for
cells and indirectly regulates extracellular stimuli-triggered sig-
naling in cells, thereby controlling the fate of gastrointestinal ep-
ithelial cells such as proliferation, apoptosis, or malignancy.l'!!
In addition, the ECM components also interact with cell-matrix
adhesion molecules to regulate the permeability of the gut ep-
ithelium and the migration of epithelial cells.'*!*] Concurrently,
alterations in the cellular signaling under inflammatory or un-
der tumor promoting conditions can change the composition and
structure of ECM and cell-matrix adhesion molecules.['?} Consis-
tently, dysregulated expression of ECM and cell-matrix adhesion
molecules is observed with IBD and CRC and predicts prognosis.
For example, collagens are a major type of gut ECM components
and the types and contents of collagens have altered significantly
in the gut mucosa and the serum of patients with IBD and CRC
and are associated with the severity of disease.['>?°] Therefore,
understanding the dynamic bidirectional crosstalk between res-
ident cells and the ECM and identifying key mediators between
the crosstalk are central to elucidating the mechanisms of IBD
and CRC and subsequent developing medicines for the related
diseases.

IL-36 belongs to the IL-1 family of cytokines, including IL-36a«,
IL-368, and IL-36y that bind to IL-36 receptor (IL-36R) and IL-1 re-
ceptor accessory protein (IL-1RacP) to initiate signaling.2-2 TL-
36R signals through myeloid differentiated protein 88 (MyD88)
to activate mitogen-activated protein kinase (MAPK) and NF-
kB, and thereby promotes inflammation by inducing expression
of an array of proinflammatory cytokines.!??] IL-36Ra is a nat-
ural antagonist of IL-36R and binds IL-36R with higher affin-
ity than the IL-36 agonistic cytokines.[?* Increased levels of IL-
36 cytokines have been found in the skin lesions of patients
with plaque psoriasis and overexpression of IL-36a in mouse ker-
atinocytes results in psoriatic skin abnormalities that are aggra-
vated by I11f5 (encoding IL-36Ra) deficiency.”! In addition, hu-
mans carrying mutations in ILIF5 develop generalized pustular
psoriasis (GPP),2%] suggesting crucial roles of imbalanced IL-
36R signaling in promoting skin inflammation. It has been ob-
served that IL-36a and IL-36y are upregulated in the colon mu-
cosa of patients with IBD.[28-3% However, the roles of IL-36 cy-
tokines in colon inflammation and tumorigenesis remain unin-
vestigated.

In this study, we have discovered that deficiency in IL-36y and
IL-36Ra results in hypo- and hyper-sensitivity to DSS-induced
colitis and colon cancer induction with multiple models, respec-
tively. Mechanistically, IL-36y upregulates expression of an array
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of genes encoding ECM and cell-matrix adhesion molecules and
facilitates Wnt signaling, which is mitigated by IL-36y neutraliz-
ing antibody or IL-36Ra. These findings collectively suggest crit-
ical roles of IL-36y and IL-36Ra in colitis and CRC, which serve
as potential therapeutic targets.

2. Results

2.1. The 119/~ Mice Exhibit Hyposensitivity to DSS-Induced
Colitis

Our RNA sequencing data suggest that of the three IL-36
cytokines, IL-36y (encoded by I11f9) is the most abundantly ex-
pressed in the colon tissues of DSS-treated mice.[*!] Importantly,
IL1F9 is significantly upregulated in the inflamed colon mucosa
of IBD patients compared to the normal colon tissues.[?8-3"]
We further found that the numbers of Paneth cells (lysozyme™)
were significantly increased in the crypts of small intestines of
111f97/~ mice compared to Il1f9*/* mice, whereas the prolifer-
ative cells (Ki67%) in the crypts were slightly decreased in the
small intestines and colons of I11f9~/~ mice compared to I11f9+/+
mice (Figure S1A, Supporting Information). Consistently, we
found that IL-36y promotes the proliferation of the HCT116
cells (a human colon cancer cell line) and the MC38 cells (a
mouse colon cancer cell line) (Figure S1B, Supporting Infor-
mation). In contrast, the numbers of goblet cells (AB/PAS*) in
the villi of small intestines and the stem cells (SOX97) in the
crypts of small intestines and colons were comparable between
111f97/~ and I11f9*/* mice (Figure S1A, Supporting Information).
These data indicate a proliferative role of IL-36y in vivo and
in vitro.

In DSS-induced colitis model, the I11f9~/~ mice exhibited in-
creased resistance to weight loss, diarrhea, and colon shortening
compared to the controls (Figure 1A,B). Hematoxylin and eosin
(HE) and Masson’s trichrome staining of the colons showed less
leukocyte infiltration, muscle fibers and collagen, and more in-
tact epithelium in the colon from I11f9/~ mice than I11f9*/*
mice (Figure 1C,D), suggesting a proinflammatory role of IL-36y
in DSS-induced colitis. Results from quantitative real-time PCR
(qRT-PCR) and immunohistochemistry (IHC) suggested that IL-
36y was expressed at a low level in colon epithelial cells (ECs) and
lamina propria mononuclear cells (LPMC) and upregulated in
ECs after DSS treatment (Figure S1C, Supporting Information).
Interestingly, irradiated I11f9~/~ mice receiving either I11f9*/* or
111f97/~ bone marrow cells were more resistant to DSS-induced
colitis than irradiated I11f9*/* mice receiving either wild-type or
111f9/~ bone marrow cells as monitored by weight loss, colon
length, and HE staining of colons (Figure 1E-H), indicating that
IL-36y in nonhematopoietic cells plays a dominant role in pro-
moting DSS-induced colitis. In this context, our immunohisto-
chemistry staining results suggested predominant expression of
IL-36y in the epithelium (Figure S1D, Supporting Information),
which is consistent with recent single-cell mRNA-seq data that
thelevels of IL1F9in epithelial cells are higher than those in other
types of cells in the tumors from CRC patients and that IL1F9 is
undetectable in CD45" immune cells from the inflamed mucosa
of patients with ulcerative colitis.[3%*]
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Figure 1. 1/17f97/~ and II1f5~/~ mice exhibit hypo- and hypersensitivity to DSS-induced colitis, respectively. A) Body weight change and B) gross mor-
phological change and lengths of colons of II1f9*/* (n = 9) and I/1f97/= (n = 10) mice that were given 2.5% DSS in drinking water for 5 d, followed by
normal drinking water for another 3 d. C) Images of Masson’s trichrome stained colon sections from I11f9*/* and I/1f9~/~ mice that were treated as in
(A). D) Images (left) and pathological scores (right) of HE stained colon sections from I[1f9%/* that were treated as in (A). E) Body weight change of
the indicated chimeric mice that were given 2.5% DSS in drinking water for 5 d, followed by normal drinking water for another 2 d. F) Morphological
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2.2. The II1f5-/= Mice Exhibit Hypersensitivity to DSS-Induced
Colitis

In contrast to IL-36y as an agonist for IL-36R signaling, IL-36Ra
antagonizes IL-36R signaling by competitively binding to IL-
36R.**] We observed that the number of goblet cells (AB/PAS*)
in the villi of small intestines and the stem cells (SOX9%) in the
crypts of small intestines and colons were comparable between
11157/~ and I11f5*/* mice (Figure S1A, Supporting Information).
In contrast, the numbers of Paneth cells (lysozyme™) were de-
creased in the small intestines of I11f5~/~ mice compared to
111f5+/* mice, whereas the proliferative cells (Ki67") in the crypts
were slightly increased in the small intestines and colons of
11157/~ mice compared to I11f5+/* mice respectively (Figure S1A,
Supporting Information). Consistently, IL-36Ra antagonized IL-
36y-induced hyperproliferation of HCT116 cells and MC38 cells
(Figure S1B, Supporting Information), indicating that IL-36y and
IL-36Ra reciprocally regulates intestinal epithelial homeostasis.

We further observed that mice deficient in IL-36Ra were more
sensitive to DSS-induced colitis than wild-type controls as mon-
itored by weight loss, diarrhea, colon shortening, and HE and
Masson’s trichrome staining (Figure 1I-L). Analysis with bone
marrow chimeric mice showed that loss of IL-36Ra in non-
hematopoietic cells resulted in hypersensitivity to DSS-induced
colitis (Figure 1M-P). Consistently, IL-36Ra was predominantly
expressed in the epithelium of colon after DSS treatment and im-
munohistochemistry staining results suggested predominant ex-
pression of IL-36Ra in the epithelium (Figure S1C,D, Supporting
Information).®) In contrast, the levels of 111112 mRNA (encoding
IL-36R) were widely expressed in various types of cells includ-
ing neutrophils, epithelial cells, T cells and fibroblasts in tumors
from CRC patients and in the mucosa of inflamed colon tissues
from UC patients.l’3] Collectively, these data suggest that non-
hematopoietic IL-36y promotes and IL-36Ra reciprocally inhibits
experimental colitis.

2.3. IL-36y and IL-36Ra Reciprocally Regulate Colon Cancer
Progression

We next investigated the role of IL-36y and IL-36Ra in colon
cancer development. In the azoxymethane (AOM)/DSS model
of colon cancer, the I11f9/~ mice exhibited more resistance to
weight loss, more rapid recovery, less tumors and smaller tu-
mor sizes in colons than the Il1f9*/* mice (Figure S2A,B and
Table S1, Supporting Information). Conversely, the 11157/~ mice
were more sensitive to the weight loss and developed more tu-
mors with larger sizes in the colon than the I11f5*/* mice (Figure
S2C,D and Table S1, Supporting Information). In the AOM/Vil-
Cre; Trp53%% (VP) model, knockout of IL-36y significantly re-
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duced tumor incidences and tumor numbers and sizes in colon,
whereas knockout of IL-36Ra led to increased lethality, tumor
numbers, and sizes (Figure 2A-D and Table S1, Supporting Infor-
mation). In addition, the percentages of invasive adenocarcinoma
in the colons were decreased or increased by knockout of IL-36y
or IL-36Ra compared to the controls, respectively (Figure S2E,F,
Supporting Information). In a third model of intestinal cancer,
ablation of IL-36y or IL-36Ra in ApcM™* mice significantly pro-
moted survival or death of mice, respectively (Figure 2E). Con-
sistently, the tumor incidences, numbers, and sizes were signifi-
cantly reduced or increased in the colons of ApcM/* [11f9~/~ mice
or ApcMin/* [11f5-/~ mice compared to ApcM™/* mice, respectively
(Figure 2F,G and Table S1, Supporting Information). Moreover,
the tumor numbers in the small intestine of Apc™™* mice were
also significantly reduced or increased by knockout of IL-36y or
IL-36Ra, respectively (Figure 2H,1), indicating a protumor role of
IL-36y and an antitumor role of IL-36Ra in colon cancer progres-
sion. We further observed that the levels of I11f9 were higher in
tumor tissues than in the normal tissues from the same mice or
from control mice of the same age (Figure S2G, Supporting In-
formation). Consistently, the levels of IL-36y were higher in tu-
mor tissues than in the adjacent normal tissues in human CRC
biopsies (Figure S2H and Table S2, Supporting Information),3*l
indicating an upregulation of IL-36y is accompanied with colon
cancer progression. Collectively, these results suggest that IL-36y
promotes and IL-36Ra reciprocally inhibits gastrointestinal tu-
morigenesis in multiple mouse models.

