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1 | INTRODUCTION

Chronic inflammatory bowel diseases (IBD), comprising
Crohn's disease (CD) and ulcerative colitis (UC), are
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Abstract

Introduction: Insight in the pathogenesis of intestinal fibrosis is an unmet
medical need in inflammatory bowel diseases. Studies in murine models and
human organ fibrosis point to a potential role of innate lymphoid cells (ILC) in
chronic intestinal inflammation and fibrosis.

Materials and Methods: Dextran sodium sulfate (DSS) in drinking water
was used to induce chronic colitis and remodeling in C57Bl/6 wild type (WT),
RAG-deficient, RAG™/~ common Y chain deficient and anti-CD90.2 monoclonal
antibody treated RAG™~ mice. Inflammation was scored by macroscopic
and histological examination and fibrosis was evaluated by hydroxyproline
quantification and histology.

Results: In RAG™'~ mice (which have a normal ILC population but no adaptive
immunity), chronic intestinal inflammation and fibrosis developed similarly as in
WT mice, with a relative increase in ILC2 during repeated DSS exposure. Chronic
colitis could also be induced in the absence of ILC (RAG™~yc™/~ or anti-CD90.2
treated RAG™~ mice) with no attenuation of fibrosis. Importantly, clinical
recovery based on weight gain after stopping DSS exposure was impaired in
ILC-deficient or ILC-depleted mice.

Conclusion: These data argue against a profibrotic effect of ILC in chronic
colitis, but rather suggest that ILC have a protective and recovery-enhancing
effect after repeated intestinal injury.
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inflammatory intestinal diseases with a relapsing-
remitting disease course. Throughout their disease course,
one-third of CD patients and 5% of UC patients will de-
velop a fibrostenotic phenotype (strictures and bowel
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obstructions) due to excessive extracellular matrix de-
position and muscularis propria hyperplasia in the bowel
wall."” Up to 80% of CD and 20% of UC patients undergo
surgery during the disease course, with stricture formation
being the most common indication for major intestinal
surgery in CD.”" Notably, recurrence of inflammation
and fibrosis after surgical resection is common. Although
fibrosis is most prevalent in CD, a minority of patients
with extensive UC of long duration have shortening of the
colon with formation of a lead-pipe colon as a result of
excessive remodeling.” The mechanisms by which fibrosis
in the intestine develops are incompletely understood.
Therefore, insight in the pathogenesis of intestinal fibrosis
is an unmet medical need in IBD care.

Over the last few decades, most studies on IBD have
focused on the identification of abnormal adaptive immune
responses. More recently, the focus has shifted toward
mucosal innate immune responses. Recent data suggested a
causal link between defects in the resolution of intestinal
inflammation and impaired bacterial clearance, excessive
cytokine secretion, altered monocyte-macrophage transi-
tion, and activation of tissue innate immune cells.*’
Intestinal fibrosis is believed to be a chronic and progressive
process triggered by inflammation through complex matrix/
cell/protein interactions, but may be reversible.®

Innate lymphoid cells (ILC) were discovered as an ad-
ditional source of mucosal cytokines.”' Three groups of
ILC have been defined based on shared expression of sur-
face markers, transcription factors, and effector cytokines
with T helper (Th) cell subtypes. Group 1 ILC (ILC1) are
implicated in immunity to intracellular pathogens, influ-
enced by interleukin 12 (IL-12), they express T-bet, and
produce interferon y (IFN-y) and tumor necrosis factor
(TNF). Group 2 ILC (ILC2) are involved in type 2 in-
flammation required for antihelminth defenses and allergic
inflammation, influenced by IL-25, IL-33, and TSLP, they
express GATA-3, and produce type 2 effector cytokines IL-4,
IL-5, IL-9, IL-13, and amphiregulin. Group 3 ILC (ILC3) are
involved in antibacterial immunity, chronic inflammation,
and tissue repair, influenced by IL-13, IL-6, and IL-23, they
express RORyt, and produce IL-17 and/or IL-22.""

ILC residing in the gut mucosa are important reg-
ulators of homeostasis and have the potential to control
tissue remodeling.'”'* The role of ILC in mucosal immune
pathology is not clear. In murine models of asthma, ILC2
are a source of IL-4, IL-5, and IL-13 after stimulation with
epithelial cell derived IL-25 and IL-33."” In murine models
of IBD, ILC contribute to the development and persistence
of intestinal inflammation by production of IL-17A and
IFN-y in response to IL-23."® ILC3 are important players in
protecting the epithelial barrier by production of IL-22 in
response to epithelial stress, however IL-17 production by
these cells can contribute to development of colitis.'”"*
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Bernink et al showed that IFN-y producing ILC1 are in-
creased in resected tissues of patients with CD, suggesting
their involvement in human disease.'””’ ILC might also
play an important role in organ fibrosis. In murine models
of lung and liver fibrosis, type 2 ILC have been shown to
be essential for the development of fibrosis, via an IL- 25
and IL-33 dependent pathway, respectively.' "

Previously, we and others have shown that chronic
dextran sodium sulfate (DSS) colitis induced by repeated
cycles of DSS exposure is characterized by transmural in-
flammation and granuloma formation and followed by re-
modeling and fibrosis.”** To dissect the involvement of
ILC in this process, chronic DSS colitis was induced in wild
type (WT), in recombination activating gene (RAG™7) de-
ficient mice (which lack adaptive immunity but have a
normal ILC population), in anti-CD90.2 injected RAG ™~
mice and in RAG™~ common y chain™~ (RAG™yc™/")
mice which both also lack the ILC population. This enabled
us to separately analyse whether adaptive immunity and/or
ILC are involved in colitis and fibrosis induction.

