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SUMMARY

Intestinal homeostasis is tightly regulated by epithelial cells, leukocytes, and stro-
mal cells, and its dysregulation is associated with inflammatory bowel diseases.
Interleukin (IL)-11, a member of the IL-6 family of cytokines, is produced by
inflammatory fibroblasts during acute colitis. However, the role of IL-11 in the
development of colitis is still unclear. Herein, we showed that IL-11 ameliorated
DSS-induced acute colitis in mouse models. We found that deletion of ll11ra1 or
1111 rendered mice highly susceptible to DSS-induced colitis compared to the
respective control mice. The number of apoptotic epithelial cells was increased
in DSS-treated ll11ra1- or Il11-deficient mice. Moreover, we showed that IL-11
production was regulated by reactive oxygen species (ROS) produced by lyso-
zyme M-positive myeloid cells. These findings indicate that fibroblast-produced
IL-11 plays an important role in protecting the mucosal epithelium in acute colitis.
Myeloid cell-derived ROS contribute to the attenuation of colitis through the pro-
duction of IL-11.

INTRODUCTION

The intestinal epithelium is continuously exposed to large quantities of foreign proteins and microorgan-
isms."” Immune responses against antigens and epithelial regeneration processes are induced in response
to tissue damage to maintain intestinal homeostasis. In addition, resident mesenchymal cells, including
fibroblasts, endothelial cells, and podocytes, also play an important role in regulating tissue repair pro-
cesses.”"” However, the molecular mechanisms by which mesenchymal cells regulate colon tissue repair
are still unclear. Ulcerative colitis (UC) is an inflammatory bowel disease characterized by mucosal inflam-
mation in the distal colon and rectum.®’ Although accumulating studies have suggested that genetic and
environmental factors contribute to UC development, the underlying mechanisms are not fully understood.
Various animal models have been used to investigate the mechanism underlying UC.® Among them,
dextran sulfate sodium (DSS), a sulfated polysaccharide, is the most popular agent used to induce colitis
in mice as a model of human UC.”

Interleukin (IL)-11 is a member of the IL-6 family of cytokines and binds to IL-11Ra1 and glycoprotein
130 kDa (gp130).'>"" The binding of IL-11 to the receptors leads to the activation of intracellular signaling
pathways, including the STAT3, MAPK, and AKT pathways.'? It has been reported that several cytokines
induce IL-11 production, including TGFB, IL-1B, IL-17A, and IL-22."* ' We previously reported that reactive
oxygen species (ROS) and an electrophile known as 1,2-naphthoquinone induce IL-11 production, thereby
promoting tissue repair in the liver and intestine, respectively.'”"'® Previous studies have shown that alpha-
smooth muscle actin (z-SMA)-negative stromal fibroblasts produce IL-11 in chemical-induced inflammatory
bowel disease in mice.'”?" We very recently reported that IL-11 production is enhanced by oxidative stress
and tightly regulated by MEK/ERK pathway activation in the colon of DSS-treated mice.'” A polymorphism
inthe IL11 gene is associated with increased susceptibility to UC in human patients.”” While the expression
of IL11 is increased in patients with mild UC, the expression of IL11 is decreased in patients with severe
UC.?* Microarray data in humans show that high IL-11 levels predict severe colitis and lack of response
to biological therapy.”” Notably, single-cell RNA sequencing analysis revealed that colon samples of pa-
tients with UC include a unique subset of fibroblasts, termed inflammation-associated fibroblasts, that
have high expression of IL11, IL24, IL13RA2, and TNFSFR11 and are enriched in patients who are resistant
to anti-TNF treatment.”” Along the same lines, transgenic murine 17 in a-smooth muscle cells and fibro-
blasts results in inflammation and fibrosis in the intestine of mice.”® These studies suggest a correlation
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Figure 1. DSS-induced colitis is exacerbated in I111ra1”" mice

(A) The colon length of untreated or DSS-treated mice was determined on day 15 after DSS treatment. The results are the
mean + SEM. n = 10 (untreated ll11ra1*’*), 13 (untreated Il11ra1~’"), 8 (DSS-treated I111ra1*'*), or 13 (DSS-treated
1111ra1~7) mice. Pooled data from four independent experiments.

(B) 111ra®** or I111ral~’~ mice were treated with 1.5% DSS in their drinking water for 5 days and then received normal
drinking water again. The body weight of the mice was determined on day 5 and after that day. The results are expressed
as percentages of initial body weight. The results are the mean + SEM. n =19 (/1 1ral**)or 18 (I111ra1~’") mice; pooled
data from four independent experiments.

(C and D) Hematoxylin and eosin (HE)-stained colonic sections of 111ra1** or 111ral~’~ mice on day 4 after DSS
administration. n=9 (II11ra1**) or 12 (I111ra1~/~) mice; pooled data from two independent experiments. Right panels are
enlarged images of the boxes in the left panels. Scale bar, 100 um. (C) The severity of colitis was quantified based on the
infiltration of immune cells (left panel) and damage to epithelial cells (right panel) as described in the STAR Methods. The
results are the mean + SEM.n=9 (Il11ral™*) or 12 (I111ra1~'~) mice; pooled data from four independent experiments (D).
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Figure 1. Continued

(E and F) Colon sections were stained with anti-CD45 antibodies (E). The CD45" area and total area were calculated, and
the percentages of CD45" area per area are expressed (F). The results are the mean + SEM. n = 4 (untreated //1 1ral*’%),5
(untreated /I11ra1~/"), 10 (DSS-treated II11ra1*’*), or 8 (DSS-treated I11ra1~'~) mice.

(G and H) The percentages of infiltrated neutrophils were increased in the colon of I171ral™'~ mice compared with
1111ra1*™/* mice. Colonic lamina propria cells were prepared from untreated mice or mice treated with DSS on day 12,
stained with the indicated antibodies, and analyzed by flow cytometry. Representative plots (G) of two independent
experiments and percentages of neutrophils in the colon of an individual mouse after DSS treatment (H) are shown. The
results are the mean + SEM (n = 9 mice). Pooled data from two independent experiments. Statistical significance was
determined by a two-tailed unpaired Student’s t test (D and H), two-way ANOVA with Tukey's multiple comparisons test
(A and F) or Bonferroni’s multiple comparisons test (B). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not
significant. See also Figure S1.

between IL-11 expression and the degree of inflammation or disease severity. In sharp contrast, human IL-
11 treatment ameliorates tissue damage in animal models of intestinal injury.”’*” However, a previous
study suggested that recombinant human IL-11 acts as an inhibitor of endogenous mouse IL-11 in
mice.’® Therefore, the contribution of IL-11 to the attenuation or exacerbation of colitis appears to be
context dependent.

In the present study, we sought to uncover the role of IL-11 in intestinal homeostasis by using DSS-induced
colitis mouse models. We revealed that deletion of I/T1ral or II11 renders mice highly susceptible to DSS-
induced colitis compared to the respective control mice. Mechanistically, lysozyme M-positive cells
produce ROS that subsequently induce IL-11 production by stromal fibroblasts in DSS-induced colitis.
Then, IL-11 inhibits apoptosis of intestinal epithelial cells, thereby attenuating colitis. These findings indi-
cate that IL-11 plays an important role in maintaining colon homeostasis.