2.4. IL-36y and IL-36Ra Reciprocally Regulate the Expression of
Cell-Matrix Molecules during Colonic Inflammation and
Tumorigenesis

RNA sequencing and KEGG pathway analyses suggested
that cytokine-chemokine signaling pathways and cell-matrix
adhesion molecules were found differentially expressed with sta-
tistical significance in the inflamed colon tissues of DSS-treated
1L1f9*/* and I11f97/~ mice as well as in the inflamed colon tissues
of DSS-treated I11f5*/* and I11f5~/~ mice (Figure S3A and Table
S3, Supporting Information). Interestingly, however, gene set en-
richment analysis (GSEA) and qRT-PCR analysis suggested that
cytokine-chemokine signaling pathways were similarly downreg-
ulated in I11f9~/~ mice and 11157/~ mice compared their respec-
tive controls (Figure S3B,C and Tables S3 and S4, Supporting
Information). In contrast, molecules associated with cell-matrix
adhesion and extracellular matrix-receptor interaction were
downregulated in the inflamed colon tissues of 11197/~ mice
(vs I11f9*/* mice) and upregulated in the inflamed colon tissues
of I11f57/~ mice (vs Il1f5*/* mice), respectively (Figure S3B,D,
Supporting Information). Interestingly, IL-36y upregulated

change and G) lengths of colons of the indicated chimeric mice treated as in (E). H) Images (left) and pathological scores (right) of HE stained colon
sections of the indicated chimeric mice treated as in (E). I) Body weight change and ]) gross morphological change and lengths of colons of I/1f5+/*
(n=15) and I[1f57/= (n = 15) mice that were given 2% DSS in drinking water for 5 d, followed by normal drinking water for another 2 d. K) Images of
Masson’s trichrome stained colon sections from Il1f5+/* and I11f5/~ mice that were treated as in (1). L) Images (left) and pathological scores (right)
of HE stained colon sections of Il1f5*/* and 11757/~ mice that were treated as in (I). M) Body weight change of the indicated chimeric mice that were
given 2% DSS in drinking water for 5 d, followed by normal drinking water for another 3 d. N) Gross morphological change and O) lengths of colons (O)
of the indicated chimeric mice treated as tin (I). P) Images (left) and pathological scores (right) of HE stained colon sections of the indicated chimeric
mice treated as in (I). ***P < 0.001 (two-tailed student’s t-test). Graphs show mean + SEM. Scale bars represent 0.4 mm (C, D, H, K, L, P). Data are
combined two (A-H, M—P) or four (I-L) independent experiments.
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Figure 2. 1L-36y and IL-36Ra reciprocally regulate tumorigenesis in the colon. A) A scheme of induction of colon cancer with AOMVil-Cre;Trp53/f
(VP) and AOMVil-Cre; Trp531/1117f9-/= (VP9) mice. B) Representative images (upper), tumor incidence (lower left), tumor counts (lower middle) and
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and IL-36Ra inhibited the expression of cell-matrix adhesion
genes such as Col6al, Collal, Col4al, and Vwfin mouse colon
organoids (Figure 3A). In addition, IL-36y-induced upregulation
of Col6al, Collal, Col4al, and Vwf in mouse colon organoids
was significantly inhibited by SP600125 (a JNK inhibitor) but not
by the inhibitors for other kinases including IMD0354 (an IKK
inhibitor), SCH772984 (an ERK inhibitor) and SB203580 (a p38
MAPK inhibitor), indicating that JNKs are involved in IL-36y-
triggered expression of cell-matrix adhesion genes (Figure 3B).
Together with the observations that IL-36R was expressed in
colon epithelium,??33%] we conclude that IL-36y promotes
and IL-36Ra reciprocally inhibits the expression of cell-matrix
adhesion network genes through the JNK pathway in the colon
epithelium during colitis.

We noted that the cytokine and chemokine signaling pathways
were similarly downregulated in 1119/~ tumors (vs I11f9*/* tu-
mors) and I11f57/~ tumors (vs II1f5*/* tumors) obtained from
the AOM/DSS colon cancer model (Figure S4A,B and Tables S4
and S5, Supporting Information). In contrast, cell-matrix adhe-
sion molecules were differentially regulated with statistical sig-
nificance in II1f9*/* versus I11f97/~ tumors and II1f5*/* versus
11157/~ tumors from mice treated with AOM/DSS (Figure 4A).
GSEA and qRT-PCR analysis confirmed that cell-matrix network
molecules were downregulated and upregulated in 1197/~ tu-
mors and 1157/~ tumors compared to the controls from multiple
mouse models, respectively (Figure 4B,C, Figure S4C and Tables
S4 and S5, Supporting Information). In addition, the intensities
of COL6AL1 staining were lower and higher in 11197/~ tumors
and I11f57/~ tumors compared to the controls, respectively (Fig-
ure 4D). Consistently with these observations, IL-36y levels were
positively correlated with COL6A1 levels in the human CRC biop-
sies (Figure S4D and Table S2, Supporting Information). These
data together suggest that IL-36y promotes and IL-36Ra recipro-
cally inhibits colon tumorigenesis by remodeling the cell-matrix
network. In this context, it has been reported that dysregulated
extracellular matrix network creates a tumor-favoring microenvi-
ronment for IBD and CRC progression.[19203¢]

2.5. IL-36y Promotes and IL-36Ra Inhibits Wnt Signaling,
Respectively

The cell-matrix adhesion network and Wnt signaling pathways
crosstalk heavily during development.[3738] Interestingly, the Wnt
signaling pathway was downregulated in I11f9~/~ colon tissues
and tumors and upregulated in I11f5~/~ colon tissues and tumors
from DSS- or AOM/DSS-treated mice compared to the controls
(Figure 5A,B and Figure S5A,B, Supporting Information). Re-
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sults from qRT-PCR and immunoblot analysis confirmed that
deficiency in IL-36y and IL-36Ra impaired and promoted the ex-
pression of downstream genes involved in Wnt signaling in the
tumors from AOM/VP and ApcM™/* colon cancer models, re-
spectively (Figure 5C,D and Figure S5C, Supporting Informa-
tion). Consistently, the levels of IL-36y were positively correlated
with p-Catenin in human CRC biopsies (Figure S5D and Ta-
ble S2, Supporting Information). Interestingly, IL-36y alone did
not activate the expression of Wnt downstream genes but facili-
tated Wnt3a-induced expression of Dab2, Cd44, Ttf7, or Wnt9a in
colon organoids (Figure 5E), whereas IL-36Ra impaired basal and
Wnt3a-induced expression of Dab2, Cd44, Tcf7, or Wnt9a (Fig-
ure 5E). In addition, treatment of cycloheximide (CHX) impaired
IL-36y-mediated potentiation of and IL-36Ra-mediated suppres-
sion of Wnt3a-induced expression of T¢cf7 or Cend1 (Figure SF).
These data together suggest essential roles of IL-36y and IL-36Ra
in facilitating and antagonizing Wnt signaling in a manner de-
pendently on protein synthesis, respectively.

2.6. Inhibition of IL-36y Maturation Alleviates Colitis and Colon
Tumorigenesis

Elastase-mediated cleavage at the N-termini of IL-36 cytokines is
critical for the maturation and activation, which can be blocked by
the z-Ala-Pro-Ile (z-API) peptide.?*#] Intraperitoneal injection of
z-API alleviated the symptoms of colitis in wild-type mice but not
in 11197/~ mice (Figure S6, Supporting Information), indicating
that IL-36y is the major target of z-API in the DSS colitis model.
We further found that the AOM/DSS-treated mice or the AOM-
treated VP mice exhibited reduced numbers and sizes of colon
tumors after intraperitoneal injection of z-API compared to PBS
(Figure 6A-D and Table S1, Supporting Information). In addi-
tion, the percentages of invasive adenocarcinoma in the z-API-
treated VP mice were significantly decreased compared to the
PBS-treated VP mice (Figure 6D). The expression of cell-matrix
adhesion molecules and Wnt downstream genes was also inhib-
ited in mice receiving z-API compared to the controls (Figure 6E—
H), indicating that intervention of IL-36y maturation effectively
alleviates colitis, colon tumorigenesis, and tumor invasiveness.

