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Introduction

Innate lymphoid cells (ILCs) are a diverse family of developmen-
tally related immune cells that are heterogeneous in their tissue
location, cytokine secretion, and effector functions. The term ILC
has been widely used since 2010, with subsets formally proposed
in 2013 (1), based on transcription factors and cytokine profiles
regulating their development and function. Three distinct ILC
groups have been described, representing innate counterparts
functionally mirroring CD4" Th cell subsets; additionally, NK
and lymphoid tissue inducer (LTi) cells have since been designat-
ed ILCs, thereby denoting the 5 different ILC subsets (2). ILC1s
express [IFN-y and depend on the transcription factor T-bet, but not
eomesodermin; ILC2s produce IL-5 and IL-13, and are dependent
on GATA-binding protein-3 (GATA3); and ILC3s utilize retinoic
acid receptor-related orphan receptor yt (RORyt) to drive produc-
tion of IL-22, but also IL-17, and are further divided into subsets
based on expression of the natural cytotoxicity receptors NKp46
and NKp44. Although much has been discovered regarding ILC
phenotype and function (reviewed in ref. 3), investigation has also
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Innate lymphoid cells (ILCs) are enriched at barrier surfaces, including the gastrointestinal tract. While most studies have
focused on the balance between pathogenic group 11LCs (ILC1s) and protective ILC3s in maintaining gut homeostasis and
during chronic intestinal inflammation, such as Crohn’s disease (CD), less is known regarding ILC2s. Using an established
murine model of CD-like ileitis, i.e., the SAMP1/YitFc (SAMP) mouse strain, we showed that ILC2s, compared with ILC1s and
ILC3s, were increased within draining mesenteric lymph nodes and ilea of SAMP versus AKR (parental control) mice early,
during the onset of disease. Gut-derived ILC2s from CD patients versus healthy controls were also increased and expanded,
similarly to ILC1s, in greater proportion compared with ILC3s. Importantly, we report that the intracellular bacteria-sensing
protein, nucleotide-binding oligomerization domaining-containing protein 2, encoded by Nod2, the first and strongest
susceptibility gene identified for CD, promoted ILC2 expansion, which was dramatically reduced in SAMP mice lacking NOD2
and in SAMP mice raised under germ-free conditions. Furthermore, these effects occurred through a mechanism involving the
1L-33/ST2 ligand-receptor pair. Collectively, our results indicate a functional link between NOD2 and ILC2s, regulated by the
IL-33/ST2 axis, that mechanistically may contribute to early events leading to CD pathogenesis.

been hampered by their often low frequency in primary and sec-
ondary lymphoid tissues, even in disease settings, and difficulty
in targeted depletion and/or deletion of specific subsets due to
ambiguity in identifying markers among other types of immune
cells, as well as between ILC subgroups themselves. Nonetheless,
it is well accepted that ILCs are particularly abundant within the
gut and studies from the last decade highlight various functions
that are important at the intestinal barrier (4), both in maintaining
homeostasis and in promoting chronic inflammation, such as in
inflammatory bowel disease (IBD).

IBD, including its 2 idiopathic forms, Crohn’s disease (CD)
and ulcerative colitis (UC), encompasses a family of chronic
inflammatory disorders of the GI tract that results from dysreg-
ulated immune responses to typically harmless commensal flo-
ra in genetically susceptible hosts. Overall, studies reporting the
contribution of ILCs to the development of IBD have been rela-
tively sparse (summarized in Supplemental Table 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI140624DS1), yet emerging dogma suggests a general increase
in pathogenic ILCls concomitant with a decrease in IL-22-
producing ILC3s, which are important in maintaining epithelial
barrier function (reviewed in ref. 5). Specifically, under homeo-
static conditions, ILC3s constitute the main ILC population within
the gut, but during active inflammation, IFN-y-producing ILCls
and IL-17-producing ILC3s increase, while IL-22-producing ILC3s
decrease. This redistribution is associated with more severe dis-
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ease, particularly in CD that generally has been more studied than
UC (Supplemental Table 1); similar trends have been observed
using various models of intestinal inflammation (reviewed in
ref. 4). Conversely, ILC2s, although best known to contribute to
inflammatory disorders of the lung, such as allergy and asthma,
and extensively studied in intestinal helminth infection, are enig-
matic in regards to their role in IBD, and investigation, to date,
has been limited compared with that focused on ILC1s and ILC3s
(Supplemental Table 1).