RESULTS
DSS-induced colitis is exacerbated in l111ra1/~ mice

We previously reported that IL-11 expression was very low in the colon of mice, suggesting that IL-11 does
not play a role in the colon of mice under homeostatic conditions.'” On the other hand, it has been
suggested that developmental abnormalities may exist in 117ra1™~ mice.*%*" Therefore, we analyzed
1ra1** and Il11ra1~/~ mice to determine whether any intestinal abnormalities were observed. We found
that there were no differences in the lengths of the colon between II11ra1™* and II11ra1™/~ mice (Fig-
ure 1A). To investigate the role of IL-11 in the development of colitis, we treated I/1 1ral** and ll11ra1~’~
mice with DSS. Body weight loss and shortening of the colon, hallmarks of the severity of colitis, were signif-
icantly exacerbated in DSS-treated I117ra1~/~ mice compared to wild-type mice (Figures 1A and 1B). Due to
the differences in body weights being observed relatively early after DSS treatment, we analyzed the his-
tology on day 4 after DSS treatment. Histology revealed exacerbated tissue injury and increased immune
cell infiltration (Figures 1C and 1D). Immunohistochemistry confirmed that CD45" immune cell infiltration
was increased in the colon of DSS-treated /117ra1~'~ mice compared to wild-type mice (Figures 1E and 1F).
Flow cytometry analysis showed that neutrophil accumulation was increased in the colon of I111ra1~/~ mice
compared to wild-type mice following DSS treatment (Figures 1G and 1H and S1A). These results indicate
that the IL-11/IL-11ra axis is required for the attenuation of DSS-induced colitis.

DSS-induced colitis is exacerbated in 11117/~ mice

Because some genes have different phenotypes in receptor-deficient and ligand-deficient mice, we used
1111~/ and I111*"* mice to examine whether IL-11, the ligand of IL-11Ra1, is required to attenuate colitis.*?
Although no differences were observed in colon length between 11117~ mice and 1111** mice under
normal conditions (Figure 2A), body weight loss and shortening of the colon were significantly exacerbated
in DSS-treated 11117/~ mice compared to I11*/*
cell infiltration, and neutrophil accumulation were increased in the colon of 1177/~ mice compared to
1111*"* mice following DSS treatment (Figures 2C-2H). These results indicate that the IL-11/IL-11Ra1 axis
plays an important role in attenuating DSS-induced colitis in a relatively early stage.

mice (Figures 2A and 2B). Moreover, tissue injury, immune

IL-11 enhances the survival and growth of colon epithelial cells

The fact that DSS-induced colitis was exacerbated in I[11ral™’~ and 1117/~ mice prompted us to test
whether intestinal epithelial cell death was enhanced in these mice.*® To test whether IL-11 regulates
the survival of epithelial cells in DSS-induced colitis, we performed cleaved caspase 3 (CC3) staining, which
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Figure 2. DSS-induced colitis is exacerbated in 11117 mice

(A) I111*7* or 11117/~ mice were treated as in Figure 1. The colon length of untreated or DSS-treated mice was determined
on day 15 after DSS treatment. The results are the mean + SEM. n = 8 (untreated 111%/%), 7 (untreated 11117/7), 8 (DSS-
treated 1111%/%), or 11 (DSS-treated /117/7) mice. Pooled data from two independent experiments.

(B) The body weight of the mice was determined on day 5 and thereafter. The results are expressed as percentages of
initial body weight. The results are the mean + SEM. n = 16 (/1 1) or 19 (I1117/7) mice; pooled data from four
independent experiments.

(C and D) Hematoxylin and eosin (HE)-stained colonic sections of I171*/* or 11117/~ mice on day 4 after DSS administration.
Right panels are enlarged images of the boxes in the left panels. Scale bar, 100 um. The severity of colitis was
quantified based on the infiltration of immune cells (left panel) and damage to epithelial cells (right panel) as described in
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Figure 2. Continued

STAR Methods (D). The results are the mean + SEM. n = 11 (I111%*) or 13 (11117/7) mice; pooled data from two
independent experiments.

(E and F) Colon sections were stained with anti-CD45 antibodies (E). The CD45" area and total area were calculated, and
the percentages of CD45" area per total area are expressed (F). The results are the mean + SEM. n = 4 (untreated /I1 1%/%),
4 (untreated 11117/7), 6 (DSS-treated 1111%/%), 6 (DSS-treated 11117) mice.

(G and H) The percentages of infiltrated neutrophils were increased in the colon of 11117/~ mice compared with [1117/*
mice. Colonic lamina propria cells were prepared and analyzed as in Figure 1F. Representative plots (G) and percentages
of neutrophils (H) in the colon of an individual mouse after DSS treatment (right panels) are shown. The results are the
mean +SEM. n =6 (II11"%) or 11 (1117/7) mice. Pooled data from two independent experiments. Statistical significance
was determined by two-way ANOVA with Tukey’s multiple comparisons test (A and F), Bonferroni's multiple comparisons
test (B), a two-tailed unpaired Student’s t test (D), or two-tailed Mann-Whitney U test (H). *p < 0.05; ***p < 0.001.

is a hallmark of apoptosis. Although there were no differences between untreated wild-type mice and
111ra1™"~ or 11117/~ mice, we found that the number of CC3-positive cells was increased in the colon of
DSS-treated 111ral~'~ or 11117/~ mice compared to control DSS-treated wild-type mice (Figures 3A-
3D). In addition, we also found that TUNEL (a hallmark of apoptosis)-positive cells were increased in the
colon of DSS-treated 111ral™~ or 11117/~ mice compared to wild-type mice (Figures S2A-52D). Notably,
the majority of CC3" cells expressed E-cadherin, an intestinal epithelial cell (IEC) marker (Figures 3E and
3F), suggesting that IL-11 prevents apoptosis of IECs in DSS-induced colitis. We previously reported
that IL-11 signals to colonic epithelial cells and fibroblasts.'” To determine whether STAT3 activation is
observed in IECs and IL-11-producing fibroblasts in vivo, we treated I/11-Egfp reporter mice with DSS to
label IL-11-producing cells EGFP* (Figures 3G and 3H). Although there were few pSTAT3" cells in the colon
of untreated I/11-Egfp reporter mice, pSTAT3" cells were observed in the EGFP* fibroblasts and EGFP~
|IECs in the colon of DSS-treated I/11-Egfp reporter mice. These results suggested that IL-11 may attenuate
the cell death of IECs by directly activating IECs and indirectly activating IL-11-producing fibroblasts.

