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Dietary fiber is a critical determinant of pathologic
ILC2 responses and intestinal inflammation
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Innate lymphoid cells (ILCs) can promote host defense, chronic inflammation, or tissue protection and are regulated by
cytokines and neuropeptides. However, their regulation by diet and microbiota-derived signals remains unclear. We show that
an inulin fiber diet promotes Tphl-expressing inflammatory ILC2s (ILC2'NFLAM) jn the colon, which produce IL-5 but not tissue-
protective amphiregulin (AREG), resulting in the accumulation of eosinophils. This exacerbates inflammation in a murine
model of intestinal damage and inflammation in an ILC2- and eosinophil-dependent manner. Mechanistically, the inulin fiber
diet elevated microbiota-derived bile acids, including cholic acid (CA) that induced expression of ILC2-activating IL-33. In IBD
patients, bile acids, their receptor farnesoid X receptor (FXR), IL-33, and eosinophils were all upregulated compared with
controls, implicating this diet-microbiota-ILC2 axis in human IBD pathogenesis. Together, these data reveal that dietary
fiber-induced changes in microbial metabolites operate as a rheostat that governs protective versus pathologic ILC2
responses with relevance to precision nutrition for inflammatory diseases.

Introduction

Mammalian barrier immunity is influenced by a variety of en-
vironmental factors including diet and signals derived from the
microbiota (Alexander and Turnbaugh, 2020; Blander et al.,
2017; Lee and Dixit, 2020; Nobs et al., 2020; Rooks and
Garrett, 2016). Diet-regulated metabolites of host or microbial
origin can be sensed by diverse cell types including epithelial,
stromal, neuronal, and immune cells, all of which contribute to a
balanced state of immunity, inflammation, and tissue protection
(Blander et al., 2017; McCarville et al., 2020; Rooks and Garrett,
2016; Zheng et al., 2020). Innate lymphoid cells are enriched at
barrier surfaces, including intestine, lung, and skin, and can
regulate barrier function, immune cell homeostasis, and tissue
protection (Ebbo et al., 2017; Eberl et al., 2015; Klose and Artis,
2016, 2020; Ricardo-Gonzalez et al., 2022; Vivier et al., 2018). In
this context, group 2 innate lymphoid cells (ILC2s) can exert
proinflammatory or tissue-protective effects in a tissue-
and context-dependent manner. For example, a subset of

proinflammatory ILC2s (ILC2INFIAM) marked by elevated ex-
pression of Tphl produces type 2 inflammatory cytokines IL-5
and IL-13. These cytokines promote recruitment of eosinophils
which protect against helminth infection and promote allergic
diseases (Flamar et al., 2020; Huang et al., 2015; Kim et al.,
2013). In contrast, some ILC2s express the growth factor am-
phiregulin (AREG) that contributes to tissue protection and
repair (Monticelli et al., 2011, 2012, 2015). ILC2s can be acti-
vated by a variety of cytokines and neuropeptides including
IL-25, IL-33, thymic stromal lymphopoietin, neuromedin U,
vasoactive intestinal peptide, and calcitonin gene-related pep-
tide (CGRP) (Halim et al., 2012; Klose et al., 2017; Nagashima
etal., 2019; Neill et al., 2010; Nussbaum et al., 2013; Saenz et al.,
2010). However, the pathways that balance proinflammatory
versus tissue-protective ILC2 responses as well as the impact of
diet, the microbiota, and their metabolites on their functional
potential remain poorly understood.
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In this study, we employed an inulin fiber dietary interven-
tion to perturb intestinal microbiota and interrogate their po-
tential roles in the activation and functional potential of
proinflammatory versus tissue-protective ILC2s. We observed
that fiber diet-induced dysregulation of the microbiota and their
associated metabolites elicits activation of a distinct population
of ILC2INFLAM jpy the murine colon. While ILC2s have been shown
to be tissue-protective during intestinal damage and inflam-
mation in some contexts, the inulin fiber diet-activated
ILC2INFLAM worsens the clinical outcomes via eosinophilic in-
flammation in multiple murine models of intestinal damage
and inflammation. Collectively, these data highlight that envi-
ronmental triggers including diet, microbiota, and their me-
tabolites are significant environmental determinants of the
balance between homeostatic versus pathologic functions of
ILC2s with implications for multiple inflammatory diseases at
barrier surfaces.