2 | MATERIALS AND METHODS

2.1 | Mice and induction of colitis

To induce DSS colitis, female 6-week-old C57BL/60laH
WT mice were obtained from Envigo (Horst, The Neth-
erlands). RAG1™/~ "™"'™ mice, lacking T and B cells, were
obtained from Charles River (MA) (mice in figure 1 and 2)
or were bred in our own animal facility (figures 3-8).”'
Female 6-week-old C57BL/6NTac;B10(Cg)-Rag2™ ™
Iergm“lel (RAGyc_/ ~) mice were obtained from Taconic
(New York). All animals were maintained in the Animal
Care Facility of the Faculty of Medicine, University of
Leuven (Belgium) and according to ARRIVE guideline.
Colitis was induced with DSS as previously described.”
Briefly, 1.5% to 2.25% DSS (35-50 kDa; MP Biomedicals,
Ilikirch, France) was added to the drinking water to
induce colitis. Acute colitis mice received DSS for 7 days.
For the study of chronic colitis, mice were exposed to
repeated “cycles” of DSS exposure. One cycle was defined
as exposure to DSS for 7 days followed by a recovery
period of 2 weeks with normal drinking water (Figure 1A).
Mice were exposed to one, two, or three cycles in total. All
mice were age-matched at the time of sacrifice.

2.2 | Evaluation of inflammation and

fibrosis

Animals were euthanized with sodium pentobarbital
(Nembutal; Ovation Pharmaceuticals Inc, Deerfield, IL)
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and Disease Activity Index (DAI) was determined based
on body weight loss, stool consistency, and presence of
gross blood in the stools. Next, inflammation in distal
colon was evaluated as previously described."® A macro-
scopic damage score was calculated based on the presence
of adhesions, hyperemia, and extent of colonic in-
flammation. Paraffin embedded, 5um-thick longitudinal
and transverse sections were stained with hematoxylin
and eosin. The microscopic score of inflammation was
calculated as previously described.'® Briefly, this score
comprised the sum of changes in mucosal architecture,
neutrophil infiltration, mononuclear cell infiltration, gob-
let cell loss, and epithelial defects. The histological active
disease score comprised the sum of neutrophil infiltration
and epithelial defects, reflecting acute tissue damage dur-
ing the last 24 hours before tissue sampling. Tissue sec-
tions were scored by an experienced pathologist (GdH)
blinded to the experimental conditions. Fibrosis was also
evaluated by hydroxyproline quantification and Martius
Scarlet Blue (MSB) stainings as previously described.”"**
In short, areas stained for collagen in the mucosa and
submucosa were measured in two cross-section using
Imagel.”’ The thickness of the mucosa and muscularis
propria was calculated as mean value of two different
measurements per mouse on uniform horizontal cross
sections of colon crypts using ImageJ.””** The hydro-
xyproline assay was performed as previously described to
quantify the amount of collagen.”

2.3 |
of ILC

Antibody-mediated depletion

YTS154 (rat anti-mouse CD90.2, cell clone provided by H.
Waldmann, University of Cambridge, Cambridge, England,
UK), to deplete CD90.2 expressing ILC, was produced at
Bioceros and was used as previously described.”® Rat IgG1
isotype (clone MCP-11) was obtained from BioXCell (West
Lebanon, NH). Antibodies or corresponding isotype controls,
diluted in sterile phosphate-buffered saline (PBS), were ad-
ministered intraperitoneally every 3 days (250 ug/mouse)
starting from 3 days before DSS exposure and during the
whole experiment (from day 3 until day 63). In control mice,
not exposed to DSS, the corresponding volume of sterile PBS
was administered.