Reactive oxygen species enhance IL-11 production in colonic fibroblasts

We previously reported that the expression of IITT mRNA was increased in a MEK/ERK-dependent manner,
and treatment with N-acetylcysteine, an antioxidant, significantly decreased the increase in 1111 expression
in the colon of DSS-treated mice.'” To test whether reactive oxygen species directly induce IL-11 produc-
tion, we purified primary colon fibroblasts and treated the fibroblasts with hydrogen peroxide (H,0,). We
found that IL-11 production was increased by H,O, treatment in colon fibroblasts (Figure 4A). Oxidative
stress activates various signaling pathways, including the mitogen-activated protein kinase (MAPK) and
AKT pathways, depending on the cell type.***° To address which signaling pathways are responsible for
111 induction, we treated colonic fibroblasts with H,O, in the presence of various MAPK inhibitors,
including U0126 (a MEK inhibitor), SB203580 (a p38 inhibitor), SP600125 (a JNK inhibitor), or LY294002
(an AKT inhibitor) (Figure 4B). U0126 treatment substantially decreased II11 expression, suggesting that
IL-11 is induced by activating the MEK/ERK pathway enhanced by H,O, in fibroblasts. In addition, H,O,
treatment increased the phosphorylation of ERK in colonic fibroblasts (Figure 4C). To determine whether
ERK activation is observed in IL-11-producing fibroblasts in vivo, we examined the colons of DSS-treated
I111-Egfp reporter mice (Figures 4D and 4E). Immunohistochemical analysis (IHC) revealed that EGFP-pos-
itive cells were not found in the colon of untreated wild mice or II11-Egfp reporter mice. However, IL-11-
producing EGFP-positive cells appeared in the lamina propria, where intestinal epithelial cells were de-
tached due to inflammation in II11-Egfp reporter mice (Figure 4D). In addition, phosphorylation of ERKs
was observed in EGFP-positive IL-11-producing cells (Figure 4E). Together, these findings suggest that
ERK activation in fibroblasts is involved in the induction of IL-11 expression.

T cells, B cells, and RORyt" cells are not responsible for IL-11 induction

Previous studies have shown that several cytokines induce the production of IL-11, including IL-1B, IL-17A, IL-
22, and TNF, in vitro and in vivo.'*'® We then aimed to identify the factor(s) that induce IL-11 expression during
DSS-induced colitis. Previous studies have reported that IL-22 plays a crucial role in DSS-induced colitis by up-
regulating a set of tissue repair genes, including Reg3b and Reg3g.>® Rorc encodes the transcription factor
RORyt; this molecule is essential for the development of Th17 cells and type 3 innate lymphoid cells
(ILC3s), which produce IL-22.%"%% Consistent with a previous stuoly,3g> the deletion of Rorc blocked the expres-
sion of 122 and Il17ain the colon of DSS-treated mice (Figure 5A). However, DSS-induced expression of 117 in
the colon of Rorc®®/9% mice was comparable to that in the colon of Rorc*’* mice (Figure 5A). Moreover, the

expression of 1111 was not impaired in the colons of Rag2~/~ mice, which lack both T and B cells (Figure 5B).
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Figure 3. IL-11 enhances the survival and growth of colon epithelial cells
(Aand B) lI11raT*"* or I111ral~’~ mice were treated with 1.5% DSS in the drinking water for 4 days. Colon sections were
prepared on Day 4 and stained with anti-cleaved caspase-3 (CC3) antibody (A). The right panels show an enlargement of
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Figure 3. Continued

the left boxes. The numbers of CC3* cells were calculated, and the ratios of CC3" cells/total tissue areas (%) are
plotted (B). The results are the mean + SEM. n = 4 (control, I111ra1*/*), 10 (DSS-treated, Il11ra1™’"), 5 (control,
111ra1~’7), or 11 (DSS-treated, I111ra1~’") mice; pooled data from two independent experiments.

(CandD) 111** or 11117/~ mice were treated with 1.5% DSS in the drinking water for 4 days. Colon sections were prepared
on Day 4 and stained with anti-CC3 antibodies (C). The right panels show an enlargement of the left boxes (C). The
numbers of CC3" cells were calculated, and the ratios of CC3" cells/total tissue areas (%) are plotted (D). Black
arrowheads indicate CC3* cells (A and C). The results are the mean + SEM. n = 4 (control, I111%/%), 6 (DSS-treated, I1117/%),
4 (control, 1117/7), or 6 (DSS-treated, I1117/7) mice; pooled data from two independent experiments.

(E and F) Colon sections were stained with anti-CC3 (red), anti-E-cadherin (gray), and Hoechst 33,258 (blue) antibodies.
The numbers of CC3"and E-cadherin™ cells were counted, and the percentages of both CC3- and E-cadherin-positive
CC3" cells are expressed (F). The results are the mean + SEM. n = 4 (DSS-treated //1 Tral*’*) or 4 (DSS-treated ll11ra1~"")
mice.

(G and H) Representative immunostaining of IL-11" cells in the colon of DSS-treated mice. Colon tissue sections were
prepared from untreated or DSS-treated I/11-Egfp reporter mice on day 5 following DSS treatment. Colon tissue sections
were stained with anti-GFP (green), anti-E-cadherin (gray), and anti-phospho-STAT3 (pSTAT3) (red) antibodies and
Hoechst 33,258 (blue). pSTAT3* and EGFP™ cells were counted and normalized to the total tissue area (H). Scale bars,
100 um (A, C, E, and G). Statistical significance was determined by two-way ANOVA with Tukey’s multiple comparisons
test (B and D) and a two-tailed unpaired Student’s t test (F). *p < 0.05; ***p < 0.001; ns, not significant. See also Figure S2.

Together, IL22, RORyt" cells, which include ILC3s and Th17 cells, and T or B cells are not responsible for the
expression of I/1T mRNA in the colon of DSS-treated mice.

IL-11 induces the activation of the MEK/ERK pathway. However, deletion of I/11ral did not abolish the up-
regulation of 1/71 in the colon of DSS-treated mice (Figure 5C). In addition, IL-11 treatment increased the
expression of Timp1 and Socs3, which are target genes of STAT3, in colonic fibroblasts. In contrast, 111
expression was not elevated in IL-11-treated fibroblasts (Figure 5D). These results suggest that ERK activa-
tion by H,O, upregulated 111 expression at the transcriptional level. However, IL-11-induced ERK activa-
tion was not sufficient for /77 induction.

It is known that oxidative stress is closely associated with an increase in lysozyme M (LysM)-expressing
myeloid cells, including neutrophils, macrophages, monocytes, and some dendritic cells, in immune re-
sponses during colitis.""*? To examine whether LysM-positive cells are involved in IL-11 induction in vivo,
we used human diphtheria toxin receptor (DTR)-expressing mice under the control of the LysM promoter
(LysM*/OTR) 42
susceptible to DT-induced apoptosis.** To clarify whether only myeloid cells are involved in the induction

4345 e generated bone marrow (BM)
M OTR/+

Although murine cells are resistant to DT, the expression of human DTR renders murine cells

of IL-11, since LysM is also expressed in type Il alveolar epithelial cells,
chimeric mice. We referred to wild-type mice reconstituted with BM cells from wild-type and Lys
mice as wild-type BM and LysM-BM mice, respectively. A previous study reported that the presence of
myeloid cells affects the pathogenesis of DSS-induced colitis.* Therefore, we depleted LysM-positive cells
by administering DT on day 5 following DSS administration and analyzed the expression of /117 in the colon
on day 7. As expected, we found that DT treatment decreased the populations of CD11b* Ly-6G™ cells,
including macrophages, monocytes, and some dendritic cells, and CD11b™ Ly-6G* cells, including neutro-
phils, in the colons of DSS-treated LysM-BM mice compared with those in the colons of wild-type BM mice
(Figures S3A-S3D). The expression of I/11 and the oxidative stress-inducible gene Hmox1 in the colon of
DT-treated LysM-BM mice was significantly lower than that in the colon of DT-treated wild-type BM
mice (Figure 5E). These results indicated that the increase in IL-11 was regulated by LysM-positive cells.