2.7. Neutralizing IL-36y Inhibits Colitis and Colon Tumorigenesis

To more specifically block IL-36y in vivo, we generated a poly-
clonal antibody against IL-36y by immunizing rabbits followed
by affinity purification!*!) (Figure S7A, Supporting Information).
The antibody inhibited IL-36y- but not IL-36a-, IL-364- or TNE-
induced activation of NF-kB reporter in HEK293-mIL-36R cells

tumor sizes (lower right) in the colons of VP (n = 42) and VP9 (n = 36) mice that were weekly injected with AOM (10 mg kg, intraperitoneally) for six
successive weeks and euthanized at the 20th week after initial AOM injection. C) A scheme of induction of colon cancer with AOM Vil-Cre; Trp53%/% (VP)
and AOM Vil-Cre; Trp53%/7111f5-/= (VP5) mice. D) Images (upper), survival (lower left, VP, n = 37 and VPS5, n = 35), tumor counts (lower middle, VP, n =
23 and VPS5, n = 14) and tumor sizes (lower right) in colons of mice that were weekly injected with AOM (10 mg kg™, intraperitoneally) for six successive
weeks and euthanized at the 20th week after initial AOM injection. E) Survival of ApcMM*11f9=/= (n = 49), ApcMiM*+ (n = 54) and ApcMM+ 11157/~ (n
= 38) mice. F) Representative images (left) and tumor incidences (right) in the colons of 5 month old ApcM"/* 1197/~ (n = 31), ApcMin/* (n = 30) and
ApcMin/+1[1f5=1= (n = 13) mice. G) Tumor counts (left) and tumor volumes (right) in the colons of 5 month old ApcMiM/*111f9=/= (n = 31), ApcMin/+
(n = 30) and ApcMin/*111f57/= (n = 13) mice. H-I) Images of HE stained small intestines (I) and tumor counts (H) in small intestines of 5 month old
ApcMin[+111£971= (n = 11), ApcMin/* (n = 12) and ApcMin/*117f57/= (n = 13) mice. *P < 0.05; ***P < 0.001; ****P < 0.0001 (two-tailed student’s t-test in
B, D, G and log-rank analysis in D,E). Graphs show mean + SEM. B,D,G,H). Scale bars represent 1 mm (). Data are combined A-G) four or I,H) two
independent experiments.
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Figure 3. IL-36y induces upregulation of extracellular matrix genes through the |NK pathway. A) gRT-PCR analysis of the indicated genes of colon
organoids from wild-type C57BL/6 mice that were left unstimulated or stimulated with 1L-36y (20 ng mL"") or IL-36y plus IL-36Ra (20 ng mL"") for
6 h. B) qRT-PCR analysis of the indicated genes of colon organoids from wild-type C57BL/6 mice that were left unstimulated or stimulated with IL-36y
(20 ng mL7) plus DMSO, SP600125 (a JNK inhibitor), IMD0354 (an IKK inhibitor), SCH772984 (an ERK inhibitor) or SB203580 (a p38 MAPK inhibitor)
for 6 h. A,B) Two-tailed student’s t-test. A,B) Graphs show mean SEM. A,B) Data are representative of two independent experiments.

or expression of downstream genes in colon organoids (Figure
S7B-D, Supporting Information). In addition, intraperitoneal
injection of anti-IL-36y significantly alleviated the inflamma-
tion and downregulated the expression of cell-matrix adhesion
molecules and Wnt downstream genes in colons of wild-type
mice but not in those of I11f9~/~ mice after DSS treatment (Fig-
ure S7E-K, Supporting Information), indicating high selectivity
and efficacy of the obtained IL-36y antibody in vitro and in vivo.

We next examined the effects of anti-IL-36y in colon tumorige-
nesis in multiple colon cancer models. In the Apc™"/* intestinal
cancer model, injection of anti-IL-36y significantly improved the
survival of ApcM"/* mice and inhibited the tumorigenesis and
tumor development in the colon and the small intestine com-

Adv. Sci. 2022, 9, 2103035

pared to injection of the control IgG (Figure S8A-C, Support-
ing Information). In addition, the tumor incidences, numbers,
and sizes in the colons from AOM/DSS-treated mice and AOM-
treated VP mice were significantly reduced by anti-IL-36y com-
pared with control IgG (Figure 7A-D and Table S1, Supporting
Information). Moreover, the percentages of invasive adenocarci-
noma in the colons of AOM-treated VP mice were significantly
decreased by injection of anti-IL-36y (Figure 7D). Consistently,
the expression of cell-matrix adhesion molecules and Wnt down-
stream genes in the colon tumors was impaired by anti-IL-36y
(Figure 7E-G and Figure S8D, Supporting Information). These
data together suggest that blocking IL-36y effectively inhibits ex-
perimental colitis and colon cancer development.

2103035 (7 0f17) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. 1L-36y and IL-36Ra reciprocally regulate the expression of cell-adhesion matrix molecules during colon tumorigenesis. A) KEGG pathway
enrichment analysis of the transcriptome data of colon tumors from I17f9*/* (n = 2) and I17f97/~ (n = 2) mice or I1f5*/* (n = 2) and I1f5~/~ (n = 2)
mice that were induced colon cancer with the AOM/DSS protocol. B) GSEA analysis (left) and heatmap of selected genes (right) related to extracellular
matrix (ECM) receptor interaction, focal adhesion, and cell-adhesion molecules (CAMs) from the transcriptome data obtained in (A). C) qRT-PCR analysis
of the indicated genes in colon tumors from I[1f9*/* (n = 8) and I11f97/= (n = 8) or II1f5*/* (n = 8) and 157/~ (n = 8) mice that were induced colon
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3. Discussion

The incidences of IBD and CRC have been increasing in devel-
oping countries, which cause a major public health problem."-2]
Mechanistic understanding of IBD and CRC would contribute to
the development of therapeutic intervention strategies and im-
prove the prognosis and life quality of patients. In this study, we
have demonstrated that IL-36y promoted and IL-36Ra recipro-
cally inhibited experimental colitis and colon cancer development
in multiple murine models. In addition, targeting IL-36y by mat-
uration blockade or neutralization significantly inhibited colitis
and colon cancer development, indicating IL-36y as a potential in-
tervention target for the treatment of IBD and CRC (Figure S8E,
Supporting Information). IL-36y and IL-36Ra were upregulated
in the epithelium but not in the lamina propria lymphocytes of
inflamed colons from mice treated with DSS. Consistently, anal-
ysis with bone marrow chimeric mice suggested that IL-36y and
IL-36Ra from nonhematopoietic cells played dominant roles dur-
ing DSS-induced colitis. Recent scRNA sequencing studies have
suggested that IL-36y and IL-36Ra are expressed at higher lev-
els in epithelial cells than in other types of cells from tumors of
CRC patients,*¥] indicating that immune cells are not a primary
source of IL-36y and IL-36Ra in colon tumors. It is thus likely
that nonhematopoietic IL-36y and IL-36Ra crosstalk with IL-36R-
expressing cells to regulate the progression of inflammation and
tumorigenesis in the colon. Further investigations with IL-36y
and IL-36Ra conditional knockout mice are required to fully char-
acterize the contribution of IL-36y and IL-36Ra of different cellu-
lar sources to the progression of colitis and colon cancer.

It has been well recognized that IL-36y agonizes and IL-36Ra
antagonizes IL-36R-mediated activation of NF-«B and induc-
tion of proinflammatory cytokines and chemokines in cells in
vitro.[2**2] However, the levels of total and phosphorylated (p) p65
were comparable between the control and the IL-36y KO or the
IL-36Ra KO tumors (data not shown), indicating that knockout
of IL-36y or IL-36Ra had minimal effect on the activation or ex-
pression of NF-kB in the tumor tissues. It is not surprising, as
the in vivo environment for tumorigenesis (chronic, mixed mi-
lieu, weeks to months) is much more complicated than the in
vitro environment for cell cultures (acute, pure cytokine stimuli,
minutes to hours).

Although the activation status of NF-xB is comparable be-
tween the IL-36y KO or the IL-36Ra KO tumors and the controls,
the expression levels of cytokine and chemokines were similarly
downregulated in I11f9~/~ and Il1f57/~ inflammatory colon tis-
sues or colon tumors compared to the controls. The exact mech-
anisms behind the phenomenon are unclear and the results in
current study indicate more sophisticated regulation of cytokine
networks in vivo than in vitro. Nonetheless, these findings have
several implications. First, NF-xB is not the only determinant
for proinflammatory cytokine expression in vivo, at least in the
colitis and colon cancer models downstream of 1L-36y and IL-

www.advancedscience.com

36Ra. In this context, IL-36y also activates and IL-36Ra antago-
nizes the MAPK signaling pathways (such as Jun) that synergize
with NF-xB for the induction of proinflammatory cytokines.[*243]
Second, IL-36y and IL-36Ra do not reciprocally regulate the ex-
pression of proinflammatory cytokines in the in vivo tumor mod-
els as they do in the in vitro cultures. It is thus unlikely that
IL-36y and IL-36Ra regulate colitis and colon cancer progres-
sion through modulating the expression of proinflammatory cy-
tokines. Third, downregulation of cytokine and chemokine sig-
naling pathways might not be a prerequisite for inhibition of IBD
or CRC progression. Previously studies have shown that higher
levels of proinflammatory cytokines in the inflamed colon tissues
have been observed with resistance or sensitivity to DSS-induced
colitis in mice.3'** In addition, mice deficient in IL-18 or TNF
are hyper-sensitive to DSS-induced colitis and exhibit tissue re-
pair defect after DSS treatment,[**°] and IL18 genetic polymor-
phisms known to reduce IL18 mRNA and protein levels are posi-
tively associated with the susceptibility to Crohn’s disease,!*’] sug-
gesting that dysregulation of cytokine networks in colon inflam-
mation and cancer is likely a consequence rather than a cause for
disease progression. In this context, clinical trials with blockades
targeting proinflammatory cytokines for IBD or CRC have shown
limited appreciable efficacy,[*®*9] although elevated cytokine and
chemokine signaling networks have been noted in the inflamed
colon tissues of IBD patients or in the tumor tissues of CRC
patients.[5051]