2.4 | Cell isolation and flow cytometry

Distal colon sections were cut longitudinally and kept
in complete medium (RPMI-1640; Lonza, Belgium)
supplemented with 10% FBS (Thermo Fisher Scientific,
Belgium) and 1% antibiotic-antimyotic 100X (Thermo Fisher
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Scientific). To remove mucus and epithelial cells, samples
were incubated twice under magnetic stirring for 20 minutes
at 37°C in complete medium supplemented with 5mM di-
thiothreitol (Chem-Lab, Belgium) and 5mM EDTA (Lonza).
The epithelial fraction was discarded, and remaining tissue
was digested for 40 minutes at 37°C under magnetic stirring
in Hank's balanced salt solution with Ca®**"Mg** (Lonza)
supplemented with 3 mg/mL dispase (Gibco, Japan), 1 mg/
mL collagenase D (Worthington), 0.2% DNase I (Roche,
Germany), and 2% HEPES (Thermo Fisher Scientific).
Lamina propria lymphocytes were filtered through a 70 um
cell strainer (Greiner Bio-One, Belgium) and incubated for
30 minutes in fixable viability dye 780 (FVD780; Thermo
Fisher Scientific) at room temperature before staining with
antibodies listed in Table S1 and Figure S1 to S3. ILC were
gated as CD4S+Lineage_ (Lin: CD3e, CD5, CD11b, CD19,
CD94, TCRyS, and Ter-119) CD127*CD90.2* cells. Within
the ILC, ILC3 were defined as RORyt", ILC2 were defined
as Killer cell lectin-like receptor subfamily G member
(KLRG-1)*RORyt/dim and ILC1 were defined as
KLRG-1"RORyt 'NK1.1" cells. Myeloid cell types were
defined based on the following markers: neutrophils
(CD45*CD11b*Ly6G*), eosinophils (CD45*CD11b* Sig
lec-8"), mast cells (CD45*CD11b-CD117" Fcert), macro-
phages (CD45*CD11b*CD64*MHCII"), and monocytes
(CD45*CD11b*Ly6C™). Intracellular staining of RORyt was
performed according to manufacturing instructions of the
Foxp3 staining kit (Invitrogen). For intracellular cytokine
detection, cells were stimulated with phorbol myristate
acetate 100 ng/mL and ionomycin 1 pug/mL (Sigma-Aldrich)
for 6 hours and monensin 0.7 ug/mL (Sigma-Aldrich) for
4 hours followed by anti-IL13 staining. After staining, cells
were fixated in 1% paraformaldehyde.

Flow cytometry was conducted on a BD LSR Fortessa
instrument in accordance with standard methods. Cali-
bration was performed before each acquisition by CS&T
beads (BD). For fluorescence compensation settings,
single color UltraComp eBeads compensation beads were
used (Thermo Fisher Scientific). Fluorescence Minus
One controls were included.

2.5 | Protein quantification

A 0.5cm piece of affected distal colon was opened long-
itudinal and incubated for 24 hours at 37°C in complete
medium before supernatant collection. Protein con-
centrations in the supernatants for interleukin 4 (IL-4),
IL-5, 1L-6, IL-12p70, IL-22, 1L-23p19, TNF, and IFN-y
were determined using multiplex meso scale discovery
technologies. In short, samples were incubated overnight
at 4°C on a U-plex plate coated with biotinylated capture
antibodies. After three wash steps in PBS 0.05% tween
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(Sigma-Aldrich), detection antibodies were added for
1 hour at room temperature before activation of the plate
electrodes resulting in a quantitative measurable emis-
sion of light.

2.6 | Statistical analysis

Statistical analysis were performed using GraphPad
Prism 8 (GraphPad, La Jolla, CA). Data are represented
as medians (interquartile range) and the individual P
values for two group comparison were obtained using
Mann-Whitney U testing. The following methods were
used: multiple comparison with Dunn's correction be-
tween multiple groups, Spearman for correlation testing,
and Kaplan-Meier curve for survival analysis. Differences
were considered statistically significant at *P <.05,
**Pp <.01, and ***P <.001.

2.7 | Ethical considerations

All studies were approved by and performed according to
the local ethics committee for animal experimentation of
the University of Leuven (P230-2015).

3 | RESULTS
3.1 | Inflammation in acute and chronic
colitis is similar in WT and RAG-1"'" mice

To study whether adaptive immunity is required for de-
velopment of colitis in the DSS model, we compared WT
mice with RAG-17/~ mice lacking B and T lympho-
cytes.”” Acute DSS colitis was induced by DSS ingestion
through drinking water (Figure 1A). Weight loss after 1

Open Access,

week was more pronounced in the RAG-1~'~ mice than
in WT mice (P =.006; Figure 1B). Spleen weight did not
increase after 1 week of DSS exposure (P> .99 for both
backgrounds; Figure 1C). DAI scores were significantly
higher in RAG-17'~ mice exposed to DSS compared with
DSS exposed WT mice (P =.026; data not shown). Colon
length decreased in both strains after 1 week of DSS ex-
posure (WT: P=.006 and RAG-1""": P=.001), but sig-
nificantly more in RAG-1~'~ mice compared with WT
mice (P =.032; Figure 1D,E), resulting in a significantly
higher colon weight/length (W/L) ratio in RAG-17/~
mice compared with WT mice (P <.001; Figure 1F). No
significant differences could be observed in macroscopic
damage score, microscopic score of inflammation, and
histological active disease score between RAG-1~/~ mice
and WT mice (Figure 1G-I).

For chronic colitis, we used three cycles of DSS ex-
posure in RAG-17~ and WT mice. One cycle of DSS
exposure consisted of 1 week of DSS exposure followed
by a recovery period of 2 weeks. RAG-17/~ mice lost
more weight during three cycles of DSS administration
than WT mice (Figure 1B). Spleen weight, colon length,
colon weight, colon W/L ration, macroscopic damage
score, microscopic score of inflammation, and histologi-
cal active disease score were similar in RAG-1"/~ mice
compared with WT mice in this chronic model
(Figure 1D-I).