To mechanistically address the role of ILC2s in IBD, we inves-
tigated a cohort of CD patients and utilized ileitis-prone SAMP1/
YitFc (SAMP) mice that spontaneously develop a progressive,
chronic intestinal inflammation displaying similarities to CD,
including disease location, histologic features, and response to
standard therapies (reviewed in ref. 6). Genetically, SAMP mice
share many susceptibility loci identified to be important in IBD,
and similar to patients, disease in SAMP mice is multifactorial,
relying on the interactions of several, versus a single, gene prod-
ucts (6). Importantly, SAMP mice provide an excellent system
to evaluate the onset and natural course of disease that is more
difficult to study in colitis models that are chemically induced or
genetically manipulated, or in IBD patients, who are most often
studied when disease is already active.

Results and Discussion

We evaluated total ILC abundance in draining mediastinal lymph
nodes (MLNs) of SAMP mice prior to histologic evidence of dis-
ease (4 weeks), early in the development of active inflammation
(10 weeks), and during established, chronic inflammation (20
weeks; Supplemental Figure 1, A and B). Compared with AKR con-
trols, total ILCs in SAMP mice were increased, with no significant
difference by 20 weeks (Figure 1, A and B), suggesting that the pri-
mary disease-contributing role for ILCs likely occurs during the
early stages of'ileitis. In fact, while total numbers increased as dis-
ease became more severe, total ILC frequency diminished within
the CD45" population (Figure 1A), as expansion of pathogenic T
and B lymphocytes dominate during chronic gut inflammation (7).
In further support of this concept, the correlation of ILC frequency
with ileal inflammation was greater when disease was less severe,
but overall poor as inflammation progressed (Figure 1C), suggest-
ing replacement of ILCs with adaptive immune cells as disease/
inflammation worsened, as reported by others (8).

We therefore focused on characterizing ILC subsets during
the early stages of SAMP ileitis and show that, while ILC fre-
quencies were relatively equal (Figure 1D) and absolute numbers
very low (Figure 1E) among the 3 subsets prior to disease onset (4
weeks), ILC1s and ILC3s, but to a greater extent ILC2s, prolifer-
ated and represented the predominant subset in SAMP mice that
expanded in number (by almost 4-fold) as inflammation pro-
gressed and significantly increased, with no differences in ILC1s
and ILC3s versus age-matched AKR (Figure 1E). Interestingly,
although ILC plasticity, specifically ILC3s and ILC2s differenti-
ating into ILCls, has been reported during intestinal inflamma-
tion, including CD (9, 10), no difference in the presence of ILC2s
was observed in 20-week-old SAMP mice (Supplemental Figure
1C) compared with 10-week-old mice, suggesting that conver-
sion of ILC2s to ILC1s does not likely have a significant impact
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on the development of SAMP ileitis, although this phenomenon
cannot be ruled out.