Lysozyme M-positive cells are responsible for IL-11 induction during DSS-induced colitis

1111 expression was increased in a MEK/ERK-activation-dependent manner in the colon of DSS-treated
mice.'” IHC and western blot analysis revealed that ERK1/2 phosphorylation was decreased in the colon
of DSS-treated LysM-BM mice compared with that in the colon of DSS-treated wild-type BM mice
(Figures 6A-6C). Moreover, IL-11-producing cells were found to exist close to macrophages (CD68" cells)
and neutrophils (Ly-6G™ cells) in the colon of DSS-treated I111-Egfp reporter mice (Figure 6D). These results
suggest that LysM-positive cells induce IL-11 expression in fibroblasts in DSS-induced colitis.

To identify whether LysM-positive cells are involved in the induction of oxidative stress, we tested the levels

of ROS in the colons of DSS-treated mice. Analysis of mouse colonic cells using CellROX, a fluorescent
ROS reporter, revealed that DSS treatment significantly increased ROS levels in the colons of DT-treated
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Figure 4. Reactive oxygen species enhance IL-11 production in colonic fibroblasts

(A) Mouse colonic fibroblasts were established from wild-type mice as described in the STAR Methods. Mouse colonic
fibroblasts were stimulated with H,O, at the indicated concentrations for 18 h. The amount of IL-11 in culture supernatants
was determined by ELISA. The results are the mean £ SD (n = 3). The results are representative of two independent
experiments.

(B) Mouse colonic fibroblasts were stimulated with 0.6 mM H,O; in the presence or absence of SP600125 (SP), SB203580
(SB), LY294002 (LY), or U0126 (UO1) for 4 h. Relative amounts of [/11 mRNA were determined by gPCR and are presented as
the means + SDs (n = 3). Data are presented relative to Hprt expression. The results are representative of two
independent experiments.

(C) Primary colon fibroblasts were treated with the indicated concentration of H,O in the presence or absence of U0126
(20 pM) for 30 min. Total ERK and phosphorylated ERK (pERK) were analyzed by western blotting. The results are
representative of three independent experiments. ERK and pERK signaling intensities were calculated by Fiji. The
averages of the relative pERK/ERK ratios at the indicated points are shown (n = 3 independent experiments).

(D and E) Representative immunostaining of IL-11" cells in the colon of DSS-treated mice. Colon tissue sections were
prepared from untreated or DSS-treated wild-type or I/11-Egfp reporter mice on day 5 following DSS treatment. Colon
tissue sections were stained with anti-GFP (green), anti-phospho-ERK1/2 (pERK) antibodies (red), and Hoechst 33,258
(blue). Scale bars, 300 um (D), or 100 um (E). Statistical significance was determined by one-way ANOVA with Tukey's post
hoc test (A, B, and C). *p < 0.05; **p < 0.01; ***p < 0.0001; ns, not significant.
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Figure 5. T cells, B cells, and RORYt" cells are not responsible for IL-11 production

(A) 1122, 1117a, and 1117 mRNA levels in the colonic tissue from DSS-treated Rorc™* or Rorc9/9% mice. On day 5 after DSS
treatment, 1122, 1117a, and 1111 mRNA expression was determined by qPCR. The results are the mean + SEM. n =9
(Rorc™*) or 7 (Rorc?™/9™) mice; pooled results from two independent experiments.

(B) 1111 expression is not altered in the colon between DSS-treated Rag2*’* and Rag2~~ mice. On day 5 after DSS
treatment, 1171 expression was determined by qPCR. The results are the mean + SEM. n = 10 (Rag2*’*) or 9 (Rag2 /")
mice; pooled results from two independent experiments.

(C) 1111 expression is not altered in the colon between DSS-treated 111ra1** and l111ral~’~ mice. On day 5 after DSS
treatment, /I11 expression was determined by qPCR. The results are the mean + SEM.n =11 (Il1 Tral™*Yor 10 (11 1ra1~’")
mice; pooled results from three independent experiments.

(D) Mouse colonic fibroblasts were established from wild-type mice and stimulated with IL-11 (100 ng/mL) for 4 h. 1111
mRNA expression was determined by qPCR. The results are the mean + SD (n = 3). The results are representative of two
independent experiments.

(E) LysM* cells contribute to the increased expression of 1117 in DSS-treated mice. Bone marrow (BM) cells were prepared
from LysM PT®* mice (CD45.2) or littermate wild-type mice. Then, the BM cells were transferred to CD45.1 recipient mice
thathad been exposed to lethal irradiation. At 8 weeks after transfer, the BM-transferred mice were treated with 1.5% DSS
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Figure 5. Continued

for 5 days and then injected with DT. The colon lengths were analyzed on day 7. /11 and Hmox1 expression in the
colonictissue on day 7. We referred to CD45.1 wild-type recipient mice reconstituted with BM cells from wild-type and
LysM PT** mice as wild-type BM and LysM-BM mice, respectively. Statistical significance was determined by a two-
tailed unpaired Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. See also Figure S3.

wild-type BM mice but not in the colons of DT-treated LysM-BM mice (Figures 6E and S3E). These results
indicate that LysM-positive cells enhanced oxidative stress in the colon of DSS-treated mice. Moreover, it is
known that LysM-positive cells produce IL-1a. and IL-1B and regulate intestinal homeostasis.*”*? IL-1a, and
IL-1B induce gene expression in cells via Myd88, a critical component of the signaling pathway through the
IL-1 receptor.’”*” Indeed, DT-treated LysM-BM mice showed reduced colonic expression of l/1a and Il1b
compared to control DSS-treated wild-type BM mice (Figure 6F). To examine whether the IL-1-Myd88 axis
is involved in IL-11 induction in colitis, we used Myd88-deficient mice.”® Although Tnfexpression in the co-
lon of DSS-treated Myd88~/~ mice was lower than that in Myd88*/* mice, the increase in /111 expression
was not impaired in the colon of Myd88~/~ mice (Figure 6G). In addition, we found that IL-11 production
was increased by H,O, treatment in primary colonic fibroblasts prepared from Myd88~/~ mice (Figure 6H).
UO0126 treatment substantially decreased 1111 expression in H,O,-treated Myd88~'~ colonic fibroblasts
compared to untreated H,O,-treated Myd88~/~
H,O, treatment increased IL-11 expression in a MyD88-independent manner. Moreover, to examine the
contribution of IL-1, we treated fibroblasts with IL-1B or H,O,. We found that IL-1B treatment increased
116 expression but not 1111 expression in colonic fibroblasts (Figure 6J). These studies indicate that the in-
crease in IL-11is regulated by LysM-positive cells in an oxidative stress-dependent but not IL-1/Myd88 axis-
dependent manner.

fibroblasts (Figure 6l). These results suggested that

DISCUSSION

In this study, we showed that deficiency of I/11ral and /11 resulted in the exacerbation of DSS-induced co-
litis. Our analysis revealed that the MEK-ERK pathway, which was activated by ROS, contributed to the in-
duction of IL-11 expression in colonic fibroblasts. The increase in IL-11 expression was regulated by LysM*
cells but not T cells or B cells in the colon of DSS-treated mice. Our study suggests that LysM" cells regu-
lated the expression of IL-11 in an ROS-dependent but not IL-1- or Myd88-dependent manner.