We also analysed the composition of inflammatory
cells in the colonic mucosa. Gating of the different
myeloid cell populations is illustrated in Figure S1. When
compared with controls without DSS exposure, neu-
trophils (14.40% vs 0.63% of CD11b™ cells, P =.004) and
monocytes (28.40% vs 8.16% of CD11b* cells P =.004)
were increased in WT mice after three cycles of DSS
(Figure S2). In contrast, decreased proportions of eosi-
nophils (18.30% vs 7.94% CD11b" cells, P=.016) and
macrophages (57.80% vs 33.51% CD11b™ cells %, P = .004)

FIGURE 1

Induction of acute and chronic colitis with DSS in RAG™~ as compared with WT mice. A, Study set-up. Colitis was

induced with DSS in drinking water. Acute colitis was induced in WT and RAG™/~ mice (n=7 and 8) by 7 days of DSS

administration without recovery. For induction of chronic colitis, WT and RAG ™/~ mice (n =20 and 19) were exposed to repeated
cycles of DSS exposure. One cycle of DSS comprises 7 days of DSS in drinking water, followed by a recovery period of 14 days with
normal drinking water. Inflammatory and fibrotic parameters were compared between both groups of DSS exposed mice, and also to
control WT and RAG ™~ mice without DSS administration (n = 10 and 10). B, Relative weight curve of WT and RAG™/~ control mice
and three cycles (chronic) of DSS. C, Spleen weight, (D) colon weight, (E) colon length, (F) colon W/L ratio, (G) macroscopic score,
(H) microscopic score, and (I) histological active disease score. Fibrosis parameters: (J) hydroxyproline quantification, (K) collagen
area, and (L) thickness of MP. Representative pictures of MSB staining indicating deposition of collagen (blue) in WT (M) and
RAG ™/~ (N) control mice, after one (acute) (O,P) and after three cycles (chronic) of DSS in WT (Q) and RAG™/~ (R) mice. Mice were
age-matched at time of sacrifice. Multiple comparison with Dunn's correction between groups; multiple comparison with Dunn's
correction with background controls is shown above each group; *P < .05, **P < .01, ***P <.001. Data are shown as individual values
with median. Data are pooled from two independent experiments. DSS, dextran sulfate sodium; MP, muscularis propria; MSB,
Martius Scarlet Blue; RAG, recombination activating gene; W/L, weight/length; WT, wild type
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were observed after three cycles of DSS in WT mice
(Figures S2B and S2D). Similarly, in RAG-1"/~ mice with
chronic DSS colitis, neutrophils (9.50% vs 0.61% of
CD11b™ cells, P = .004) and monocytes (5.78% vs 1.78% of
CD11b™ cells, P =.028) were increased as compared with
RAG-1"/~ mice without DSS exposure, while no sig-
nificant effect was seen on eosinophils and macrophages
(Figure S2E-H).

In summary, after 1 week of DSS exposure (acute
model) or after three cycles of DSS administration
(chronic model), systemic and colonic inflammation were
similar or slightly more severe in RAG-1~/~ mice lacking
T and B lymphocytes vs WT mice.

3.2 | Intestinal fibrosis is induced
despite the absence of adaptive immunity

Intestinal fibrosis was then evaluated in the acute and
chronic colitis models. Collagen deposition was clearly
more pronounced in chronic three-cycles DSS colitis
compared with acute colitis, in both WT and RAG-17/~
mice as shown by MSB collagen quantification (P =.003
and P <.001, respectively) and hydroxyproline measure-
ments (P=.003 and P <.001, respectively; Figure 1J-R).
However, both fibrosis quantification methods revealed si-
milar collagen deposition in RAG-1~~ mice versus WT
mice in the chronic model (P> .999 for both; Figure 1J,K).
Notably, no differences were observed with regard to the
thickness of the muscularis propria (Figure 1L). Altogether,
these results suggest that the adaptive immunity is not re-
quired for the intestinal fibrogenesis process in chronic DSS
colitis. We, therefore, turned our attention to a potential
involvement of ILC.

3.3 | Increased IL-13 producing ILC2
after two and three cycles of DSS in WT
and RAG-1"/~ mice

To study whether ILC are involved in intestinal fibrosis
in this model we first studied the distribution of mucosal
ILC subsets during acute or repetitive DSS administration
in WT mice. The gating strategy for ILC and the identi-
fication of subsets based on membrane markers and in-
tracellular RORyt expression are shown in Figure S3. No
changes were observed in the total ILC proportion in
acute colitis or after two and three cycles of DSS exposure
(Figure 2A). The percentage of ILC1 was not different
after 1 week of DSS exposure as compared with control
mice without DSS exposure (5.42% vs 4.21% of ILC,
P> .999; Figure 2B). However, after two or three cycles of
DSS in WT mice, we observed a decrease of ILC3 and a
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relative increase in KLRG-1* ILC2 in the colon mucosa
as compared with control mice without DSS exposure
(ILC2: 68.90% and 57.70% vs 48.00% of ILC, P =.012 and
P =.023; Figure 2C,D). Among these ILC2, an increased
proportion expressed IL-13 in the chronic model as
compared with control mice (30.60% vs 6.60% of ILC2,
P =.004; Figure 2E). However, the mRNA levels of IL-13
in total colon tissue at sacrifice were not increased
(data not shown).