To isolate the contribution of ILC2s in the absence of robust
adaptive immune responses, we utilized SAMP mice deficient
in T and B lymphocytes (SAMP x Rag2”"), and found that, while
disease severity was substantially greater in older SAMP x Rag2*/*
(WT) versus SAMP x Rag2”-, these mice still displayed significant
ileitis at 10 weeks that was equal to age-matched WT and native
SAMP mice (Figure 1F and Supplemental Figure 1D), indicating
that an intact mucosal innate immune system is adequate to initi-
ate SAMP ileitis. Importantly, ILC2s, as well as ILC1s, were greatly
increased at the expense of ILC3s, even in SAMP x Rag2”~ mice
(Figure 1, G and H), supporting the concept that ILC1 expansion
plays a pathogenic role in IBD (Supplemental Table 1), but also
indicating that ILC2s are important. Furthermore, we confirmed
that Il5 and I/13 were considerably upregulated in WT SAMP ver-
sus AKR (11, 12) but persisted in SAMP x Rag2”~ mice (Figure 1I),
suggesting that ILC2s, and not CD4* lymphocytes, are the primary
source of these Th2 cytokines early, during active inflammation.

We next investigated potential, early triggers of ILC2 expan-
sion and function in SAMP mice. ILC2s were originally described
as expressing IL-33R/ST2 and respond to IL-33 by potent prolifer-
ation and production of Th2 cytokines (13, 14). However, although
we (15) and others reported a strong association between increased
IL-33 and IBD, mechanistic studies using various colitis models
reveal dichotomous pathogenic versus protection functions. In
general, colitis models that entail acute challenge, whether infec-
tious or chemical, of healthy, immunocompetent mice support a
protective role for IL-33 (16), which may be different from other
models possessing genetic and/or immunologic abnormalities
that predispose to chronic intestinal inflammation, such as SAMP
mice (12, 15), and similar to that observed in IBD patients.

In fact, we confirmed that blockade of IL-33 signaling signifi-
cantly reduced SAMP ileitis (Figure 2, A and B, and ref. 12), and
MLN- and ileum-derived ILC2s, compared with controls (Figure
2C). To exclude the confounding effects of inflammation and test
IL-33’s direct impact on in vivo ILC2 expansion, we exogenously
administered rIL-33 to healthy AKR mice, and observe dramat-
ic increases in ILC2 frequency (by 5.6-fold) and absolute num-
bers (by 39.1-fold) versus vehicle-treated controls (Figure 2D).
Functionally, ex vivo activation of ILC2s effectively boosted the
frequency and absolute numbers of IL-5-producing ILC2s from
SAMP versus AKR mice (Figure 2E). Together, these data indicate
IL-33-dependent regulation of ILC2s in ileitis-prone SAMP, with
increased IL-5-producing ILC2s compared with AKR.

Notably, prior studies from our group showed requirement of
the gut microbiome for IL-33 expression and that NOD2 plays an
important role in the development of SAMP ileitis (12, 17, 18). NOD2
detects muramyl dipeptide (MDP), a peptidoglycan by-product
found in cell walls of both gram-positive and gram-negative bacte-
ria. Importantly, mutations in NOD2/CARDI5/IBD] are highly asso-
ciated with CD susceptibility, representing an increased risk factor
for ileum-specific disease (19, 20). However, precisely how aberrant
NOD?2 leads to chronic intestinal inflammation characterizing CD
remains controversial and at present, is still not fully understood.

Disease in SAMP mice is strongly linked to the presence of
cobblestone lesions, which are defined structural areas within the
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Figure 1. Increased ILC2s during early disease in ileitis-prone SAMP mice that persists in the absence of adaptive immunity. (A) Gating strategy to
detect total ILCs, identified as CD127* and lineage™ (Lin") cells within the live CD45* population (4-week-old mice, left) in draining MLNs of SAMP vs.
AKR (control) mice, expressed as percentages (right) and (B) absolute numbers (n = 5-11). *P < 0.05, ***P < 0.001 by 2-tailed, unpaired Student’s t test.
(C) Correlation by Pearson’s r between ILC frequency and disease severity ian SAMP and AKR mice (purple; n = 28). (D) ILC subsets, defined by GATA3*
(ILC2, orange), RORyt* (ILC3, green), and GATA3"RORyt T-bet* (ILC1, purple) within the CD45*CD127+Lin- population (representative plots from 10-week-
old mice, left), expressed as percentages (right) and (E) absolute numbers (n = 7-9). *P < 0.05, ***P < 0.001, ****P < 0.0001 vs. 4-week-old mice or as
indicated by the horizontal bars, by 2-way ANOVA with Tukey's multiple-comparison post hoc test. (F) Ileitis severity in SAMP x Rag2~~vs. WT (SAMP
x Rag2**) mice (n = 7-10), with ILC (G) percentages (10-week-old mice shown) and (H) absolute numbers (n = 7). (1) Th2 cytokine expression, shown as
fold-difference vs. AKR, which was set arbitrarily as 1 (n = 7-14). **P < 0.01, ***P < 0.001, ****P < 0.0001 by 2-tailed, unpaired Student’s t test. Experi-