The numbers of apoptotic intestinal epithelial cells were increased in the colon of II11ral~/~ and 11117/~
mice following DSS treatment. Along this line, IL-11 has been shown to inhibit cell death of cultured intes-
tinal epithelial cells induced by X-ray irradiation,”’ and IL-11 prevents apoptosis and accelerates recovery
of small intestinal mucosa in mice treated with combined chemotherapy and radiation.”” Moreover, IEC-
specific gain-of-function mutants of gp130-expressing mice exhibit less severe colitis and weight loss
than WT mice, reduced colon shortening, and fewer CC3-positive cells in crypts during DSS-induced coli-
tis.”® [EC-specific Stat3-deficient mice showed severe colitis with a higher number of apoptotic IECs after
DSS treatment.®® Furthermore, we previously reported that IL-11 induces the gene expression of chemo-
kines and matrix proteases in intestinal stromal cells.” We showed that pSTAT3 signals were observed
in both IL-11-producing fibroblasts and E-cadherin-positive IECs. Together, IL-11 attenuates DSS-induced
colitis through two distinct mechanisms: (1) IL-11 suppresses apoptosis of intestinal epithelial cells, and (2)
IL-11 regulates gene expression in intestinal stromal cells. On the other hand, we and others previously re-
ported that tumor development was attenuated in /[17ra1~’~ and /117~ mice using colitis-associated
colorectal cancer models.'”** This may be caused by the impaired postinjury regeneration of intestinal
epithelial cells lacking IL-11, a limitation that would attenuate tumor development. Indeed, IL-11 induces
the activation of STAT3 and ERK, which are known to promote cell survival and proliferation in murine tumor
organoids.'”*®

IL-11 expression is increased in the colon of patients with inflammatory bowel disease (IBD).?*?3>¢:>7:2
High IL-11 levels predict severe colitis and lack of response to biological therapy.”” It has been reported
that the colon samples of those who do not respond to anti-TNF antibody treatment contain IL-11-produc-
ing intestinal fibroblasts.”> On the other hand, polymorphisms in the IL71 gene have been associated with
increased susceptibility to ulcerative colitis in human patients.”®*? Decreased expression of IL-11 is
observed in patients with severe UC.”* In addition, reduced expression of IL17 in patients with necrotizing
enterocolitis has been observed and may be involved in the pathogenesis.®®" These observations suggest
a beneficial function of IL-11in IBD in the context of epithelial defense, and decreased expression of IL-11
might be one of the mechanisms of colitis exacerbation and involved in the pathogenesis. Indeed, several
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Figure 6. Lysozyme M (LysM)-positive cells promote IL-11 expression during DSS-induced colitis

(A-C) ERK activation was reduced in the colon of mice lacking LysM-positive cells. Wild-type BM and LysM-BM mice were prepared and treated as shown in
Figure 5C. Colon tissue sections from untreated or DSS-treated wild-type BM or LysM-BM mice were immunostained with an anti-phospho-Erk1/2 antibody
(PERK) (A). Scale bar, 100 um. (n = 5 mice). Total ERK and pERK in the colonic tissue of wild-type BM or LysM-BM mice were analyzed by Western blotting (B).
Total ERK and pERK signal intensities were calculated by Fiji, and the relative ratios of pERK/ERK are shown (C). The results are the mean £+ SEM. (n = 5 mice);
pooled results from two independent experiments.

(D) Colon tissue sections were prepared from DSS-treated I111-Egfp reporter mice on day 5 following DSS treatment. Colon tissue sections were stained with
anti-GFP antibody (green) and anti-CDé8 or Ly-6G antibody (red). The right panels show enlarged images of white dashed boxes from the left panels. White
arrowheads indicate the interactions of GFP™ cells and CD68" cells or Ly-6G* cells. Scale bar, 100 pm. (n = 5 mice).

(E) Colon cells were prepared and stained with CellROX-Green, and ROS accumulation was analyzed by flow cytometry. Left panels show representative
histograms of ROS levels in colon cells. Right panels show the percentages of CellROX-Green™ cells from an individual mouse. The results are the mean +
SEM. (n = 3 mice).

(F) ll1a and I11b expression in the colonic tissue from DSS-treated wild-type BM or LysM-BM mice. Il1a and IITb mRNA expression was determined by gPCR.
The results are the mean + SEM. n = 7 (wild-type BM) or 6 (LysM-BM) mice; pooled results from two independent experiments.

(G) The expression of Tnfand I/11 in the colonic tissue from DSS-treated Myd88** or Myd88 ~/~ mice. The expression of Tnfand /111 was determined by
gPCR. The results are the mean + SEM. (n = 8 mice).

(H) Mouse colonic fibroblasts were established from wild-type mice or Myd88 * mice as described in the STAR Methods. Mouse colonic fibroblasts were
stimulated with H,O, at the indicated concentrations for 12 h. The amount of IL-11 in culture supernatants was determined by ELISA. The results are the
mean + SD (n = 3). The results are representative of two independent experiments.

() Mouse colonic fibroblasts established from Myd88’/’ mice were stimulated with 0.6 mM H,O, in the presence or absence of U0126 (20 uM) for 4 h. 1111
mMRNA expression was determined by gPCR. The results are the mean + SD (n = 3). The results are representative of two independent experiments.

(J) Mouse colonic fibroblasts were established from wild-type mice stimulated with H,O, or IL-1B at the indicated concentrations for 4 h. [[11 mRNA
expression was determined by gPCR. The results are the mean + SD (n = 3). The results are representative of two independent experiments. Statistical
significance was determined using the two-tailed unpaired Student’s t test (C, F, and G) or one-way ANOVA with Tukey's post hoc test (E, H, |, and J).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.

studies have reported that recombinant human IL-11 treatment has beneficial effects on the intestinal mu-
cosa using different rodent models.?”?%4%4 The therapeutic efficiency of IL-11 administration has also
been investigated in Crohn disease.®**> However, in mouse experiments, it was suggested that recombi-
nant human IL-11 may inhibit the function of mouse IL-11.%° In addition, transgenic overexpression of IL-11
in smooth muscle cells has been reported to cause colon shortening and colon dilation in mice, along with
inflammation in the other organs.”® In their study, SMMHC-CreERT2 mice, which regulate gene expression
in a-SMA* smooth muscle cells, and Col1a2-CreER mice, which regulate gene expression in a-SMA™
vascular smooth muscle cells and fibroblasts, were used to induce IL-11 expression. In contrast, in DSS-
treated mice, IL-11 expression was transient and localized, as IL-11-producing cells were observed only
in the injured areas, and increased IL-11 expression was decreased by nine days after DSS treatment.'”
We previously reported that IL-11-producing cells are predominantly a-SMA-negative fibroblasts in
DSS-induced colitis and 2,4,6-trinitrobenzene sulfonic acid-treated mice.'”?° Thus, our study suggests
that IL-11 production is tightly regulated and that the function of IL-11 may be altered depending on
the duration of IL-11 production and the tissue microenvironment.

In the present study, we showed that IL-11 production by fibroblasts is important for attenuating colitis. We
also previously reported that IL-11-producing fibroblasts express several cytokines, including epiregulin
and Fgf7."? These cytokines have also been reported to be expressed in stromal cells of human patients
with 1BD.?>¢*¢” |n addition, these cytokines have been reported to attenuate colitis and facilitate wound
healing in mice.®®*”’° These reports indicate that the existence of IL-11-producing fibroblasts not only pre-
dicts colitis severity but that IL-11-producing fibroblasts also have diverse functions, and a more detailed
analysis of molecular mechanisms mediated by fibroblasts will be important in understanding human
pathogenesis.