It has been reported that 1111127/~ mice exhibit reduced disease
severity in an acute DSS-induced model of colitis,l*?! whereas
the same mice are sensitive to DSS-induced colitis and ex-
hibit impaired IL-22 production and mucosal healing in the
colon.[?3% Considering that IL-36R is widely expressed in vari-
ous types of cells including epithelial cells, fibroblasts, T cells,
and neutrophils,**] the discrepancies among these studies might
be due to different functions of IL-36R in distinct types of cells.
We found that IL-36y promoted expression of an array of genes
involved in cell-matrix interaction in colon organoids, indicating
the involvement of IL-36R signaling in remodeling of ECM and
cell-matrix interaction in nonimmune cells. In this context, a re-
cent report has shown that mice deficient in IL-36R develop less
severe colitis and fibrosis than the wild-type mice after chronic
DSS treatment.®! In contrast, IL-36R signaling in T cells pro-
motes [L-22 production and clearance of enteropathogenic bac-
teria in the gut, whereas IL-36R signaling in macrophages pro-
motes M1 polarization and clearance of Legionella pneumophila
in the lung.l>>>* Therefore, IL-36R plays proinflammatory roles
in non-immune cells by remodeling ECM and fibrosis and anti-
inflammatory roles in immune cells by promoting bacterial clear-
ance and tissue repair, respectively. On the other hand, IL-36R
mediates both active and suppressive signaling upon binding to
different IL-36 cytokines. IL-36Ra treatment actively inhibited the
basal expression of an array of genes involved in cell-matrix in-
teraction and such an inhibition did not require de novo protein

cancer with the AOM/DSS protocol. D) Immunohistochemistry images (upper) and the intensity quantification (lower) of COL6AT in the tumors from
wild-type 11f9*/* (n = 7) and 11197/~ (n = 6) mice or I[1f5*/* (n = 7) and II1f5/~ (n = 7) mice that were induced colon cancer with the AOM/DSS
protocol (left), VP (n = 7), VP9 (n = 6), and VP5 (n = 7) mice that were induced colon cancer with the AOM protocol (middle), or 5 month old ApcMin/+
(n=7), ApcMIN* 11197/~ (n = 6) and ApcM/* 1115/~ (n = 5) mice (right). ES, enrichment score; NES, nonenrichment score; FDR, false discovery rate;
FWER, family-wise error rate. Hypergeometric test in A and B. Two-tailed student’s t-test in C, D. Graph show mean + SEM. C,D) Scale bars represent
1 mm (black) or 50 um (red), respectively. B-D) Data are representative of two independent experiments.
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Figure 5. IL-36y synergizes and IL-36Ra inhibits Wnt signaling during colitis and colon tumorigenesis. A) GSEA (left) and heatmap (right) of Wnt
signaling pathway genes in the transcriptome profiles of colon tumors from I[1f97/* (n = 2) and I11f9~/= (n = 2) mice or from Il1f5*/* (n = 2) and
111f5/= (n = 2) mice that were treated with AOM/DSS protocol. B) gRT-PCR analysis of the indicated genes in colon tissues from II1f9*/* (n = 8) and
111971~ (n = 8) mice or Il1f5*/* (n=8) and II1f5~/~ (n = 8) that were treated as in (A). C) qRT-PCR analysis of the indicated genes in colon tumors of VP
(n=10) and VP9 (n = 8) or VP (n = 10) and VP5 (n = 12) mice that were intraperitoneally injected with AOM (10 mg kg'') every week for 6 successive
weeks and rested for 12-14 weeks. D) Immunoblot analysis of CD44, TCF7 or GAPDH in colon tumors from I11f9*/* and 1/1f9~/~ (n = 2) mice or from
111f5+/* and IITfS‘/‘ =2) mice treated as in (A) (left), VP, VP9 or VP5 (n = 2) mice treated as in (C) (middle), or 5 month old ApcMin/+, ApcMin/+|[1f5-1=
or ApcMin/* 1197/~ (n = 2) mice (right). WE, weak exposure; SE, strong exposure. E) gRT-PCR analysis of the indicated genes in colon organoids (n = 4)
that were left untreated or stimulated with Wnt3a (100 ng mL™"), IL-36y (20 ng mL"), IL-36Ra (20 ng mL"), Wnt3a plus IL-36y, or Wnt3a plus IL-36Ra
for 4 h. F) qRT-PCR analysis of the indicated genes in colon organoids (n = 4) that were left untreated or stimulated with Wnt3a (100 ng mL"), IL-36y
(20 ng mL1), IL-36Ra (20 ng mL'"), Wnt3a plus IL-36y, or Wnt3a plus IL-36Ra in the presence or absence of CHX (50 ug mL') for 6 h. ES, enrichment
score; NES, nonenrichment score; FDR, false discovery rate; FWER, family-wise error rate. WE, weak exposure; SE, strong exposure. n.s., not signiﬁcant.
Graphs show mean = SEM. B,C,E,F) Two-tailed student’s t-test in B, C, E, F. B-F) Data are representative of two independent experiments.
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Figure 6. Inhibition of IL-36y maturation impairs colon tumorigenesis. A) A scheme of z-API treatment during the induction of AOM/DSS colon cancer.
The mice were induced colon cancer with the AOM/DSS (2.5% DSS) protocol and intraperitoneally injected daily with z-API (100 pg) or PBS during the
three rounds of DSS treatment. B) Images (upper), tumor counts (lower left), and tumor volumes (lower right) of colons from wild-type C57BL/6 mice
treated as in (A) (n = 12 or 11 for PBS or z-API, respectively). C) A scheme of z-API treatment during the induction of AOM, Vil-Cre;Trp53"/% model.
Vil-Cre;Trp531/1 mice were weekly injected with AOM (10 mg kg™") for six successive weeks, followed by intraperitoneal injection of z-API (100 ug) or PBS
every other day from the 12th to the 18th week after the initial AOM injection. The mice were euthanized at the 20th week after the initial AOM injection.
D) Representative images (upper), tumor counts (lower left) (n = 14 for PBS or z-API), tumor sizes (lower middle) (n = 14 for PBS or z-API), and the
invasive tumor percentages (lower right) (n = 6 for PBS or z-API) of colons from Vil-Cre;Trp53%"/f mice treated as in (D). E) gRT-PCR analysis of the
indicated genes in the colon tumors from mice treated as in (A) (n =9 or 11 for PBS or z-API, respectively). F) qRT-PCR analysis of the indicated genes
in the colon tumors from mice treated as in (D) (n = 12 for PBS or z-API). G) IHC images (left) and quantification analysis (right) of colon sections from
mice treated as in (A) (n = 6 for PBS and n = 6 for z-API) or in (D) (n = 6 for PBS and n = 6 for z-API). (H) Immunoblot analysis of the indicated proteins
in colon tumors of mice treated as in (A, left, n = 2 for PBS or z-API) or in (D, right, n = 2 for PBS or z-API). *P < 0.05; **P < 0.01 (two-tailed student’s
t-test in B, C, E-G). Graphs show mean + SEM in (B,D,E-G). Scale bars represent 1 mm (black) or 50 um (red), respectively. Data are combined two
(B,D,E,F) independent experiments or representative of two (G,H) independent experiments.
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Figure 7. Neutralization of IL-36y alleviates colitis and colon cancer. A) A scheme of treatment with «lIL-36y (100 ug, intraperitoneally injected daily
during 2.5% DSS treatment) or control 1gG (upper) of wild-type C57BL/6 mice that were treated with AOM/DSS protocol. B) Images (upper), tumor
counts (lower left), tumor volumes (lower right) of colons from wild-type C57BL/6 mice treated as in (A) (n =9 or 8 for alL-36y or IgG, respectively).
C) A scheme of treatment with alL-36y (100 pg, intraperitoneally injected every other day from the 12th to the 18th week after initial AOM injection)
or control 1gG of Vil-Cre;Trp53%/% mice that were intraperitoneally injected with AOM (10 mg kg™') weekly for 6 successive weeks. D) Representative
images (upper), tumor counts (lower left)(n = 12 or 13 for alL-36y or 1gG, respectively), tumor volumes (lower middle)(n = 12 or 13 for alL-36y or
IgG, respectively), and the invasive tumor percentages (lower right) (n = 6 for alL-36y or IgG) of colons from Vil-Cre;Trp53%/1 mice treated as in (C). E)
qRT-PCR of the indicated genes in colon tumors from mice treated in (A) (n = 12 for alL-36y or IgG, respectively). F) gRT-PCR of the indicated genes in
colon tumors from mice treated in (C) (n = 12 for alL-36y or 1gG, respectively). G) Images of immunohistochemistry (left images) and quantification
analysis (right graphs) of the indicated protein in colon tumors from mice treated as in (A, n =5 for IgG and alL-36y groups) or (C, n=6 or 5 for IgG or
alL-36y, respectively). H) Immunoblot analysis of related proteins in colon tumors of mice treated as in (A or C). *P < 0.05; **P < 0.07; ***P < 0.001
(two-tailed student’s t-test in B, D, E, F). Graphs show mean + SEM. B,D,E,F) Scale bars represent T mm (black) or 50 um (red), respectively. Data are
combined two (A, B) or three (D, E) independent experiments or representative of two (F, G) independent experiments.
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synthesis, indicating that IL-36Ra triggers an active suppressive
signal in addition to out-compete the binding of IL-36a/f/y to
IL-36R. Future studies are required to elucidate the mechanisms
of such an active suppression signaling downstream of IL-36Ra.
Nonetheless, current data support the notion that the balance be-
tween agonist and antagonist stimulation of IL-36R in different
types of cells determines the net outcome of the phenotypes of
IL-36R deficiency in DSS-induced colitis.

It has been previously shown that ectopic expression of IL-36y
in B16F10 melanoma cells and 4T1 breast tumor cells results in
activation of type 1 immune responses and tumor regression. >
Interestingly, ectopic expression of IL-36« in basal keratinocytes
leads to cutaneous inflammation which is exacerbated by knock-
out of IL-36Ra in mice,[*! indicating a proimmune role of 1L-36
cytokines in the skin.’®) In our study, we observed that the cy-
tokine and chemokine expression and signaling pathways were
similarly downregulated in the IL-36y KO and the IL-36Ra KO
colitis tissues and colon tumors compared to their respective con-
trols. In contrast, the cell-matrix adhesion and Wnt signaling
pathways were inhibited in the IL-36y KO colon tumors and po-
tentiated in the IL-36Ra KO colon tumors, respectively, indicat-
ing that IL-36y and IL-36Ra reciprocally regulate cell-matrix and
Wnt signaling but not cytokine- and chemokine-related immune
signaling in the colon. In addition, we have recently shown that
IL-36y and IL-36Ra reciprocally regulate non-small cell lung can-
cer progression by modulating GSH homeostasis and oxidative
stress-induced cell death.*!] Therefore, it is possible that 1L-36
cytokines exert pro- or anti-tumor activities in different types of
cancers by modulating distinct signaling pathways. In this con-
text, the expression levels of IL-36y are dramatically decreased
in skin cutaneous melanoma compared to the adjacent normal
skin tissues and are higher in colon and rectum adenocarcinoma
tissues than in the adjacent normal tissues.