In RAG-17/~ mice, ILC represent 27.55% of CD45%
leukocytes in the colonic lamina propria. After two and
three cycles of DSS, the increase in KLRG-1" ILC2 was
confirmed in RAG-1"/~ mice as compared with RAG-17/~
mice without DSS administration (55.50% and 58.20% vs
32.30% of ILC, both P < .001; Figure 2F-H). Notably, ILC2
proportions among ILC correlated with hydroxyproline
quantification (r=.61, P <.001) suggesting a possible
relation between ILC2 and fibrosis (Figure 21).

3.4 | ILC are not crucial for induction of
fibrosis in chronic DSS

To further investigate the contribution of ILC to colitis and
fibrosis, ILC were depleted in the chronic DSS model in
RAG-1""~ mice using YTS, an anti-Thyl.2 (CD90.2) de-
pleting monoclonal antibody (mAB). To exclude effects of
antibody treatment on CD90.2 expressing epithelial cells
and fibroblasts, control RAG-1"/~ mice (not exposed to
DSS) were injected at a similar dosing schedule.”” We did
not see any macroscopic or microscopic effect on the colon
architecture as a result of treatment (Figure S4C,D).

Efficacy of ILC depletion by anti-CD90.2 (YTS) injection
was confirmed by a reduction of ILC in the colon as com-
pared with control mice and saline or isotype injected
chronic DSS colitis mice (0.99% vs 29.35%, 25.70%, and
29.85% of CD45" cells, P =.002, P =.029, and P =.018, re-
spectively; Figure 4A and S4A,B). We also confirmed that
YTS injection resulted in ILC2 depletion (YTS: 0.90 vs sal-
ine: 14.59%, isotype: 17.84%, and controls: 17.65% of CD45™,
P =.015, P=.006, and P =.010; Figure 4B).

After elimination of ILC and chronic DSS exposure,
weight loss was similar as compared with isotype and
saline treated RAG-1~'~ mice with chronic DSS colitis
(Figure 3A,B). At sacrifice, colon length, colon weight,
colon W/L ratio, macroscopic damage score, microscopic
score of inflammation, and histological active disease
score were not different after ILC depletion as compared
with chronic DSS controls (Figure 3C-H and S4 C-SG).
Hydroxyproline levels and thickness of muscularis pro-
pria and mucosa of the distal colon (which in this model
is the most affected part) were not altered after ILC de-
pletion as compared with saline or isotype injected
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FIGURE 2 Levels of intestinal ILC2 during chronic remodeling in WT and RAG™'~ mice acute colitis, and two and three cycle
chronic DSS colitis were induced in WT and RAG ™'~ mice as explained in Figure 1. Lamina propria lymphocytes of the distal colon
were stained for identification of ILC subtypes. Percentage of intestinal total ILC (A), ILC1 (B), ILC3 (C), and ILC2 (D) in WT mice
with acute (n =12), two cycle (n=9), and chronic (three cycle, n =12) DSS colitis as compared with WT controls (n = 15). E,

Percentage of IL-13 positive ILC2 in proximal and distal colon after in vitro PMA/ionomycin stimulation after three cycles of DSS as
compared with control mice without DSS administration. Percentage of intestinal ILC1 (F), ILC3 (G), and ILC1 (H) in RAG™~ mice
with acute (n = 5), two cycle (n = 9), and chronic (three cycle, n = 20) DSS colitis as compared with RAG™'~ controls (n = 14).

Correlation of ILC2 with hydroxyproline levels in colon of RAG ™/~ mice with chronic three cycle DSS colitis (I). Data are shown as
individual values and median. Results of Kruskal-Wallis testing is shown on top in each figure, significance of results of multiple

comparison with Dunn's correction as compared with controls is shown above each group Spearman correlation (E). *P < .05,
**P <.01, ¥**P < .001. Data are pooled from three independent experiments. DSS, dextran sulfate sodium; IL, interleukin; ILC, innate
lymphoid cell; PMA, phorbol myristate acetate; RAG, recombination activating gene; WT, wild type

chronic DSS colitis controls (Figure 31-O). We also stu-
died the inflammatory cells in the LP cell suspension
isolated from the colonic mucosa. ILC depletion resulted
in higher proportion of CD11b* myeloid cells as com-
pared with saline treated chronic DSS colitis controls
(76.90% vs 42.40% of CD45", P = .041; Figure 4C). Within
the myeloid population, we found an increase of neu-
trophils (YTS: 10.40, saline: 20.50 vs control: 1.25% of
CD11b* cells, P=.041 and P=.004) and eosinophils
(YTS: 16.25%, saline: 15.30%, isotype: 14.00% vs control:

4.14% of CD11b*cells, P=.001, P=.008, and P =.042)
after chronic DSS as compared with mice without DSS
exposure (Figure 4D,E), but no differences were observed
related to treatment. Also, no differences in levels of
monocytes and macrophages were observed in the dif-
ferent groups (Figure 4F,G).

Antibody-mediated ILC depletion resulted in a
lower production of ILC derived cytokines IL-5 (39.74
vs 418.60 pg/mL, P=.002) and IL-22 (218.30 vs
1619.00 pg/mL, P =.046) and a tendency toward lower
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production of IFN-y (3.81 vs 12.92 pg/mL, P=.15), as
compared with DSS exposed control groups (Figure 41-K).
In contrast, levels of IL-33, an epithelial cell derived cy-
tokine, were elevated during chronic DSS exposure and
were elevated in absence of ILC as compared with DSS
unexposed control mice (10.47 and 11.31 vs 0.37 pg/mL,
P =.013; Figure 4H).