RORyt" Th17 cells and ILC3s produce IL-22 and IL-17 and play an important role in tissue homeostasis of
the colon. Previous studies reported that IL-22 or IL-17 upregulates the expression of IL-11 in human colonic
myofibroblasts and bronchial fibroblasts.'>'> Moreover, IL-1a,, IL-1 B, and TNFa increase the expression of
IL-11 in intestinal myofibroblasts or rheumatoid synovial fibroblasts."*’" However, we found that IL-11
expression was not decreased in the colon of Rag2™'~ (lacking T and B cells), Rorc™~ (lacking Th17 cells
and ILC3s), or Myd88~/~ (deficient in IL-1 signaling) mice following DSS treatment. This difference in acti-
vation mechanisms is probably due to differences in the pattern of injury and the importance of activated
cells in acute DSS-induced colitis in mice. Notably, we found that IL-11 production in fibroblasts was
induced by ROS derived from LysM* myeloid cells. Impaired barrier function triggered by DSS results in
intestinal bacterial invasion into the lamina propria that subsequently induces ROS production by LysM™*
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myeloid cells. ROS play a crucial role in the elimination of bacteria.”"*> We previously reported that /11
expression in the colon of DSS-treated mice was significantly decreased by antibiotic treatment.'’
Although epithelial cells also express Duox and Nox, which produce ROS,’? this study revealed that
myeloid cells are primarily responsible for ROS production and subsequent /1711 expression by fibroblasts
in DSS-induced colitis.

Recent studies have highlighted that the IL-1 signaling pathway regulates intestinal homeostasis and the
pathogenesis of colitis via stromal cells.”*’* [1r1-deficient mice show increased susceptibility and a
reduced regenerative response in Citrobacter rodentium infection and DSS-induced colitis. In /1r1-defi-
cient mice, the induction of R-spondin 3 (RSPO3), a WNT antagonist produced by fibroblasts, is decreased,
leading to a reduced ability to repair tissue.”* In addition, a cohort study of patients with IBD showed that a
subset of patients defined by high neutrophil infiltration and activation of fibroblasts at sites of ulceration
matched nonresponders to several therapies. This study has shown that activated fibroblasts produce
neutrophil chemoattractants in an IL-1R signaling-dependent manner. Interestingly, we revealed that
although LysM* myeloid cells are important for IL-1 upregulation in DSS-induced colitis,”* the IL-1-
Myd88 axis is not involved in the induction of IL-11 in fibroblasts during colitis. Moreover, our study indi-
cates that myeloid cells induce IL-11 expression by increasing oxidative stress. These findings suggest a
novel mechanism of interaction between fibroblasts and myeloid cells and dysregulation of the mechanism
that may contribute to the pathogenesis of IBD.

Limitations of the study

Our study showed the important role of IL-11 in attenuating intestinal inflammation in the DSS-induced
acute colitis model. However, it is still unclear which types of IL11ral-expressing cells are essential for
attenuating DSS-induced colitis. Further analysis using conditional knockout 1111 or I/11ral mice should
be performed in future studies to elucidate the molecular mechanisms in more detail and to exclude the

possibility that developmental artifacts may exist in global knockout mice.*

Our study previously revealed that treatment with the ROS quencher N-acetyl-L-cysteine inhibited the in-
crease in IL-11 during DSS-induced colitis.”” In addition, we showed that the activation of the ROS-ERK axis
in fibroblasts is important for the induction of IL-11 expression in this study. However, all EGFP* cells were
not positive for pERK signals. In addition, not all stromal cells (a-SMA-positive cells and CD31-positive
endothelial cells) express IL-11." These results indicate that factor(s) other than ROS may contribute to
maintaining the properties of IL-11-producing cells.

In addition, although we used a DSS-induced colitis model, this model does not fully mimic human disease
because ulcerative colitis and Crohn disease are chronic and recurrent inflammatory diseases. We think it is
important to use models that more closely resemble human disease for analysis to advance our findings
and to understand human IBD pathology.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Purified anti-beta-Actin antibody BioLegend 622102; RRID:AB_315946
Phospho-p44/42 MAPK (Erk1/2) ( CST 4370; RRID:AB_2315112
Thr202/Tyr204) antibody

p44/42 MAPK (Erk1/2) Antibody CST 9102; RRID:AB_330744
GFP (green fluorescent protein) antibody Frontier Institute GFP-Go-Af1480; RRID:AB_2571574
Phospho-Stat3 (Tyr705) (D3A7) XP Rabbit mAb antibody CST 9145; RRID:AB_2491009
Cleaved Caspase-3 (Asp175) Antibody CST 9661; RRID:AB_2341188
CD68 (E307V) Rabbit mAb CST 97778

Ly-6G (E6Z1T) Rabbit mAb antibody CST 87048; RRID:AB_2909808

Donkey Anti-Rabbit IgG, Whole Ab ECL
Antibody, HRP Conjugated

Donkey anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ 488

Donkey anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ 594

Donkey anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ Plus 594

Anti-Human/Mouse CD11b APC

Anti-Mouse CD45.2 FITC

PE anti-mouse CD45.2 Antibody

FITC Rat anti-Mouse Ly-6G

APC Anti-Mouse CD62L (L-Selectin) (MEL-14) antibody
PE Anti-Human/Mouse CD44 (IM7) Antibody

APC Anti-Mouse CD45.1 (A20) antibody
ImMmPRESS-VR Horse anti-Rabbit IgG Polymer kit

Donkey anti-Goat IgG (H + L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488

Fc gamma RIlb/CD16-2 (2.4G2) antibody
Mouse IL-11 Biotinylated Antibody
Mouse IL-11 Antibody

GE Healthcare

Invitrogen

Invitrogen

Invitrogen

TONBO biosciences
TONBO biosciences
Biolegend

BD Bioscience
TONBO biosciences
TONBO biosciences
TONBO biosciences
Vector laboratories

Invitrogen

Made in house
R&D Systems
R&D Systems

NA934; RRID:AB_772206

A-21206; RRID:AB_2535792

A-21207; RRID:AB_141637

A32754; RRID:AB_2762827

20-0112; RRID:AB_2621556
35-0454; RRID:AB_2621692
109808; RRID:AB_313445
551460; RRID:AB_394207
20-0621; RRID:AB_2621582
50-0441; RRID:AB_2621762
20-0453; RRID:AB_2621575
MP-6401

A-11055; RRID:AB_2534102

N/A
BAF418; RRID:AB_2296004
MAB4181, RRID:AB_2125627

Chemicals, peptides, and recombinant proteins

Recombinant IL-1 beta

Tissue-Tek® O.C.T. Compound

Sodium Dextran Sulfate MW36,000 - 50,000
RPMI 1640 with L-Gln, liquid

Collagenase

DNase |

TRI Reagent

Sepasol-RNA | Super G
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Genzyme-Techne
Sakura Finetek

MP Biomedicals, Inc.
NACALAI TESQUE, INC.
Wako

Roche

Molecular Research Center, Inc.

NACALAI TESQUE, INC.