ments were performed at least in duplicate.

gut mucosa containing accumulations of inflammatory infiltrates
and flattened villi that are also found in CD patients (21). Stereomi-
croscopy (SM) of ilea from SAMP lacking Nod2 (SAMP x Nod2”")
revealed fewer cobblestone lesions compared with WT (SAMP x
Nod2+/*), which became even more evident as disease progressed
(Figure 3A). The presence of abnormal mucosa was noticeably
reduced in SAMP x Nod2”/- mice (Figure 3A), which is consistent
with histological evidence of decreased villous blunting, resto-
ration of epithelial architecture, and less immune cell infiltration
compared with WT (Figure 3B). Harvest of cobblestone (involved)
and noninvolved areas from both 10- and >20-week-old mice

J Clin Invest. 2021;131(5):e140624 https://doi.org/10.1172/)CI140624

revealed increased I/33 in the involved ilea from WT, which was
decreased in SAMP x Nod27- mice and reached baseline levels
equivalent to those in noninvolved areas, independent of mouse
strain (Figure 3C). IL-33 protein reflected similar trends, showing
that, different from involved ilea of WT in which bioactive, full-
length, as well as cleaved IL-33 isoforms were robustly detected,
decreased levels were found in SAMP x Nod2”- mice (Figure 3D).
Collectively, these data provide evidence that NOD2 regulates
IL-33 expression and contributes to SAMP ileitis.

To extend these studies, we compared the presence of ILC2s
in SAMP x Nod2”~versus WT and SAMP mice raised under germ-
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free conditions (GF-SAMP), and found that ILC2s in SAMP x
Nod2”/- were dramatically decreased compared with WT, reach-
ing levels found in GF-SAMP, but could be reversed upon exog-
enous rIL-33 administration (Figure 3E), indicating that presence
of the gut microbiome, and sensitization to NOD2, are necessary
to induce pathogenic IL-33-dependent ILC2 expansion. Although
NOD?2 deficiency in SAMP mice did not affect total numbers of
ileal ILCls, a decrease in ILC3s was also observed, but did not
change in response to rIL-33 (Figure 3F), indicating specificity
for IL-33-dependent ILC2 expansion. Interestingly, after ex vivo
activation, IL-5 production from ILC2s of SAMP x Nod2”~ mice
was robust and similar to WT (Figure 3F), suggesting that ILC2s
may not inherently express NOD2 and that other NOD2-respon-
sive cell population(s) are likely directly affecting ILC2 function.
Together, these findings are in line with a recent study reporting

that ileum-specific macrophages are responsible for NOD2 sens-
ing and selective activation of IL-2-producing ILC3s that depends
on IL-1B (22), which may also be the case during SAMP ileitis, but
also activation of IL-5-producing ILC2s that depends on IL-33. In
fact, transcriptional regulation of IL-33 by NOD2 has been report-
ed in vitro, in a mouse macrophage cell line (23).

Therefore, to determine if specific NOD2 stimulation expands
ILC2s in vivo, GF-SAMP mice were administered exogenous
MDP, as previously described (17). Compared with vehicle, MDP
increased I/33 (Figure 3H), and while ILC3s were virtually absent
in GF-SAMP ilea and did not significantly change after MDP
treatment, total ILC2 numbers significantly increased (Figure
3I), confirming NOD2-dependent sensing in SAMP, likely from
other non-ILC innate cells (e.g., macrophages) that results in
expansion of pathogenic gut mucosal ILC2s, but not ILC3s.