3.5 | ILC deficient mice recover more
slowly after chronic inflammatory insult
but have similar inflammation and fibrosis
on DSS exposure

We validated the anti-CD90.2 mediated ILC depletion find-
ings in an ILC-deficient RAG™7yc™'~ background. RAG™
~yc™’~ mice were cohoused with RAG-17~ mice during
induction of acute and chronic DSS colitis (Figure 5A-O). In
acute colitis, weight loss, spleen weight, and macroscopic
damage score of the colon was similar in RAG™“yc™/~ and
RAG™~ mice (Figure 5A-D). In both strains there was a
similar decrease in colon length (RAG-17""yc™/™: 6.30 vs
9.25cm, P <.001, RAG-17/": 6.10 vs 8.55, P = .002), while a
lower colon weight was observed in RAG™"yc™'~ mice
compared with RAG™~ mice (RAG ™ 7yc™™: 144.5 vs 191.5,
P =.006, RAG™'™: 280.0 vs 198.0 mg, P =.003; Figure 5E-G).
Importantly, after the second cycle of DSS, slower recovery
of weight was seen in RAG™~yc™'~ mice as compared with
RAG-1"/~ mice (d31: 88.64% vs 111.0% of initial weight,
P <.001; d35: 98.86% vs 118%, P = .001; d39: 106.3% vs 116%,
P=.006 and d42: 105.0% vs 128.1%, P =.002; Figure 5A).
Furthermore mortality was higher, but not significantly, in
RAG™7yc™’~ mice as compared with RAG-17~ (P=.13;
Figure 5B). After three cycles of DSS no differences in spleen
weight or macroscopic colitis score were observed between
both strains (Figure 5C,D). Although colon length decrease
was slightly more pronounced in RAG™~yc™'~ as compared
with RAG-1""" mice (7.15 vs 8.30cm, P =.046), no differ-
ences in colon weight and colon W/L ratio were observed
(Figure 5E-G). Hydroxyproline levels and thickness of mu-
cosa and muscularis propria were not different in RAG™
~yc™/~ as compared with RAG-1~'~ mice with chronic DSS
(Figure 5I1-O).

We characterized myeloid cells isolated from the co-
lonic mucosa in RAG-1~/~ and RAG™/"yc™/~ mice. After
induction of chronic colitis, the increase in neutrophils
(19.10% vs 5.91% of CD45™ cells, P = .004) and monocytes
(11.80% vs 3.25% of CD45"% cells, P=.004) was more
pronounced in RAG™"yc™/~ mice as compared with
RAG-1""~ mice (Figure 6B-D). In contrast, eosinophils
were not elevated in RAG™“yc™/~ mice after chronic
DSS administration (2.38% vs 4.70% of CD45" cells,
P =.114; Figure 6C).

Open Access,

4 | DISCUSSION

This study intended to analyse the involvement of the
adaptive immune system and of ILC in a model of
chronic colitis, with special focus on fibrosis induction.
As inflammation and fibrosis were unaltered in RAG-1~/
~ mice, adaptive immunity is clearly not required for the
induction of fibrosis in this model. The redundancy of the
adaptive immune system has previously been shown in
acute DSS colitis.”® > However, here we also show that in
absence of the adaptive immune system there is not only
unaltered induction of chronic inflammation, but also
fibrosis can still be induced to the same extent as in the
presence of T and B cells.

We then focused our attention on ILC as potential
pathogenic cells. First, we could show that in chronic
DSS colitis there is an increased proportion of ILC2
among ILC, both in absence and presence of the adaptive
immune system. This was accompanied by a decrease in
ILC3. Second, we obtained evidence for increased ILC
activity upon DSS exposure, as ILC2 in the distal colon
produced IL-13 (a cytokine thought to be important for
lung fibrogenesis), and as there was decreased production
of IL-5 and IL-22 in the colonic mucosa of anti-CD90
injected mice. As a relative shift from ILC3 pre-
dominance toward ILC2 predominance in the colon was
observed both in WT and RAG™/~ mice, and as the
manifestations of ILC2 expansion persist in RAG™/~
mice, this indicates that these changes in ILC activity and
expansion occur independently of T cell activation. The
most likely possibility is that they are the result of epi-
thelial cell triggering and damage by DSS. We could in-
deed demonstrate that DSS exposure induces IL-33
production, probably by epithelial cells, which is a potent
inducer of ILC2 activity and can lead to the activation of
the amphiregulin/EGFR pathway. This can potentially
explain the expansion of ILC2 during intestinal re-
modeling in our model.”"** Importantly, the high IL-33
production persisted in the absence of ILC after YTS
treatment.

To know whether ILC contribute to tissue damage,
fibrosis, and/or recovery in colitis, we then used a mAb to
deplete ILC in RAG-1"/~ mice. RAG-1"/~ mice have a
relative high proportion of ILC among CD45+ cells. To
confirm the findings we also used a mouse strain lacking
both ILC and adaptive immunity. Importantly, in both
models no attenuation of fibrosis was observed neither
after depletion of ILC nor in the absence of ILC, thus
indicating that their role in fibrogenesis is negligible.
However, in the absence of ILC a slower resolution of
inflammation highlighted by a slower recovery of weight
and higher mortality was observed rather pointing to a
protective role of ILC.