Results

Inulin fiber diet activates ILC2'NFLAM and exacerbates

intestinal damage

To study the influence of microbiota on the functional potential
of ILC2s, we employed an inulin fiber diet that induces signifi-
cant shifts in the composition of the microbiota including an
increase in Bacteroidota (previously known as Bacteroidetes)
and a decrease in Bacillota (previously known as Firmicutes)
(Arifuzzaman et al., 2022; Chambers et al., 2019; Chijiiwa et al.,
2020) (Fig. S1 A). Wild-type (WT) mice were exposed to a
control diet or an inulin fiber diet for 2 wk, and flow
cytometry-sorted colonic ILC2s were analyzed by RNA se-
quencing (RNA-seq). We observed that inulin fiber diet signifi-
cantly altered the transcriptome of colonic ILC2s (Fig. 1 A). Inulin
fiber diet significantly upregulated inflammatory II5 but not IlI3
or tissue-protective Areg (Fig. 1 A and Fig. S1, B-D), indicating a
unique inflammatory signature of this ILC2 population. These
colonic ILC2INFLAM expressed high levels of Calca (Fig. 1 A; and
Fig. S1, C and D) that encodes CGRP, which is known to pro-
mote IL-5 production in ILC2s (Nagashima et al., 2019; Xu
et al., 2019). The inulin fiber diet-induced colonic ILC2™N-
FLAM a]s0 expressed high levels of Tphl (Fig. 1 A and Fig. S1, C
and D) which encodes serotonin-producing enzyme tryptophan
hydroxylase 1 and has previously been associated with small
intestinal ILC2INFLAM cells (Flamar et al., 2020). Further, we
observed upregulation of several additional inflammatory genes
in the inulin fiber diet group, which were previously described
in ILC2INFLAM ip Jung tissue including Lgalsl, Lgals3, and S100al0
(Nagashima et al., 2019) (Fig. 1 A). At the protein level, IL-5*
ILC2s also produce IL-13 and AREG; however, the inulin fiber diet
specifically promoted the production of IL-5 but not IL-13 or
AREG (Fig. 1 B and Fig. S1 E). The frequencies of ILC2s in the
lymphoid tissues or their progenitors (ILC2p) in the bone mar-
row were unaffected by the inulin fiber diet (Fig. SI F), sug-
gesting that the generation of colonic ILC2INFLAM js due to an
alteration of ILC2 phenotype within the tissue rather than an
increase of ILC2 population. ILC2-secreted IL-5 recruits eosino-
phils (Klose and Artis, 2020; Klose et al., 2017; Nussbaum et al.,
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2013), and consistent with this finding, we also observed a sig-
nificant increase in the number of eosinophils in the colon of
inulin fiber diet-fed mice compared with control diet-fed mice
(Fig. 1, C and D). The eosinophilia was reversed upon withdrawal
from the inulin fiber diet, suggesting that a continuous supply of
inulin is required to maintain the elevated eosinophil level (Fig.
S1 G). Together, these data suggest that the inulin fiber diet in-
duces ILC2INFLAM with distinct inflammatory features and asso-
ciated colonic eosinophilia.