J Clin Invest. 2021;131(5):e140624 https://doi.org/10.1172/)C1140624
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Figure 3. Nod2 regulates IL-33-mediated ILC2 expansion and function during SAMP ileitis. (A) Representative 3D stereomicroscopy (SM) images of
SAMP x Nod2”- and WT (SAMP x Nod2**) ilea, highlighting cobblestone lesions (red asterisks), with SM scores and (B) representative H&E-stained
histologic images (n = 7-9). Scale bars: 500 um. (C) Relative /133 expression, with noninvolved WT set arbitrarily as 1 (n = 4-11), and (D) representative
Western blots showing bioactive, full-length (f), and cleaved IL-33 in 10-week-old SAMP x Nod2”-vs. WT ilea (n = 3). (E and F) ILCs in 10-week-old WT,
GF-SAMP (E only), and SAMP x Nod2- with and without rIL-33 (n = 6-12). (G) IL-5-expressing ILC2s after ex vivo activation with and without PMA/iono-
mycin (I) in the presence of brefeldin A (n = 3). (H) Relative /133 expression, with vehicle-treated set arbitrarily as 1, and (1) ileal ILC2s/ILC3s in MDP- vs.
vehicle-treated GF-SAMP mice (n = 5-6). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by 2-tailed, unpaired Student'’s t test (A and G-1), and 1-way
(E and F) or 2-way ANOVA (C) with Tukey's multiple-comparison post hoc test. Experiments were performed at least in duplicate.

These data are somewhat in contrast to what has been reported in
other (chemically induced) colitis models in which MDP appears
to have protective effects; however, ILCs were not evaluated
in these studies, which employed healthy, immunocompetent
mice that, unlike SAMP, can mount effective immune responses
when challenged with MDP (24). In fact, although ILCs were not
assessed, prior studies from our group show that dysregulated
immune responses to MDP predispose SAMP mice raised in spe-
cific pathogen-free (SPF) conditions to ileitis, and that this effect
is conferred by the hematopoietic compartment (17). Different
from GF-SAMP used herein, SPF-SAMP mice were evaluated
and we found that isolated macrophages were blunted in their

J Clin Invest. 2021;131(5):e140624 https://doi.org/10.1172/)CI140624

innate cytokine response to MDP (although IL-33 was not mea-
sured; ref. 17), which may be due to early tolerance by exposure
to gut microbes that may also be essential for ILC3 development
and its associated protective function (22), posing the possibility
that NOD2-specific sensing affecting ILC2s influences early sus-
ceptibility to SAMP ileitis.

To determine the translational relevance of our findings, we
measured ILC2s in gut mucosal biopsies from CD patients and
found a general decrease in total ILC frequency, but increased
ILC2s versus healthy controls (Figure 4, A-D), similar to SAMP
mice with established disease (Supplemental Figure 1C). Further-
more, while natural cytotoxicity receptor-positive (NCR*) ILC3s

:
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Figure 4. Increased ILC2s in CD patients versus healthy controls. (A) Gating strategy to detect total ILCs (Lin"CD161°CD127* in live CD45* population), ILC2s

(CD294*), NCR* ILC3s (CD294-CD117:CD336*), NCR~ ILC3s (CD294-CD117°CD3367

), and ILC1s (CD294-CD117-CD336°) in gut mucosal biopsies from CD (shown)

vs. healthy controls (HC), with frequencies of (B) total ILCs and (C) ILC2s by disease location, displayed as box plots (25th, 50th, and 75th guantiles shown).
(D) Percentages of ILC subsets in total ILC population, highlighting differences in ILC2s between CD vs. HC, and ILC2s in ileum-specific CD, compared with