In contrast to similar downregulation of cytokine and
chemokine signaling in 11197/~ and 11157/~ inflamed colon tis-
sues or colon tumors, the ECM, cell-matrix interaction and cell
adhesion pathways exhibited downregulation and upregulation
in 1197/~ and 1157/~ inflamed colon tissues or colon tumors
compared to the respective controls. Specifically, knockout or
neutralization of IL-36y or administration of IL-36Ra signifi-
cantly inhibited the expression of cell-matrix adhesion molecules
such as Vwf, Col4al, and Col6al, whereas knockout of IL-36Ra
had opposite effects in DSS colitis and colon cancer models,
indicating that the agonistic and antagonistic IL-36R signaling
reciprocally controls extracellular matrix network for pro- and
anti-inflammation and tumorigenesis in the gastrointestinal
system, respectively. In this context, it has been demonstrated
that aberrant collagen network promotes CRC development
by modulating the behaviors of tumor cells, tumor-associated
fibroblasts, and endothelial cells.l'®?%] Collectively, these data
support the notion that normalizing the cell-matrix microenvi-
ronment would be more effective than normalizing cytokine and
chemokine signaling as therapeutic strategy for IBD and colon
cancer.!?]

The ECM network not only provides physical scaffolds for
tissue organization but also controls cellular behaviors by di-
rectly triggering intracellular signaling or by indirectly modulat-
ing the microenvironment.’”8! It has been demonstrated that
the crosstalk between the cell-matrix network and Wnt signaling
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is critical for development and genes involved in Wnt signaling
pathways exhibit hypermutation or hyperactivation in CRC.37%°]
Our data suggested that IL-36y did not upregulate the expression
of Wnt downstream genes but synergized with Wnt3a to induce
Wnt target genes in a manner dependently on protein synthesis.
In addition, IL-36Ra alone suppressed basal and Wnt3a-induced
expression of Wnt target genes and CHX treatment impaired
IL-36Ra-mediated suppression of Wnt target genes after Wnt3a
stimulation. Considering that IL-36y induced and IL-36Ra inhib-
ited the expression of cell-matrix adhesion molecules, it is likely
that IL-36y and IL-36Ra reciprocally regulate colon tumorigene-
sis by directly modulating the cell-matrix adhesion network to
indirectly regulate Wnt signaling. Future studies are required to
further characterize the crosstalk between the cell-matrix net-
work and Wnt signaling during disease progression. Taken to-
gether, the identification of IL-36y and IL-36Ra in regulating col-
itis and colon cancer development provides potential therapeutic
strategies for treatment of IBD and CRC.

4. Experimental Section

Mice: 1119/~ (#032395-UCD) and II1f5+/~ (#032393-UCD) mice
were obtained from the Mutant Mouse Resource & Research Center (MM-
RRC) and were crossed with C57BL/6 mice (GemPharmatech Co., Ltd,
Nanjing, China) for at least 6 generations before subsequent studies.
Trp531/1 (#008462) mice were purchased from Jackson Lab. Wildtype
C57BL/6 mice, Villin-Cre (#7000142) and ApcMin/* (#T001457) mice were
from GemPharmatech Co., Ltd (Nanjing, China). I1f9*/* and II1f97/~
(from 111f9*/~ breeders) or I11f5%/*and I11f5~/= (from II1f5*/~ breed-
ers) littermates were used throughout the study. Villin-Cre;Trp53%A, Villin-
Cre;Trp53111f9-1=, Villin-Cre;Trp53"/111f5~/~mice were bred indepen-
dently. Male ApcMin/+ | ApcMin/+ 11f9=1= and ApcMin/* 1115/ mice were
bred with wild-type female C57BL/6 mice, II1f97/~, or IITf5/" mice, re-
spectively. No statistical methods were used to predetermine sample size.
For all experiments presented in this study, age- and sex-matched mice
were used and the sample sizes were large enough to determine statisti-
cally significant effects. The control and experimental groups of mice were
cohoused and randomly allocated to different treatment. All mice were
housed in the specific pathogen-free animal facility at Wuhan University
with a 12 h dark/12 h light cycle and fed with standard food and water. All
animal experiments were in accordance with protocols approved by the
Institutional Animal Care and Use Committee of Wuhan University.

Human Material:  The colorectal tumor samples and adjacent nor-
mal tissues were collected during November of 2016 to November of
2017 at the Department of Pathology of Zhongnan Hospital of Wuhan
University (Table S2, Supporting Information). The tumor tissues were
fixed with 4% paraformaldehyde and embedded in paraffin blocks.
The tissue array was prepared as previously described and subject to
immunohistochemistry.3160] For human samples, informed consent was
obtained from all patients. Protocols in this study were approved by the
Institutional Review Committees of Zhongnan Hospital of Wuhan Univer-
sity, and the Medical Ethic Committee of the School of Medicine, Wuhan
University.

DSS-Induced Colitis and Colon Cancer Models: The experiments were
performed as previously described.3'! For the DSS-induced colitis model,
mice were administered the indicated dosages of DSS dissolved in sterile
water for 5 d, followed by regular water for 1-3 d. The colons were har-
vested and washed with PBS for various analyses. For the AOM/DSS col-
orectal tumor model, cohoused experimental mice were intraperitoneally
injected with azoxymethane (AOM, 10 mg kg'') (#A5486, Sigma), followed
by treatment of 2.5% DSS drinking water for 7 d and regular water for 14 d.
This cycle was repeated three times and mice were sacrificed at the end of
the 12th week. For the Vil/in-Cre;Trp53ﬂ/ﬂ colon cancer model, 8 week old
mice were intraperitoneally injected with AOM (10 mg kg_;) once a week
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for six successive weeks. At the 20th week after the initial AOM injection,
the colons of mice were harvested, washed of feces with cold PBS, and slit
open longitudinally to count tumors. The mice were monitored for survival
or sacrificed at 18-20 weeks after the last injection of AOM for analysis.
For the ApcMi"/+ colon cancer model, mice were fed with normal food and
water for 5 months. The colons and intestines were harvested, washed,
and slit open longitudinally for various analyses. All animal experiments
were in accordance with protocols approved by the Institutional Animal
Care and Use Committee of Wuhan University.

Tumor Count and Measurement: The colons together with a ruler were
imaged for subsequent tumor count and measurement. For tumor count,
two students independently counted the tumors in each colon for twice
and an average of the counted numbers was calculated as #tumors per
mouse. For tumor measurement, the diameter of each tumor was scaled
with the referenced ruler and the volume of the tumor was calculated with
the formula 4zR3/3. The size and diameter of colon tumors were listed
in Table S1 (Supporting Information). The invasive adenocarcinoma and
adenoma were characterized as previously described.[®']

Measurement of Cell Proliferation:  The E-plates in the xCELLigence real-
time Cell Analyzer (RTCA) system (Agilent) were adopted to continuously
monitor the proliferation of cells in cultures. In brief, the HCT116 cells and
the MC38 cells (5000 cells per well in 200 pL medium) were seeded on
the E-Plates and cultured in an incubator (37 °C, 5% CO,). Twelve hours
later, the cells were treated with IL-36y (20 ng mL") or IL-36y plus IL-36Ra
(20 ng mL"). The proliferation of the cells was continuously monitored
and quantitated by the RTCA system 16 (Agilent).

mRNA Transcriptome Sequencing:  I11f9/* and 111f9~/~ mice were ad-
ministered 2.5% DSS dissolved in sterile water for 5 d, followed by reg-
ular water for 2 d. Il1f5*/* and I17f5~/~ mice were administered 2% DSS
dissolved in sterile water for 5 d, followed by regular water for 2 d. The
colons were flushed with PBS to clear feces and slit open longitudinally.
The distal colon tissues (0.5 cm in length, about 0.5 cm away from the
anus) were washed in PBS and homogenized in 2 mL TRIzol (Invitrogen).
Colon tumors from I[1f9*/* and I11f9~/~ mice or I11f5*/* and I11f5~/~ mice
that were given AOM/DSS treatment were washed in PBS and homoge-
nized in 2 mL TRIzol (Invitrogen). Total RNAs were prepared and the qual-
ities of RNAs were determined by agarose gel electrophoresis and spec-
trophotometer analysis. Poly(A) mRNA was subsequently purified from
10 g total RNA using NEBNext Oligo d(T)25 Magnetic Beads Isolation
Module. The first-strand cDNA was synthesized with NEBNext RNA first-
strand synthesis module. NEBNext Ultra Il nondirectional RNA second-
strand synthesis module was used for the synthesis of the complemen-
tary strand of first-strand cDNA. The resulted double-stranded DNA was
purified and Vazyme TruePrep DNA Library Prep Kit V2 was used to pre-
pare libraries followed by sequencing on an lllumina Hiseq X Ten plat-
form with 100 bp paired-end reads strategy (Novogene Co. Ltd, Beijing).
Quality control of MRNA-seq data was performed by using Fatsqc and low-
quality bases were trimmed by Cutadapt. All RNA-seq data were mapped
to the mouse genome (mm9) by TopHat (version 2.1.1) and allowed max-
imum 2 mismatch per read. Gene expression level was calculated by Cuf-
flinks with default parameters and normalized by FPKM. Gene ontology
and KEGG pathway enrichment analysis were performed using DAVID
(https://david.ncifcrf.gov). The transcriptome data and the gene sets used
for GSEA were included in Tables S3-S5 (Supporting Information).

Bone Marrow Transfer:  Bone marrow cells were isolated from the fe-
mur of donor mice, lysed with RBC lysis buffer, and washed with PBS for
three times. The recipient mice were irradiated with 8 Gy and immediately
injected with the isolated bone marrow cells through tail vein (10° cells
per mouse). Induction of colitis was performed at the eighth week after
bone marrow transfer.

Colon Organoid Culture: Mouse primary intestine or colon organoid
was generated and cultured as described previously.}"] Briefly, colon tis-
sues were vigorously shaken in 2 x 10 m EDTA for 1 h at 4 °C, followed
by removing the EDTA solution. Subsequently loosened crypts were pre-
pared by pipetting the solution up and down with 15 mL PBS through a
10 mL pipette for 8-10 times followed by 1 min rest. The supernatants
containing the crypt suspension were transferred into a new 50 mL cen-
trifuge tube and the precipitants were resuspended with 15 mL PBS and
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pipetted up and down for repeated collection of crypts. FBS was added to
the crypt suspensions until a final concentration of 10%. The supernatants
containing crypts were centrifuged at 300 g for 5 min. Pelleted crypts were
resuspended in 2 mL conditional medium with growth factors (CMGF ad-
vanced DMEM/F12), and collected by centrifugation at 130 g for 5 min at
4 °C. Crypts were finally suspended in Matrigel (Corning, Bedford, USA),
and placed in the center of a well of a 24-well plate (40 L per well). Af-
ter the Matrigel had solidified (15 min at 37 °C), crypts were cultured in
culture medium (#06005, Stem Cell) at 37 °C with 5% CO,. The culture
medium was refreshed every 2-3 d until experiments.