M—Wl LEY_Immunity, Inflammation and Disease

CREYNS ET AL.

(A) ILCs
60
+ ° -
9 .
0 4o ° " A
(6] . A
o ° - 2
> ° A
— 20- Se . A
o—
o l.
2 R
0 T T T T
Control Saline Isotype YTS154
DSS
(C) % CD11b
n *
0 -
E 10 N
(] . u A luw
o v
. [ —_-
E 50- oo L] i
Y - A
o ‘. =
R i o
0 T T T T
Control Saline Isotype YTS154
DSs
(F) Monocytes
404
+
n -
= 30- .
[a]
(&) [} ] v
© 204 i
> . M
= —— vy
‘5 104 *° . A Yy
) ] A
X S A v
0 T T T T
Control Saline Isotype YTS154
DSS
U
IFN-y
o= *
£ 150+
Ke) o
(=X A
s 100 R
=
©
S 50 .
c ]
[} L] —
o ° °
g | & =—l—= LA b4
=~ 1 1 I
o Control Saline Isotype YTS154
DSS

(B)

S
(=)
]

23
o
1

% of live CD45*

=]

Open Access,

ILC2s
. *
- A
°
. . +
.
-+ n A
]
L) [ ]
A
v
o oo oo \ A

C

% of live CD11b*

T T T T
Control Saline Isotype YTS154
DSS

Neutrophils

1 N
— A v
u Y
o0 | |
° [ ] 2 XA vy

—
@
o~
8
1

=3
=]
1

'
=)
1

% of live CD11b*

(=]

1 T T T
Control Saline Isotype YTS154

DSS
Macrophages

LN ]

° [ ]
an Al vy ?
u M

° : N Y v

L] A v
L v

o

% of live CD11b*

® RAG™ Control (n=8)
B RAG’ DSS Saline (n=7)
A RAG™ DSS Isotype (n=6)
v RAG” DSSYTS (n=8)
Eosinophils
-
- : ..
nea _12 =
104 - AAA v
el
: Conltrol Sal;ne Isotlype YTSI154
DSS
IL-33
25+ =
e " R
20+ - v
15+ : v
10 _';'_ : Vvv

o
1

—
[
~

2500+
2000-
1500-
1000-

500

Concentration (pg/ml)

(=)
I

DSs
IL-5
o *
[ ]
° A
® ]
o B
(X A A
]
Control Saline Isotype YTS154

DSS

Concentration (pg/ml) T

2

Concentration (pg/ml)

=]

20000+

15000

10000+

5000

1 1 1 1
Control Saline Isotype YTS154

DSs

IL-22

o *

]

]
° ™ A

——— 4

s [ ]
Control Saline Isotype YTS154

DSS
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FIGURE 6

Infiltrating myeloid cells after induction of chronic colitis, RAG™~ and RAG™/"yc™~ mice were cohoused during
either acute (RAG™~: n =5 and RAG™~yc™'~: n = 8) or chronic DSS colitis (RAG™~: n =8 and RAG™'"yc™/~: n =9) and compared
with control mice without DSS administration (n = 8 for both). Mice were killed on day 9 (acute) or day 63 (chronic). Colonic lamina
propria cells were isolated, and the different types of myeloid cells were identified by staining and flow cytometry. Relative
contribution of (A) total CD11b+ cells, (B) neutrophils, (C) eosinophils, (D) monocytes, and (E) macrophages as % of the total
CD45+ population. Results of Mann-Whitney U testing to compare control and DSS groups within each background is shown.

*P <.05, ¥*P < .01, ***P <.001. Data are shown as individual values with median. Data are pooled from two independent
experiments. DSS, dextran sulfate sodium; RAG, recombination activating gene

In contrast to murine models of lung and liver fibrosis, in
our model depletion of ILC thus did not result in an at-
tenuation of fibrosis.'”'* Although the ILC2 in the DSS
model produced IL-13 which is a profibrogenic cytokine,
IL-13 is not required for fibrosis. We indeed have previously
shown that fibrosis in this model can be induced in IL-13
deficient mice.””> Our results are in contrast to the

abrogation of acute and chronic innate colitis upon ILC de-
pletion in an anti-CD40 model.'® The anti-CD40 model is
characterized by strong activation of macrophages and den-
dritic cells which supposedly then interact directly with
ILC.* In DSS colitis, chemical disruption of the epithelial
barrier might bypass the need of ILC by direct activation
of fibroblasts. Further studies are required to identify

FIGURE 5 Fibrosis is not attenuated in RAG™~yc™~ mice

after three cycles of DSS. RAG™~ and RAG™/~yc™/~ mice were
cohoused during either acute (RAG™'": n=5 and RAG™/~yc ™/~