Dietary fiber promotes a group of microbiota-derived me-
tabolites called short-chain fatty acids (SCFA) that have been
shown to exert anti-inflammatory effects by promoting regu-
latory T cells (Tregs). Indeed, we observed that in addition to
eosinophils, Tregs were also increased in the colon following
exposure to an inulin fiber diet (Fig. S1 H). Therefore, to in-
vestigate the impact of inulin fiber diet-induced type 2 inflam-
mation and eosinophil accumulation on intestinal inflammation
and tissue repair, we next employed a chemically induced
murine model of acute intestinal damage and inflammation
(Monticelli et al., 2015; Tsou et al., 2022; Zhang et al., 2022). WT
mice were exposed to a control diet or an inulin fiber diet for
2 wk and then exposed to dextran sulfate sodium (DSS) for
7 days (Fig. 1 E). While mice fed with a control diet began to
recover after withdrawal of DSS on day 7, mice exposed to an
inulin fiber diet continued to lose weight (Fig. 1 E) and exhibited
significantly elevated clinical disease activity index (DAI),
including general morbidity, rectal bleeding, and diarrhea
(Fig. 1 F). Increased immune cell infiltration, intestinal edema,
and loss of epithelial crypt structure were also observed in the
colons isolated from inulin fiber diet-fed mice (Fig. 1 G), indi-
cating that dietary inulin fiber increases inflammation and im-
pairs tissue repair processes following colonic injury despite
elevated Tregs (Fig. SI I). Notably, the dominant immune cell
populations associated with type 1/type 3 inflammatory sig-
natures of intestinal inflammation, including neutrophil influx
in the colon or fecal lipocalin levels, were not significantly dif-
ferent between control or inulin fiber diet-fed groups (Fig. S,
I-K). Conversely, the colons of inulin fiber diet-fed mice dis-
played a significant increase in eosinophils compared with mice
fed control diet (Fig. 1 H). Furthermore, IL-5* ILC2s remained
elevated in the inulin fiber diet-fed mice compared with the
control diet-fed mice after the DSS challenge (Fig. 11). Together,
these data indicate that the inulin fiber diet-mediated exacer-
bation of disease severity in the chemically induced acute model
of intestinal damage and inflammation could be driven by an
ILC2!NFLAM.triggered and eosinophil-mediated pathologic type
2 inflammatory response.

To determine the role of the inulin fiber diet in chronic in-
testinal inflammation, we employed a T cell transfer model.
Rag2~/~ mice were fed a control or inulin fiber diet for a week
and then administered with CD4*CD45RBP.CD25% naive T cells.
We observed that weight loss in the inulin fiber group was
significantly higher than in the control diet group (Fig. S2 A).
While levels of Thl and Thi7 cells, the major drivers of intestinal
inflammation in this model (Leppkes et al., 2009), were com-
parable between control and inulin fiber diet groups (Fig. S2 B),
increased accumulation of eosinophils was observed in the

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20232148

20f17


https://doi.org/10.1084/jem.20232148

*
A B Control Inulin fiber 50" C Control Inulin fiber
X I w16
24 T + =92 Exx
Inulin N 4 § 25 w g9 "
Control fiber = | 0 c 2 8
) L ol 8 o g o
115 - =) w R
- ns (7 <0
Tpht 507 — 0 & \§\o
[0} Q et
Calca 2 18 - & CD11b-BV650 —P> S
[T ~— 0
Lgals1 f-) I:.‘ g = §
Lgals3 4 - - =
S100a10
8 43
%
[ — 5 ra!
= [
0 05 xo° <
0 Inulin fiber
KLRG1-PE —P» N &
&«O,{@Q’ Nucleus
00\§\0
&
E Control F Control G Control Inulin fiber
= = |nulin fiber = |nulin fiber o . *
=G o' 3 :
= A :
5 % ‘\H 3 S o
= < ©
et *k S
E 7 *kkk *kk D 0 ;A/ *k - % 0
3
0 5 10 0379 )
X
Days Days 000.\\0%
N
NS
H Control  Inulin fiber - * I * ns ns
* 6 26 2930 . 90 . <% 70
; = < > X + X
; T s 0 oS |
] : c O15 N 25 N 25 . 35
& 35 =0 20 %o
30 g ©° | -3 <3
\ - = —_—
& HE 0 0 0
0 NS N & NS N
) > %) %)
CD11b-8V650 —P> L@ A P 09
OO\§\Q S \}\Q OO&(‘ 000‘\\(\
& & & &