Hematoxylin-Eosin Staining and Masson’s Trichrome Staining Analysis:
Colon tissues from mice with DSS-induced colitis or colonic tumors were
fixed in 4% paraformaldehyde and embedded in paraffin blocks. The paraf-
fin blocks were sectioned (5 um) for HE staining (Beyotime Biotech) or
Masson’s trichrome staining (Leagene) followed by coverslipped. Images
were acquired using an Aperio VERSA 8 (Leica) multifunctional scanner.
The pathogenic scores of the inflamed colons were evaluated by combin-
ing the disease activity index (DAI) score and histopathological score. DAI
score was assessed for each animal as a cumulative score for the severity
of colitis, according to the stool consistency (score: 0, normal; 1, soft and
shaped; 2, loose stools; 3, diarrhea), rectal bleeding (score: 0, normal; 1
and 2, bloody stool; 3, gross bleeding), and body weight loss (score: 0,
none; 1, 1%-5%; 2, 5%—10%; 3, 10%—15%; 4, >15%). Histopathological
changes were analyzed as a cumulative score, based on epithelial damage
(0, normal morphology; 1, loss of goblet cells; 2, loss of goblet cells in
large areas; 3, loss of crypts; 4, loss of crypts in large areas), and inflam-
matory cell infiltration (0, no infiltration; 1, infiltration around crypt bases;
2, infiltration spreading to muscularis mucosa; 3, extensive infiltration in
the muscularis mucosa with abundant edema; 4, infiltration spreading to
submucosa).

Immunohistochemistry (IHC) Assays: |HC assays were performed as
previously described.31%0] In brief, the paraffin sections were deparaf-
finized with xylene and immersed in 100%, 85%, and 70% ethanol. The
antigen retrieval was performed with 0.5 x 10 m EDTA (pH8.0) by heat-
ing in a microwave oven for 30 min. The sections were incubated with
antibodies, followed by counterstaining with hematoxylin. Sections were
incubated with a biotinylated secondary antibody followed by ABC reagent
(UltraSensitiveTM SP IHC Kit, MXB). Histological analysis for inflamma-
tion, epithelial hyperplasia, and tumorigenesis was performed by a board-
certified pathologist (Dr. Zhi-Gao Xu). Signals were imaged with an Aperio
VERSA 8 (Leica) multifunctional scanner and quantified with the software
Image-Pro Plus 6.0.

Isolation of Colon Epithelial Cells and Lamina Propria Mononuclear Cells:
Colons were flushed with PBS to clear feces and slit open longitudinally,
cut into 0.5 cm pieces, incubated in epithelial cell isolation buffer (5 mL
RPMI 1640, 500 pL FBS, 200 uL 0.5 x 10 m EDTA, 20 uL 1 x 103 m
DTT, 20 uL 50 pg mL gentamicin) and shaken at 180 rpm at 37 °C for
30 min. The epithelial cell isolation buffer was filtered through a sterile
nylon membrane and the flow-through was centrifuged at 1000 rpm at
4 °Cfor 5 min and saved as epithelial cells. The colon tissues on the sterile
nylon membrane were washed with PBS (10 mL) two times, incubated with
lamina propria mononuclear cell buffer (5 mL RPMI 1640, 500 uL FBS,
50 uL 1.5 mg mL type IV collagenase, 20 uL 10 ug mL"' DNase I) and
shaken at 180 rpm at 37 °C for 30 min. The lamina propria mononuclear
cell buffer was filtered through a sterile nylon membrane and the flow-
through was centrifuged at 1000 rpm at 4 °C for 5 min. The precipitants
were resuspended in 40% percoll-PBS buffer (3 mL, GE healthcare, 17-
0891-09) and 80% percoll-PBS buffer (3 mL) was added at the bottom of
the 40% percoll-PBS buffer tube. The tube was centrifuged at 2000 rpm at
room temperature for 20 min. The intermediate phase containing LPMCs
was collected and washed with PBS followed by various analyses.

Immunoblot and qRT-PCR Assays: Immunoblot and gRT-PCR assays
were performed as previously described.[31:6263] The colon tissues or tu-
mors were homogenized with NP-40 lysis buffer (150 x 103 m NaCl, 1 x
10 m EDTA, 1% nonidet P-40) supplemented with proteinase and phos-
phatase inhibitors (Biotool). The lysates were cleared by centrifuge for
10 min at 4 °C. The supernatants were quantified and loaded to 10%-12%
sodium dodecyl sulfate—polyacrylamide gel (SDS-PAGE) for electrophore-
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sis and transferred onto nitrocellulose membranes. Blocking was per-
formed in 5% BSA in TBS for 1 h, and membranes were incubated with
primary antibodies overnight at 4 °C. Membranes were incubated with
horseradish peroxidase-conjugated secondary antibody for 1 h, and pro-
teins were visualized by using ECL substrate. Primary antibodies used in
this study were listed in Table S6 (Supporting Information).

Total RNA was extracted from distal colons of mice after colitis induc-
tion, colon tumor tissues, or organoids using TRIzol (Invitrogen). The to-
tal RNAs (10 ug) were reverse-transcribed into first-strand cDNAs with
All-in-One cDNA Synthesis SuperMix (50 uL) (Biotool) in the presence of
spermine (Sigma, 55513, 10 ng uL™"). Gene expression was examined with
a Bio-Rad CFX Connect system by a fast two-step amplification program
with 2x SYBR Green Fast qPCR Master Mix (Biotool). The ¢, value ob-
tained for each gene was normalized to that of the gene encoding f-actin.
Gene-specific primers were listed in Table S7 (Supporting Information).

Purification of IL-36y: The complementary DNA encoding mouse IL-
36y was obtained by reverse-transcription PCR with mRNA from DSS-
treated colon tissues. The cDNAs were amplified and cloned into the
pET30c vector and confirmed by sequencing. The generated plasmids were
transformed into E. coli (Rosseta2) competent cells that were cultured in
10 mL LB medium at 37 °C for overnight. These cells were further cultured
in 1L LB medium at 37 °C for 3—4 h until an OD600 value of 0.6-0.8 fol-
lowed by cooling on ice. IPTG (0.3 x 103 m) were added into the medium
and cultured at 18 °C for 24 h. The cells were harvested and lysed with
Tris-NaCl buffer (25 x 103 m Tris, 150 x 10 m NaCl, pH = 8.0) by high
pressure crushing. The cell lysates were centrifuged at 12 000 g for 10 min
at 4 °C and the His-TEV-tagged IL-36y proteins in the supernatants were
purified with Ni?* affinity chromatography and eluted with iminazole. The
untagged IL-36y proteins were obtained by mixing His-TEV-tagged IL-36y
proteins with His-TEV protease (kindly provided by Dr. Lei Yin, Wuhan Uni-
versity) at 4 °C for overnight followed by Ni?* affinity chromatography and
size exclusion chromatography. The activity of the obtained IL-36y proteins
was determined by luciferase reporter assay.

Immunization of IL-36y and Antibody Purification: The New Zealand
rabbits were subcutaneously immunized with IL-36y (400 pg) emulsified
in competent Freud’s adjuvant at week 0. At weeks 1, 3, and 6, the rabbits
were subcutaneously immunized with IL-36y (200 pg) emulsified in incom-
plete Freud’s adjuvant. At weeks 0, 4, and 7, 2 mL blood was collected
for ELISA analysis. At week 9, the rabbits were intravenously injected with
IL-36y (400 ug). At week 10, the rabbits were euthanized and the blood
was obtained to isolate the antisera by centrifuge of 1000 g for 5 min at
4 °C. The antisera were cleared by further centrifuge at 20 000 g for 20 min
at 4 °C and diluted by 10 times volume of the binding buffer (0.1 m phos-
phate buffer, 0.15 m NaCl, pH 8.0). The diluted antisera were loaded to
the pre-equilibrated Protein A column followed by washing with the bind-
ing buffer for three times. The anti-IL-36y IgG was eluted with the elution
buffer (0.2 m sodium citrate, pH 3.0) and dialyzed with PBS. The neutral-
ization activity of aIL-36y was determined with NF-xB luciferase reporter
assay. The control rabbit IgG was purified from unimmunized rabbits.

IL-36a, IL-36p, IL-36y, IL-36Ra, and TNF Stimulation: These cytokines
were dissolved in PBS (5 mg mL"') and aliquoted for stock at -80 °C un-
til use. The cytokines were diluted with PBS and added into the culture
medium of cells or colon organoids (50 uL for each well) with a final con-
centration of 20 ng mL'. The cells or colon organoids were harvested for
qRT-PCR or luciferase reporter assays after 3-8 h stimulation, respectively.
These cytokines used in this study were listed in Table S6 (Supporting In-
formation).

Treatment of Mice with z-AP| or Anti-IL-36y: z-APl was dissolved in
PBS (10 mg mL" and 10 mg mL", respectively) and aliquoted for stock
at -80 °C until use. z-API (100 ug, 20 pL) or anti-IL-36y (100 pg) was di-
luted in 100-200 mL PBS and intraperitoneally injected into mice once
a day during the induction of DSS-induced colitis. For mice treated with
AOM/DSS cycles, z-API (100 pg, 20 uL) or anti-IL-36y (100 pug) diluted in
100-200 mL PBS was intraperitoneally injected into mice once a day for 7
successive days during the DSS treatment. For VP mice treated with AOM,
z-API (100 pg, 20 L) or anti-IL-36y (100 pg) diluted in 100-200 mL PBS
was intraperitoneally injected into mice every other day for 7 successive
weeks from the 12th week through the 18th week after the initial injection
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of AOM. For ApcMin/+ mice, anti-IL-36y (100 ug) diluted in 100-200 mL
PBS was intraperitoneally injected into mice (8 week old) every other day
for six successive weeks. The mice were left for survival observation or
sacrificed at 20 week old.