N/A

4583

160110
30264-56
032-22364
11284932001
TR118
09379-55

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

10 %-Formaldehyde Neutral Buffer Solution NACALAI TESQUE, INC. 37152-51

Citrate Buffer Solution LSI Medicine RM-102C

Hoechst 33252 Dojindo 343-07961

CellROX™ Green Reagent, for Invitrogen C10444

oxidative stress detection

Fetal Bovine Serum Gibco 10270106

Amphotericin B solution SIGMA A2942

TSA PLUS CYANINE 3 50-150 SLIDES AKOYA Biosciences NEL744001KT

Biotin-16-dUTP Roche 11093070910

Hydrogen Peroxide NACALAI TESQUE, INC. 18411-25

2-Mercaptoethanol NACALAI TESQUE, INC. 21418

uo126 Calbiochem 662005

SP600125 Calbiochem 420119

SB 203580 Calbiochem 559389

LY 294002 Calbiochem 440206

Fixation and Permeabilization Solution BD Biosciences 554722

Methanol NACALAI TESQUE, INC. 21914-74

Triton® X-100 Alfa aesar N/A

Normal Donkey Serum Jackson ImmunoResearch 017-000-121

MEM Non-Essential Amino NACALAI TESQUE, INC. 06344-56

Acids Solution(100x)

Recombinant Mouse IL-11 Protein R&D Systems 418-ML-025

Critical commercial assays

RevertraAce qPCR RT Kit TOYOBO FSQ-101

In Situ Cell Death Detection Kit Roche Diagnostics N/A

Can Get Signal® Immunoreaction TOYOBO NKB-101

Enhancer Solution

Experimental models: Organisms/strains

11717 mice (I111°m1Ts2k) Deguchi et al., 2018°* MGI:6715991

1111ra?”" mice (I111ra1™™m"Wehi) Nandurkar et al., 19977° MGI:2177778

Rorc9/9f B6.129P2(Cg)-Rorc™2Ht/J)

Eberl et al., 2004°’

Jackson Laboratory #007572
(RRID:IMSR_JAX:007572)

MyD88”~ Adachi et al., 1998, IMSR_OBS:1 (C57BL/6)
Oriental Bioservice

Rag2” Hao et al., 2001 Jackson Laboratory #008449

LysM PTR* Tg (B6; 129-Lyz2) Miyake et al., 2007 RBRC04394

C57BL/6 Japan-SLC N/A

C57BL/6-SJL Japan-SLC N/A

Oligonucleotides

See Table S1 for gPCR primers N/A N/A

Software and algorithms

ZEN software (Black Zen software) Zeiss RRID:SCR_018163

FlowJo FlowJo RRID:SCR_008520

GraphPad Prism 9 software GraphPad RRID:SCR_002798

Fiji Fiji RRID:SCR_002285

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
BZ-X Analyzer Keyence N/A

BD FACSDiva Software BD Bioscience RRID:SCR_001456
7500 SDS software Thermo Fisher Scientific N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Dr. Takashi Nishina (takashi.nishina@med.toho-u.ac.jp).

Materials availability

This study did not generate new unique reagents or materials. Any materials used in the study will be made
available with a material transfer agreement.

Data and code availability

All data generated or analyzed during this study are included in this article and its supplementary informa-
tion files. This study did not generate novel code, software, or algorithms. No data were generated that
required submission in public repositories. Any additional information required to reanalyze the data re-
ported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

11117/~ mice®? (generated in our laboratory) and I117ra1~/~ mice’” (provided by L. Robb) were previously
described. Rorcd™/97 (Jackson Laboratory #007572), MyD88’/’50 (Oriental Bioservice), RagZ’/’ 6 (Jack-

son Laboratory #008449), and LysMP™* mice*® were provided by the indicated sources and previously
described. C57BL/6 (CD45.2%) and C57BL/6-SJL (CD45.1%) mice were purchased from Japan-SLC.

Male nine-to fifteen-week-old mice were used in this study. Mice were housed at 23 + 2 °C, a humidity of
55 + 5%, and a light/dark cycle of 12 h:12 h. Mice in different cages or derived from different sources were
cohoused for 2 weeks to achieve a uniform microbiota composition before experiments. It has been re-
ported that a few I/11ral-deficient mice have a shortened and twisted snout.”” Mice that have a shortened
and twisted snout were not included in this study. All animals were housed and maintained under specific
pathogen-free conditions in the animal facility at Toho University School of Medicine. All experiments were
performed according to the guidelines approved by the Institutional Animal Experiment Committee of
Toho University School of Medicine (21-53-414, 21-53-411).

METHOD DETAILS

Reagents

The following antibodies used in this study were obtained from the indicated sources: anti-B-actin (622102,
BioLegend), anti-phospho-ERK (4370, CST), anti-ERK (9102, CST), anti-GFP (GFP-Go-Af1480, Frontier Insti-
tute), anti-phospho-STAT3 (9145, CST), anti-cleaved caspase-3 (9661, CST), anti-CDé8 (97778, CST) and
anti-Ly-6G (87048, CST). Anti-horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (NA934) was pur-
chased from GE Healthcare. Recombinant mouse IL-1B was obtained from Genzyme-Techne. Alexa Fluor
488-conjugated donkey anti-rabbit 1gG (A21206), Alexa Fluor 594-conjugated donkey anti-rabbit 19G
(A21207), Alexa Fluor Plus 594-conjugated donkey anti-rabbit 1gG (A32754), and Alexa Fluor
488-conjugated donkey anti-goat IgG (A11055) antibodies were purchased from Invitrogen.

The following antibodies were used for flow cytometry and were obtained from the indicated sources: anti-
human/mouse CD11b APC (20-0112, clone M1/70, TONBO Biosciences), anti-CD16/CD32-mAb (2.4G2)
(made in-house), APC anti-mouse CD45.1 antibody (20-0453, clone A20, TONBO Biosciences), anti-mouse
CD45.2 FITC (35-0454, clone 104, TONBO Biosciences), PE anti-mouse CD45.2 Antibody (109808, clone
104, Biolegend), and FITC rat anti-mouse Ly-6G (551460, Biolegend).
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Induction of dextran sulfate sodium (DSS)-induced colitis in mice

Nine-to fifteen-week-old male mice received 1.5% DSS (MW: 36,000-50,000 Da; MP Biomedicals) ad libitum
in their drinking water for five days, after which they received regular water again. The littermates and the
genotypes were cohoused from birth or at least two weeks before and during the experiments to achieve a
uniform microbiota composition.

Pathology scores of disease severity

Disease severity was estimated by scoring (1) infiltration of immune cells and (2) damage to epithelial cells
as previously described.”® (1) The presence of inflammatory cells in the colonic lamina propria was counted
as 0 = increased numbers of inflammatory cells, 1 = confluence of inflammatory cells, 2 = extension of
inflammatory cells into the submucosa, and 3 = transmural extension of the inflammatory cell infiltrate.
(2) The damage to epithelial cells was scored as follows: 0 = absence of mucosal damage, 1 = discrete focal
lymphoepithelial lesions, 2 = mucosal erosion and ulceration, and 3 = extensive mucosal damage and
extension through a deeper structure of the intestinal tract wall.