Figure 1. Inulin fiber diet activates ILC2'NFLAM and exacerbates intestinal damage and inflammation. (A) Heatmap showing differential gene expression
of colonic ILC2s in mice fed the control or inulin fiber diet for 2 wk (n = 2 mice). (B) Frequency of IL-5-expressing, IL-13-expressing, or AREG-expressing KLRG1*
ILC2s in colonic lamina propria, determined by intracellular cytokine staining (n = 3 mice). Flow cytometry plots were gated from CD45*Lin-CD90.2*CD127*
cells. (C) Representative flow cytometry plots and frequency of CD11b*SiglecF* eosinophils in the CD45* population (n = 4 mice). (D) Representative im-
munofluorescence staining showing Siglec-F* eosinophils in the colons. Scale bar = 50 um. (E and F) Disease and recovery of DSS-treated control diet- and
inulin fiber diet-fed mice were monitored by daily weight loss (E) and DAI (F). Mice were fed control or inulin fiber diet from 2 wk prior to the DSS challenge to
the endpoint of the experiment (n = 5 mice). (G) Representative H&E staining of distal colons at the endpoint of the DSS experiment. Scale bar = 500 pum. Graph
shows histological scores (n = 3-5 mice). (H) Representative flow cytometry plots and frequency of CD11b*SiglecF* eosinophils in the CD45* population (n =
3-5mice). (I) Frequency of IL-5-expressing, [L-13-expressing, or AREG-expressing KLRG1* [LC2s in colonic lamina propria, determined by intracellular cytokine
staining (n = 4 mice). Data are representative of three (C and E-G) or two (B, D, H, and I) independent experiments. Data are means + SEM. Statistics were
calculated by unpaired two-tailed t test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant.

colons of the inulin fiber group compared with control (Fig. S2
C). These data suggest that eosinophils could be the driver of
inulin fiber diet-induced weight loss during chronic intestinal
inflammation.

ILC2s are required for inulin fiber diet-induced

colonic eosinophilia

Next, we sought to determine the role of ILC2s in inulin fiber
diet-mediated intestinal inflammation. We previously reported
that among various colonic immune cells, ILC2s selectively ex-
press the G protein-coupled receptor NMURI (Jarick et al., 2022;
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Tsou et al., 2022). Therefore, next, we employed a new mouse
model that we recently developed for specific targeting of ILC2s
(Nmurlire-<GFP) (Jarick et al., 2022; Tsou et al., 2022). Employing
repeated injection of diphtherial toxin (DT) in Nmurlire
eGFPROSA26LSL-DTR mijce or ROSA26MSL-DTR littermates, we vali-
dated that ILC2s can be selectively depleted for at least up to 4
wk (Fig. 2 A and Fig. S2 D). We observed that depletion of ILC2s
abrogated the ability of the inulin fiber diet to exacerbate weight
loss (Fig. 2 B), disease activity (Fig. 2 C), and histopathology,
including crypt loss (Fig. 2 D). Furthermore, inulin fiber diet did
not induce colonic eosinophilia in the Nmurlicre-¢GFPROSA26SL-
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Figure 2. 1LC2s and eosinophils mediate the exacerbation of intestinal damage by the inulin fiber diet. (A) Representative flow cytometry plots showing
depletion of ILC2s 4 wk after intraperitoneal injections with 100 ng/mouse DT on days 0, 3, 6, 14, and 21. (B and C) Experimental schematic and body weights
(B) and DAI (C) of DSS-treated mice (n = 4-5 mice). (D) Representative H&E staining of distal colons of DSS-treated mice (scale bar = 500 um), and histology
scores at the endpoint (day 9) (n = 5-9 mice). (E and F) Frequency of ILC2s and GATA3* Th2 cells (E) and eosinophils (F) in the colon of the DSS-treated mice at
the endpoint (n = 4-9 mice). (G) Gene expression in magnetically enriched colonic eosinophils determined by RT-qPCR from mice fed with control or inulin fiber
diet for 2 wk (n = 4 mice). (H-J) Body weights (H) and DAI (1) on various days and colon histology at the endpoint (J) in DSS-treated mice fed with control or
inulin fiber diet (n = 4-9 mice). Scale bar = 200 um. Data are representative of (A-C and G) or pooled from (D-F and H) two independent experiments. Data are
means + SEM. Statistics were calculated by unpaired two-tailed t test (C, |, and J) or two-way ANOVA with Tukey’s multiple comparison test (B and H) or
uncorrected Fisher’s LSD test (D-F) or Mann-Whitney U test (G). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant.
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DTR mice in which ILC2s were specifically depleted (Fig. 2, E and
F). Together, these data indicate that ILC2s are required for in-
ulin fiber diet-induced inflammation and exacerbation of dis-
ease severity.