Analysis of scRNA Sequencing Data: For analysis of CRC samples,
the raw counts matrix of scRNA sequencing data of CRC tissues was
kindly provided by Dr. Zemin Zhang (Peking University).[*3] The down-
stream analysis was performed with R packages Seurat (version 3.2.3).
Highly variable genes were used for principal-component analysis in Seu-
rat. After principal-component analysis, significant principal components
were identified by using the knee in the scree plot. Only scores from
these significant principal components were used as the input to nearest-
neighbor based clustering (“FindClusters,” resolutions = 0.1) and t-SNE
(“RunTSNE,” dims = 1:10). For analysis of ulcerative colitis samples, the
CellRanger (v2.0)-processed count files and metadata were downloaded
from single-cell portal (https://singlecell.broadinstitute.org/single_cell)
under the accession number SCP259.32] The clusters were annotated ac-
cording to the respective marker genes as described.[3%:33

Transfection and Reporter Assays: HEK293 cells were transiently trans-
fected with NF-«xB-driven firefly luciferase reporter (100 ng), TK-Renilla lu-
ciferase reporter (20 ng) and miIL-36R (100 ng) using standard calcium
phosphate precipitation. Twenty hours after transfection, the cells were
stimulated with IL-36, IL-36, IL-36y (20 ng mL") or TNF (5 ng mL"") in
the presence or absence of anti-IL-36y for 8 h followed by luciferase assays
with a dual-specific luciferase reporter kit (Promega). The activity of firefly
luciferase was normalized by that of Renilla luciferase to obtain relative
luciferase activity

Statistics Analysis: Differences between experimental and control
groups were tested using two-tailed Student’s t-test. The number of re-
peats for each experiment was indicated in the respective figure legends.
N in the figure legends indicates the number of mice or replicates in the
experiments. P values less than 0.05 were considered statistically signifi-
cant. For animal survival analysis, the Kaplan-Meier method was adopted
to generate graphs, and the survival curves were analyzed with log-rank
analysis. Prism 8.3.0 was used to generate graphs and perform statistical
analysis.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

The authors thank L. Yin (Wuhan University) for reagents, Y. Zhou (Wuhan
University) for scRNA seq data analysis, and members of the Zhong
laboratory and the core facilities of the Medical Research Institute for
technical help. This study was supported by grants from the National
Key Research and Development Program of China (2018 TFE0204500 and
2018YFC1004601), Natural Science Foundation of China (31930040 and
32070900), Natural Science Foundation of Hubei Province (2020CFA015),
Fundamental Research Funds for the Central Universities (2042020kf0207
and 2042020kf0042), Medical Science Advancement Program (Basic Med-
ical Sciences) of Wuhan University (TFJC2018004), and the Non-Profit
Central Research Institute Fund of Chinese Academy of Medical Sciences
(2020-PT320-004).

Conflict of Interest
H.W. and Y.L. are founders and share-holders of Yurogen Biosystems LLC
(Wuhan).).X. and J.C. are employees of Yurogen Biosystems LLC (Wuhan).

Author Contributions

W.Y., H.-P.D., and P.W. contributed equally to this work. B.Z. and D.L. de-
signed and supervised the study. W.Y. and H.-P.D. performed the major ex-
periments. P.W. performed bioinformatics analysis of the sequencing data

2103035 (1 50f1 7) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

and the sc-RNA sequencing data; Z.-G.X., B.X., and D.L. collected and ana-
lyzed the UC and CRC samples. .X,, J.C., H.W.,, and Y.L. performed immu-
nization and antibody purification assays. B.Z. and D.L. wrote the paper.
All the authors analyzed data.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

cell-matrix adhesion, colon cancer, IL-36y, IL-36Ra, tumor microenviron-
ment, Wnt signaling

Received: July 14, 2021
Revised: December 14, 2021
Published online: February 4, 2022

(1]

(2]

(3]

(4]

(3]
(6]

7]

(8]

9]

(1]

!
(12]

(3]
[14]

[15]

Adv. Sci. 2022, 9, 2103035

S. C. Ng, H. Y. Shi, N. Hamidi, F. E. Underwood, W. Tang, E. I. Benchi-
mol, R. Panaccione, S. Ghosh, J. C. Y. Wu, F. K. L. Chan, . ]. Y. Sung,
G. G. Kaplan, Lancet 2018, 390, 2769.

H. Sung, J. Ferlay, R. L. Siegel, M. Laversanne, |. Soerjomataram, A.
Jemal, F. Bray, Ca-Cancer J. Clin. 2021, 71, 209.

L. F. Mager, M. H. Wasmer, T. T. Rau, P. Krebs, Front. Oncol. 2016, 6,
96.

J. Z. Liu, S. van Sommeren, H. Huang, S. C. Ng, R. Alberts, A. Taka-
hashi, S. Ripke, |. C. Lee, L. Jostins, T. Shah, S. Abedian, . H. Cheon,
J. Cho, N. E. Dayani, L. Franke, Y. Fuyuno, A. Hart, R. C. Juyal, G. Juyal,
W. H. Kim, A. P. Morris, H. Poustchi, W. G. Newman, V. Midha, T. R.
Orchard, H. Vahedi, A. Sood, ]. Y. Sung, R. Malekzadeh, H. |. Westra,
et al., Nat. Genet. 2015, 47, 979.

B. Verstockt, K. G. Smith, ). C. Lee, Clin. Transl. Immunol. 2018, 7,
el1001.

J. R. Huyghe, S. A. Bien, T. A. Harrison, H. M. Kang, S. Chen, S. L.
Schmit, D. V. Conti, C. Qu, J. Jeon, C. K. Edlund, P. Greenside, M.
Wainberg, F. R. Schumacher, J. D. Smith, D. M. Levine, S. C. Nelson,
N. A. Sinnott-Armstrong, D. Albanes, M. H. Alonso, K. Anderson,
C. Arnau-Collell, V. Arndt, C. Bamia, B. L. Banbury, J. A. Baron, S. I.
Berndt, S. Bezieau, D. T. Bishop, ). Boehm, H. Boeing, et al., Nat.
Genet. 2019, 51, 76.

C. Abraham, P. S. Dulai, S. Vermeire, W. |. Sandborn, Gastroenterology
2017, 152, 374.

A. Jatoi, S. R. Dakhil, P. L. Nguyen, J. A. Sloan, J. W. Kugler, K. M.
Rowland Jr, G. S. Soori, D. B. Wender, T. R. Fitch, P. . Novotny, C. L.
Loprinzi, Cancer 2007, 110, 1396.

E. Angevin, |. Tabernero, E. Elez, S. |. Cohen, R. Bahleda, J. L. van
Laethem, C. Ottensmeier, J. A. Lopez-Martin, S. Clive, F. Joly, I. Ray-
Coquard, L. Dirix, ). P. Machiels, N. Steven, M. Reddy, B. Hall, T. A.
Puchalski, R. Bandekar, H. van de Velde, B. Tromp, J. Vermeulen, R.
Kurzrock, Clin. Cancer Res. 2014, 20, 2192.

N. R. West, S. McCuaig, F. Franchini, F. Powrie, Nat. Rev. Immunol.
2015, 15, 615.

C. Bonnans, ). Chou, Z. Werb, Nat. Rev. Mol. Cell Biol. 2014, 15, 786.
G. S. Hussey, T. ). Keane, S. F. Badylak, Nat. Rev. Gastroenterol. Hep-
atol. 2017, 14, 540.

A. D. Theocharis, S. S. Skandalis, C. Gialeli, N. K. Karamanos, Adv.
Drug Delivery Rev. 2016, 97, 4.

A. C. Petrey, C. A. de la Motte, Curr. Opin. Gastroenterol. 2017, 33,
234,

A. Stallmach, D. Schuppan, H. H. Riese, H. Matthes, E. O. Riecken,
Gastroenterology 1992, 102, 1920.

[16]

(17]

(18]

[19]
(20]

[21]
(22]
(23]
(24]
[25]

(26]

(27]

(28]

[29]

3]
(31

(32

33]

(34]

35]

[36]

www.advancedscience.com

J. Silvennoinen, L. Risteli, T. Karttunen, ). Risteli, Gut 1996, 38,
223.

T. Brabletz, S. Spaderna, J. Kolb, F. Hlubek, G. Faller, C. J. Bruns, A.
Jung, J. Nentwich, I. Duluc, C. Domon-Dell, T. Kirchner, J. N. Freund,
Cancer Res. 2004, 64, 6973.

J. Guinney, R. Dienstmann, X. Wang, A. de Reynies, A. Schlicker, C.
Soneson, L. Marisa, P. Roepman, G. Nyamundanda, P. Angelino, B.
M. Bot, J. S. Morris, I. M. Simon, S. Gerster, E. Fessler, E. M. F. De
Sousa, E. Missiaglia, H. Ramay, D. Barras, K. Homicsko, D. Maru,
G. C. Manyam, B. Broom, V. Boige, B. Perez-Villamil, T. Laderas, R.
Salazar, J. W. Gray, D. Hanahan, ). Tabernero, et al., Nat. Med. 2015,
21, 1350.

M. Lafitte, A. Sirvent, S. Roche, Front. Oncol. 2020, 10, 125.

R. L. Siegel, K. D. Miller, A. Goding Sauer, S. A. Fedewa, L. F. Butterly,
J. C. Anderson, A. Cercek, R. A. Smith, A. Jemal, Ca-Cancer J. Clin.
2020, 70, 145.

E. Y. Bassoy, ). E. Towne, C. Gabay, Immurnol. Rev. 2018, 281, 169.

L. Zhou, V. Todorovic, Adv. Exp. Med. Biol. 2021, 21, 191.

M. F. Neurath, Cytokine Growth Factor Rev. 2020, 55, 70.

S. Gunther, E. ). Sundberg, J. Immunol. 2014, 193, 921.

H. Blumberg, H. Dinh, E. S. Trueblood, J. Pretorius, D. Kugler, N.
Weng, S. T. Kanaly, J. E. Towne, C. R. Willis, M. K. Kuechle, |. E. Sims,
J. ). Peschon, J. Exp. Med. 2007, 204, 2603.

S. Marrakchi, P. Guigue, B. R. Renshaw, A. Puel, X. Y. Pei, S. Fraitag,
J. Zribi, E. Bal, C. Cluzeau, M. Chrabieh, J. E. Towne, J. Douangpanya,
C. Pons, S. Mansour, V. Serre, H. Makni, N. Mahfoudh, F. Fakhfakh,
C. Bodemer, J. Feingold, S. Hadj-Rabia, M. Favre, E. Genin, M. Sah-
batou, A. Munnich, J. L. Casanova, |. E. Sims, H. Turki, H. Bachelez,
etal., N. Engl. J. Med. 2011, 365, 620.