Flow cytometry

To obtain single cells from the colon, we minced mouse colons with scissors. We digested them in RPMI
1640 (Nacalai Tesque) containing 100 U/mL penicillin and 100 pg/mL streptomycin, 1 mg/mL collagenase
(Wako), 0.5 mg/mL DNase (Roche), and 2% (v/v) fetal bovine serum (FBS, Gibco) for 60 min. Single-cell sus-
pensions were prepared, and cells were stained with the indicated antibodies and analyzed by an
LSRFortessa X-20 (BD Biosciences). Data were processed by FACSDiva Software (BD Bioscience) and
FlowJo software (FlowJo).

Generation of bone marrow chimeras

For reciprocal BM transfer experiments, BM cells were prepared from LysM PT** mice (CDA45.2) or litter-
mate wild-type mice. Then, 3-5x10° BM cells were transferred to 8-week-old recipient mice [C57BL/é-
SJL mice (CD45.1)] that had been exposed to lethal irradiation (9.0 Gy).

At 8 weeks after transfer, peripheral blood mononuclear cells were collected and stained with FITC-conju-
gated anti-CD45.1 and allophycocyanin (APC)-conjugated anti-CD45.2 antibodies. The chimerism of bone
marrow cells was calculated by counting the percentages of CD45.1" and CD45.2" cells by flow cytometry,
and the average chimerism was more than 90%.

qPCR assays

Total RNA was extracted from the indicated tissues of mice by using TRI Reagent (Molecular Research Cen-
ter) or Sepasol | Super G (Nacalai Tesque), and cDNAs were synthesized with the RevertraAce gPCR RT Kit
(Toyobo). To remove residual DSS, we prepared mRNAs from the colon of mice treated with DSS and then
purified mRNAs by LiCl precipitation as described previously.”” gqPCR analysis was performed with the 7500
Real-Time PCR detection system with SYBR green method of the target genes and murine Hprt as an inter-
nal control with 7500 SDS software (Thermo Fisher Scientific). The primers used in this study are shown in
Table S1.

Immunohistochemistry (IHC)

Tissues were fixed in 10% formalin (Nacalai Tesque) and embedded in paraffin blocks. Paraffin-embedded
colonic sections were used for H&E staining and immunohistochemical and immunofluorescence analyses.
For immunohistochemistry, paraffin-embedded sections were treated with Instant Citrate Buffer Solution
(RM-102C, LSI Medicine) appropriate to retrieve antigen. Then, tissue sections were stained with the indi-
cated antibodies, followed by visualization of Alexa-conjugated secondary antibodies using Hoechst 33258
(Dojindo) or biotin-conjugated secondary antibodies followed by streptavidin-HRP (Vector Laboratories).

For the staining for pSTAT3, excised tissues were incubated in a fixation and permeabilization solution
(554722, BD Bioscience) overnight followed by dehydration in 30% sucrose before embedding in OCT com-
pound (Sakura Finetek) as described previously.?® Eighteen-micrometer sections were cut on a Tissue-Tek
Polar cryostat (Sakura Finetek) and adhered to MAS-coated glass slides (MATSUNAMI). Frozen sections
were treated with 0.3% H,0O, in methanol (Nacalai Tesque) for 20 min at —20°C and permeabilized and
blocked in PBS containing 0.3% Triton X-100 (Alfa Aesar) and 5% normal donkey serum (Jackson
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Immunoresearch) followed by staining with primary antibodies diluted in PBS containing 5% BSA (Sigma-
Aldrich). Then, tissue sections were stained with Alexa-conjugated secondary antibodies, ImnmPRESS-VR
Horse anti-Rabbit IgG Polymer kit (MP-6401, Vector laboratories), and Hoechst 33,258. The TSA Plus
Cyanine 3 System (NEL744001KT, AKOYA Biosciences) was used for the amplification of the pSTAT3-pos-
itive signal.

Pictures were obtained with an all-in-one microscope (BZ-X700, Keyence) and analyzed with BZ-X Analyzer
(Keyence) software. Confocal microscopy was performed on an LSM 880 (Zeiss). Images were processed
and analyzed using ZEN software (Zeiss) or Fiji's image-processing package (https://fiji.sc/).

Isolation of colonic fibroblasts

Primary mouse colonic fibroblasts were obtained as described previously with some modifications.”’
Briefly, we cut mouse colons into 0.5-1-cm pieces with scissors and washed them with HBSS containing
100 U/mL penicillin, 100 pg/mL streptomycin, and 2.5 pg/mL amphotericin B (Sigma—-Aldrich). The pieces
were incubated with HBSS containing antibiotics, 5 mM EDTA, and 1 mM DTT for 20 min at 37 °C on a
shaker. The intestinal pieces were washed with HBSS containing the antibiotics and then incubated with
RPMI 1640 containing 100 U/mL penicillin, 100 ng/mL streptomycin, 2.5 ng/mL amphotericin B, T mg/mL
collagenase (Wako), 0.5 mg/mL DNase (Roche), and 2% (v/v) fetal bovine serum (FBS, Gibco) for 60 min
at 37 °C on a shaker. Single-cell suspensions were cultured in DMEM (Nacalai Tesque) containing 10%
FBS, 0.0004% 2-mercaptoethanol (2-ME) (Nacalai Tesque), T mM HEPES, 100 U/mL penicillin, 100 png/mL
streptomycin, non-essential amino acids (Nacalai Tesque), and 2.5 pg/mL amphotericin B. Cells were stim-
ulated with the indicated concentrations of H,O, in the absence or presence of 20 uM SP600125 (Calbio-
chem), SB203580 (Calbiochem), U0126 (Calbiochem), or LY294002 (Calbiochem) for the indicated times in
the absence of 2-ME.

Western blotting

Cells were lysed in RIPA buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycho-
late, 0.1% SDS, 25 mM B-glycerophosphate, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 1T mM
PMSF, 1 pg/mL aprotinin, and 1 ng/mL leupeptin). After centrifugation, cell lysates were subjected to
SDS-PAGE and transferred onto polyvinylidene difluoride membranes (Millipore). The membranes were
developed with Super Signal West Dura extended duration substrate (Thermo Scientific) and analyzed
by an Amersham Biosciences imager 600 (GE Healthcare). In some experiments, blots were quantified us-
ing the freeware program Fiji.

ELISA

Primary mouse colonic fibroblasts (5 x 10° cells/mL) were stimulated with the indicated concentrations of
H,O, for 12 h. Concentrations of murine IL-11 were determined by a sandwich ELISA with rat anti-mouse IL-
11 antibody (MAB4181, R&D) as the capture antibody, biotin-conjugated goat anti-mouse IL-11 antibody
(BAF418, R&D) as the detection antibody, and mouse IL-11 protein (R&D) as the standard. To increase
detection sensitivity, the antibody was diluted in Can Get Signal Solution (NKB-101, TOYOBO).

Measurement of ROS levels

The intracellular ROS level was measured using CellROX-Green (Molecular Probes) according to the man-
ufacturer’s instructions. Briefly, single cells from the colon were labeled with a 1.7 uM CellROX-Green so-
lution at 37 °C for 30 min, washed with 0.1% BSA/PBS, and then analyzed by flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was determined by the unpaired two-tailed Student’s t test, Mann-Whitney U test,
two-way ANOVA with Tukey’s multiple comparisons test, one-way ANOVA with Tukey’s post hoc test, and
Mantel-Cox log rank test as indicated. *p < 0.05 was considered statistically significant. All statistical an-
alyses were performed with GraphPad Prism 9 software (GraphPad Software).
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