Eosinophils mediate the exacerbation of intestinal damage by
an inulin fiber diet in mice

While inulin fiber diet triggers colonic eosinophilia
(Arifuzzaman et al., 2022) (Fig. 1 D), the effects of inulin fiber
diet on the activation of eosinophils remain to be explored.
Therefore, we magnetically enriched colonic eosinophils from
control or inulin fiber diet-fed mice and analyzed gene
expression of eosinophil-intrinsic inflammatory and tissue-
damaging factors. We observed that inulin fiber diet signifi-
cantly upregulated the genes encoding IL-4 (Il4) and eosinophil
peroxidase (Epx) (Fig. 2 G), both of which have previously been
shown to contribute to the pathogenesis in the DSS model of
intestinal damage and inflammation (Forbes et al., 2004; Hertati
et al., 2020; Pushparaj et al., 2013; Stevceva et al., 2001). There-
fore, to test the requirement of eosinophils in inulin-induced
inflammation, WT and eosinophil-deficient (AdblGATA) mice
were given the control or inulin fiber diet followed by exposure to
DSS. We observed that in contrast to WT mice, AdbIGATA mice
fed with an inulin fiber diet did not exhibit higher weight loss
compared with the control diet (Fig. 2 H). Disease activity and
crypt loss were also comparable between the two diet groups in
the absence of eosinophils (Fig. 2, I and J), supporting that eosi-
nophils are required for inulin fiber diet-induced exacerbation of
disease severity. In summary, these findings demonstrate that an
inulin fiber diet triggers an ILC2-dependent accumulation of co-
lonic eosinophils which contributes to intestinal inflammatory
disease.