A. Onoufriadis, M. A. Simpson, A. E. Pink, P. Di Meglio, C. H. Smith,
V. Pullabhatla, ]. Knight, S. L. Spain, F. O. Nestle, A. D. Burden, F.
Capon, R. C. Trembath, |. N. Barker, Am. J. Hum. Genet. 2011, 89,
432,

A. Nishida, K. Hidaka, T. Kanda, H. Imaeda, M. Shioya, O. Inatomi,
S. Bamba, K. Kitoh, M. Sugimoto, A. Andoh, Inflammatory Bowel Dis.
2016, 22, 303.

O. Medina-Contreras, A. Harusato, H. Nishio, K. L. Flannigan, V.
Ngo, G. Leoni, P. A. Neumann, D. Geem, L. N. Lili, R. A. Ramadas,
B. Chassaing, A. T. Gewirtz, ). E. Kohlmeier, C. A. Parkos, ]. E. Towne,
A. Nusrat, T. L. Denning, J. Immunol. 2016, 196, 34.

K. Scheibe, I. Backert, S. Wirtz, A. Hueber, G. Schett, M. Vieth, H. C.
Probst, T. Bopp, M. F. Neurath, C. Neufert, Gut 2017, 66, 823.

X.-M. Wang, C. Yang, Y. Zhao, Z.-G. Xu, W. Yang, P. Wang, D. Lin, B.
Xiong, J.-Y. Fang, C. Dong, B. Zhong, Nat. Cancer 2020, 1, 811.

C. S. Smillie, M. Biton, ). Ordovas-Montanes, K. M. Sullivan, G. Bur-
gin, D. B. Graham, R. H. Herbst, N. Rogel, M. Slyper, |. Waldman, M.
Sud, E. Andrews, G. Velonias, A. L. Haber, K. Jagadeesh, S. Vickovic,
J. Yao, C. Stevens, D. Dionne, L. T. Nguyen, A. C. Villani, M. Hofree,
E. A. Creasey, H. Huang, O. Rozenblatt-Rosen, J. |. Garber, H. Khalili,
A. N. Desch, M. J. Daly, A. N. Ananthakrishnan, et al., Cell 2019, 178,
714.

L. Zhang, Z. Li, K. M. Skrzypczynska, Q. Fang, W. Zhang, S. A. O'Brien,
Y. He, L. Wang, Q. Zhang, A. Kim, R. Gao, J. Orf, T. Wang, D. Sawant,
J. Kang, D. Bhatt, D. Lu, C. M. Li, A. S. Rapaport, K. Perez, Y. Ye, S.
Wang, X. Hu, X. Ren, W. Ouyang, Z. Shen, ). G. Egen, Z. Zhang, X. Yu,
Cell 2020, 181, 442.

F. Chen, M. Qu, F. Zhang, Z. Tan, Q. Xia, B. D. Hambly, S. Bao, K.
Tao, BMC Cancer 2020, 20, 92.

K. Scheibe, C. Kersten, A. Schmied, M. Vieth, T. Primbs, B. Carle, F.
Knieling, ). Claussen, A. C. Klimowicz, |. Zheng, P. Baum, S. Meyer, S.
Schurmann, O. Friedrich, M. J. Waldner, T. Rath, S. Wirtz, G. Kollias,
A. B. Ekici, R. Atreya, E. L. Raymond, M. L. Mbow, M. F. Neurath, C.
Neufert, Gastroenterology 2019, 156, 1082.

S. Crotti, M. Piccoli, F. Rizzolio, A. Giordano, D. Nitti, M. Agostini, J.
Cell. Physiol. 2017, 232, 967.

2103035 (16 0‘F17) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(37]
(38]
(39]
(40]

(47]

(42]

(43]

(44]

[45]

[46]

(47)

(48]

[49]

Adv. Sci. 2022, 9, 2103035

N. Amin, E. Vincan, Front. Biosci. 2012, 17, 784.

P. Astudillo, ). Larrain, Curr. Mol. Med. 2014, 14, 209.

C. M. Henry, G. P. Sullivan, D. M. Clancy, I. S. Afonina, D. Kulms, S.
J. Martin, Cell Rep. 2016, 14, 708.

G. P. Sullivan, C. M. Henry, D. M. Clancy, T. Mametnabiev, E. Be-
lotcerkovskaya, P. Davidovich, S. Sura-Trueba, A. V. Garabadzhiu, S.
J. Martin, Cell Death Dis. 2018, 9, 378.

P. Wang, W. Yang, H. Guo, H. P. Dong, Y. Y. Guo, H. Gan, Z. Wang,
Y. Cheng, Y. Deng, S. Xie, X. Yang, D. Lin, B. Zhong, Adv. Sci. 2021, 8,
2101501.

M. Elias, S. Zhao, H. T. Le, J. Wang, M. F. Neurath, C. Neufert, C.
Fiocchi, F. Rieder, J. Clin. Invest. 2021, 137, e144336.

Y. Han, A. Huard, |. Mora, P. da Silva, B. Brune, A. Weigert, Cell. Sig-
nalling 2020, 75, 109773.

R. Kesselring, J. Glaesner, A. Hiergeist, E. Naschberger, H. Neumann,
S. M. Brunner, A. K. Wege, C. Seebauer, G. Kohl, S. Merkl, R. S. Croner,
C. Hackl, M. Sturzl, M. F. Neurath, A. Gessner, H. J. Schlitt, E. K.
Geissler, S. Fichtner-Feigl, Cancer Cell 2016, 29, 684.

M. Bersudsky, L. Luski, D. Fishman, R. M. White, N. Ziv-
Sokolovskaya, S. Dotan, P. Rider, |. Kaplanov, T. Aychek, C. A.
Dinarello, R. N. Apte, E. Voronov, Gut 2014, 63, 598.

E. M. Bradford, S. H. Ryu, A. P. Singh, G. Lee, T. Goretsky, P. Sinh,
D. B. Williams, A. L. Cloud, E. Gounaris, V. Patel, O. F. Lamping, E.
B. Lynch, M. P. Moyer, I. G. De Plaen, D. ). Shealy, G. Y. Yang, T. A.
Barrett, J. Immunol. 2017, 199, 1886.

S. ). Gao, L. Zhang, W. Lu, L. Wang, L. Chen, Z. Zhu, H. H. Zhu, World
J. Gastroenterol. 2015, 21, 8711.

M. Fauny, D. Moulin, F. D'’Amico, P. Netter, N. Petitpain, D. Arnone,
J. Y. Jouzeau, D. Loeuille, L. Peyrin-Biroulet, Ann. Rheum. Dis. 2020,
79, 1132.

S. Danese, S. Vermeire, P. Hellstern, R. Panaccione, G. Rogler, G.
Fraser, A. Kohn, P. Desreumaux, R. W. Leong, G. M. Comer, F. Cataldi,

(50]
(51
[52]

(53]

(54]

5]

[56]
[57]
(58]
[59]
(60]

(67]

[62]
[63]

www.advancedscience.com

A. Banerjee, M. K. Maguire, C. Li, N. Rath, |. Beebe, S. Schreiber, Gut
2019, 68, 40.

M. Friedrich, M. Pohin, F. Powrie, Immunity 2019, 50, 992.

A. Lasry, A. Zinger, Y. Ben-Neriah, Nat. Immunol. 2016, 17, 230.

S. E. Russell, R. M. Horan, A. M. Stefanska, A. Carey, G. Leon,
M. Aguilera, D. Statovci, T. Moran, P. G. Fallon, F. Shanahan, E. K.
Brint, S. Melgar, S. Hussey, P. T. Walsh, Mucosal Immunol. 2016, 9,
1193.

Y. Nanjo, M. W. Newstead, T. Aoyagi, X. Zeng, K. Takahashi, F. S. Yu,
K. Tateda, T. ). Standiford, Infect. Immun. 2019, 87, €00583-18.

V. L. Ngo, H. Abo, M. Kuczma, E. Szurek, N. Moore, O. Medina-
Contreras, A. Nusrat, D. Merlin, A. T. Gewirtz, L. Ignatowicz, T. L.
Denning, Proc. Natl. Acad.Sci. USA 2020, 117, 27540.

X. Wang, X. Zhao, C. Feng, A. Weinstein, R. Xia, W. Wen, Q. Lv, S.
Zuo, P. Tang, X. Yang, X. Chen, H. Wang, S. Zang, L. Stollings, T. L.
Denning, J. Jiang, ). Fan, G. Zhang, X. Zhang, Y. Zhu, W. Storkus, B.
Lu, Cancer Cell 2015, 28, 296.

A. L. Buhl, J. Wenzel, Front. Immunol. 2019, 10, 1162.

L. Sorokin, Nat. Rev. Immunol. 2010, 10, 712.

V. Vogel, Annu. Rev. Physiol. 2018, 80, 353.

N. Cancer Genome Atlas, Nature 2012, 487, 330.

Y. Zhao, X. Wang, Q. Wang, Y. Deng, K. Li, M. Zhang, Q. Zhang, .
Zhou, H. Y. Wang, P. Bai, Y. Ren, N. Zhang, W. Li, Y. Cheng, W. Xiao,
H. N. Du, X. Cheng, L. Yin, X. Fu, D. Lin, Q. Zhou, B. Zhong, Cell Rep.
2018, 22, 2442.

G. P. Boivin, K. Washington, K. Yang, ). M. Ward, T. P. Pretlow, R.
Russell, D. G. Besselsen, V. L. Godfrey, T. Doetschman, W. F. Dove,
H. C. Pitot, R. B. Halberg, S. H. ltzkowitz, |. Groden, R. J. Coffey,
Gastroenterology 2003, 124, 762.

Q. Zhang, Z. Tang, R. An, L. Ye, B. Zhong, Cell Res. 2020, 30, 914.
Z.Cai, M. X. Zhang, Z. Tang, Q. Zhang, ). Ye, T. C. Xiong, Z. D. Zhang,
B. Zhong, J. Exp. Med. 2020, 217, €20191174.

2103035 (1 7 of 1 7) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