(E) HC and (F) in noninvolved vs. involved lesions from individual CD patients
test (B-E) or 2-tailed paired t test (F).

constituted the overwhelming majority of ILCs in healthy controls,
ILC2s, as well as ILC1s, underwent the greatest percentage expan-
sion compared with total ILC3s in CD versus controls (Figure 4D),
similarly to disease progression in SAMP mice (Figure 1, D and
E). Also similarly to SAMP mice, ILC2 frequency was increased
in ileum-specific CD (Figure 4E) and in ileum-matched inflamed
(vs. noninflamed) lesions from individual CD patients (Figure 4F).
These data are in line with Forkel et al., who reported an overall
increase in ILCls and ILC2s in established CD (and UC), and that
decreased NKp44* (an NCR, also known as CD336) ILC3s and
increased ILCls, ILC2s, and NKp44™ ILC3s correlate with disease
severity (25). Differently from the aforementioned study, howev-
er, we propose that ILC2s, and not ILC1s, may be important during
early CD. Future studies are warranted to phenotypically, as well
as functionally, characterize ILC subsets in treatment-naive CD
patients, perhaps within early-disease cohorts.

Finally, while our study identifies a role for normal NOD2 sig-
naling leading to early ileal inflammation, it remains to be seen
whether NOD2/CARDI15/1BDI functional variants impact ILC2s
and lead to the development of CD. Preliminary findings interro-
gating the possible correlation between ILC2 frequency and car-
riage of one or more NOD2 variants in a limited number of CD
patients revealed negative results (Supplemental Figure 2); how-
ever, the possibility exists that future studies, again, evaluating
newly diagnosed, treatment-naive CD patients, with a much larg-
er sampling size, may uncover different results.

;

. *P <0.05, ***P < 0.001, ****P < 0.0001 by 2-tailed unpaired Mann-Whitney

In summary, our findings highlight a critical role for NOD2-
mediated signaling in driving pathogenic IL-33-dependent inflam-
matory responses, and identify an important role for NOD2 in reg-
ulating ILC2s, particularly during the early stages of CD-like ileitis.
These studies lay the foundation for potential early intervention,
targeting the NOD2/IL-33/ILC2 axis, in patients with IBD.

Methods

Experimental mice. AKR (The Jackson Laboratory) and SAMP mice
(6) were propagated/maintained at Case Western Reserve Uni-
versity and provided through core services supported by the Ani-
mal and Mouse Models Cores of the NIH, PO1 DK091222 and P30
DK097948, respectively.

Patient samples. Intestinal mucosal biopsies were collected from
patients with confirmed diagnoses of CD and noninflamed controls (Sup-
plemental Tables 2, 3, and 5), with single-cell suspensions prepared and
analyzed by flow cytometry, as described in the supplemental material.

Invivo studies. All animal experiments were conducted as previous-
ly described (12, 17), with full description in the supplemental material.

Tissue harvest, SM-assisted microdissection, and histologic assess-
ment. Mice were euthanized and ileal tissues harvested and processed
(12, 15, 22). Single-cell suspensions from MLNs and ilea were prepared
for flow cytometry or ex vivo functional assays, as described in the sup-
plemental material.

Western blots and qPCR. lleal tissues were processed to detect
either IL-33 protein by Western blotting or Th2 cytokine gene expres-
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sion by qPCR, calculated using the change-in-cycling threshold (Ct)
method and normalized to Gapdh (12, 15).

Statistics. Data were analyzed using Prism 5 (GraphPad Software).
Selection of appropriate statistical tests was based on variance and
underlying distribution of data. Differences among and between indi-
vidual groups were compared as indicated in each figure legend, with
P <0.05 considered significant.

Study approval. Animal procedures were approved by Case West-
ern Reserve University’s IACUC (number 2015-0179). Human studies
were approved using a prospective protocol by the UZ Leuven Ethical
Committee Review Board (S53684); written informed consent was
received from participants prior to inclusion in study.
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