: n=8) or chronic DSS colitis (RAG™™: n=8 and RAG™ ’yc’/ ~
n =9) compared with control mice without DSS exposure (n =8 for both strains) and killed on day 9 (acute) or day 63 (chronic).
Relative weight curve (A) and Kaplan-Meier curve (B) (only RAG™'~ and RAG™"yc™/~ chronic DSS shown to highlight
discrepancies). Disease parameters: spleen weight (C), macroscopic score (D), colon length (E), colon weight (F), and colon W/L ratio
(G). Fibrosis parameters: hydroxyproline quantification (H), quantification of the surface of collagen in MSB staining (I), thickness of
the mucosa (J), and thickness of the muscularis propria (K). Representative pictures of MSB staining in RAG ™~ control mice without
DSS exposure (L) and chronic DSS colitis mice (M) compared with RAG™~yc™'~ control (N) and chronic DSS colitis mice (O).
Kruskal-wallis testing is shown, multiple testing with Dunn's correction compared with healthy background controls is shown above
each group; multiple testing with Dunn's correction between groups is shown by a connecting line. *P < .05, **P < .01, ***P < .001.
Data are shown as individual values with median. Data are pooled from two independent experiments. DSS, dextran sulfate sodium;
MP, muscularis propria; MSB, Martius Scarlet Blue; RAG, recombination activating gene; W/L, weight/length
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differences in the pathways leading to fibroblast activation in
both models. Furthermore, Salmonella-induced infection
models of lung and colon fibrosis are prone to develop a type
2 immune response that can contribute to or be responsible
for fibrosis, while DSS colitis is marked by a type I
response.'**>*° Moreover, as ILC2 are scarce is the human
intestine, both in normal and in IBD, contribution of these
cells to fibrosis is made even more questionable.”

Interestingly, slower recovery of weight after repeated
inflammatory insults by DSS exposure was observed in
RAG™/~yc™/~ mice, suggesting a protective role for ILC.
Protective effects of ILC via IL-22 production have been
shown in the recovery phase of acute intestinal injury.”’
As almost no IL-22 was produced upon ILC depletion in
our experiments, this might contribute to the delayed
recovery in ILC deficient mice, and further points to a
protective effect of ILC probably via IL-22 production and
eventually other cytokines. However, as recovery was not
impaired in ILC-depleted mice, this effect is arguably due
to impaired cytokine signaling in RAG™/"yc™/~ mice.

We also evaluated expansion of neutrophils, eosino-
phils, and monocytes in chronic DSS colitis in the dif-
ferent strains. All three cell types were indeed expanded
in each of the strains and also after YTS treatment. These
inflammatory cells might contribute and/or be essential
for the induction of chronic intestinal remodeling in an
ILC-independent innate immune process. Upon in-
testinal injury, neutrophils are the first cells recruited
into the intestinal lining as a first line of response.”’
Neutrophils are short-living cells but are still present up
to 2 weeks after last DSS exposure in the chronic DSS
model, suggesting their contribution not only to active
inflammation but also to recovery and remodeling. In
IBD patients, neutrophils accumulate around abscesses
and contribute to cryptitis, but their presence does not
correlate with strictures.”®”” Importantly, studies in ex-
perimental pulmonary fibrosis have shown a neutrophil
dependent IL-17A pathway in the induction of lung
fibrosis.*® However, IL-17A neutralization in our model
did not result in attenuation of intestinal fibrosis.”

The observed increase of eosinophils in RAG-1~"~ but
not in RAG™~yc™~ mice after three cycles of DSS can be
explained by the absence of the common yc in the latter
strain. Carlens et al*' could show a reduction of eosinophils
specifically in the intestine in RAG ™ yc™'~ mice, together
with a reduction in CCL11 (eotaxin-1). Eosinophils can also
be drivers of inflammatory damage and potentially con-
tribute to tissue repair and remodeling in IBD.*** Eosi-
nophils, sources of IL-4 and IL-13, have been implicated in
tissue remodeling in other diseases including eosinophilic
oesophagitis, asthma, and hypereosinophilic syndrome.***’
More recently, eosinophils were identified as a crucial pa-
thogenic source of intestinal fibrosis in radiation-induced

Open Access,

intestinal fibrosis.”® Furthermore, the role of an IL-33-

eosinophil pathway was recently shown in pediatric CD
strictures and these findings were validated in SAMP1/Yit
mice.”’

As administration of DSS leads to a disruption of the
epithelial barrier and release of mature IL-33, elevated
levels of IL-33 can be a potential driver of inflammation
and remodeling in our model. However, IL-33 plays a
dual role as IL-33~'~ mice showed an exacerbation of
acute DSS colitis due to decreased levels of KC and MIP-2
and an impaired neutrophil resolution of damage, while
exogenous IL-33 administration attenuated chronic DSS
inflammation***’

In conclusion, our results show that DSS-induced
chronic murine colitis and fibrosis can develop in-
dependently of T cells, B cells, and ILC, pointing to an
innate immune response mediated by neutrophils, mac-
rophages, and/or eosinophils, as the drivers of in-
flammation and fibrosis. Our results do not exclude a
contributing/modulatory role of ILC, especially of ILC2,
but ILC2 are clearly not essential to the process of ex-
perimental intestinal fibrogenesis. On the other hand,
ILC3 and their IL-22 production might be protective
against epithelial damage. We emphasize that these re-
sults were obtained in a particular murine model, which
does not necessarily reflect the human situation. How-
ever, also in human IBD more data now support a pri-
mary role of myeloid cells.””’
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