IL-33 is required for inulin fiber diet-induced

colonic eosinophilia

Since both IL-33 and IL-25 can promote ILC2INFEAM induction
(Flamar et al., 2020; Huang et al., 2015), we next sought to de-
termine their involvement in the inulin fiber diet-induced eo-
sinophilia. We observed that an inulin fiber diet significantly
increased the levels of 1133 but not 125 in the colon (Fig. 3 A). The
primary source of inulin fiber-induced IL-33 was mesenchymal
stromal cells in the colon (Fig. S2 E). The inulin fiber diet also
upregulated I133 during DSS-induced intestinal damage (Fig. 3
B). Notably, the levels of the IL-33 receptor in colonic ILC2s were
not altered by inulin fiber diet (Fig. S2 F). We and others have
previously shown that IL-33 can promote ILC2-intrinsic AREG,
Tregs, and tissue repair during intestinal damage (Lopetuso
et al., 2018; Monticelli et al., 2015; Ngo Thi Phuong et al., 2021;
Schiering et al., 2014; Sedhom et al., 2013). Indeed, when we
employed Ilirll~/~ mice, which are deficient in IL-33 receptor T1/
ST2, we observed that Illrll/- mice fed with control diet lost
more weight than WT mice fed with control diet (Fig. 3 C),
supporting that IL-33/ST2 signaling in ILC2s or other cells in-
cluding Tregs has a protective role during intestinal inflamma-
tory disease (Lopetuso et al., 2018; Schiering et al., 2014; Sedhom
et al., 2013). However, while WT mice fed an inulin fiber diet
exhibited greater loss of body weight compared with that on the
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control diet, Ilirll~/~ mice did not display a difference in weight
loss between control and inulin fiber diets (Fig. 3 C). In addition,
the levels of eosinophils and crypt loss in the colons of Ilirll-/~
mice were also comparable between the control and inulin fiber
diet (Fig. 3, D and E). Together, these data indicate that the inulin
fiber diet-induced eosinophilia and exacerbated inflammation
and disease severity require IL-33.

Since we observed that the exposure of naive mice to an
inulin fiber diet led to the production of stromal IL-33, which
activated ILC2s to produce IL-5 but not AREG (Fig. 1 B), and that
the colons of naive mice express lower 133 than DSS-challenged
mice (Fig. S2 G), we further investigated the mechanism of IL-
33-mediated induction of AREG. Our in vitro studies showed
that while IL-33 could promote both IL-5 and AREG, the kinetics
of AREG production is slower than IL-5 (Fig. S2 H), and a higher
concentration of IL-33 is required for the production of AREG
that is comparable with levels of IL-5 production (Fig. S2 I).
Together, these data suggest that a low concentration of IL-33 is
sufficient to trigger IL-5 production, and the IL-5-mediated ac-
cumulation of eosinophils prior to DSS challenge supersedes any
beneficial effects of IL-33 during DSS-induced tissue damage.

Bile acids mimic inulin-induced exacerbation of intestinal
damage and inflammation

We previously reported that an inulin fiber diet increases not
only the level of Bacteroidetes population but also their capacity
to hydrolyze bile salts, leading to elevated systemic levels of
several unconjugated bile acids including cholic acid (CA) and
chenodeoxycholic acid (CDCA) (Arifuzzaman et al., 2022) (Fig. 4
A and Fig. S3 A). Therefore, we investigated whether direct
administration of bile acids also triggers type 2 inflammation
and exacerbates tissue damage. WT mice were exposed to con-
trol drinking water or CA-supplemented drinking water for
2 wk and then exposed to DSS. Similar to exposure to inulin
fiber diet, mice that received CA exhibited significantly more
severe loss of body weight (Fig. 4 B). Histological analyses re-
vealed more crypt loss during the recovery period, and immu-
nologic analyses revealed increased I133 and eosinophils in the
colon of CA-treated mice compared with control mice (Fig. 4,
C-E). When mice deficient in the bile acid receptor farnesoid X
receptor (FXR) (Nrlh4~/-) were exposed to CA and then chal-
lenged with DSS, we did not observe any increase in the fre-
quency of colonic eosinophils or any alteration in the severity of
disease (Fig. 4, F and G), suggesting that CA exerts its immu-
nomodulatory effects via FXR. Since CDCA is the most abundant
bile acid in humans (Thakare et al., 2018), we also employed
CDCA and observed that CDCA-treated mice exposed to DSS
exhibited significantly greater weight loss compared with con-
trol mice exposed to DSS (Fig. 4 H). Together, these data dem-
onstrate that these primary bile acids, either administered
directly or induced by diet and microbiota, can have profound
pathological effects during intestinal inflammation.

Human fecal microbiota transfer (FMT) can reproduce inulin
fiber diet-induced eosinophilia and intestinal damage in mice
To determine whether the inulin fiber diet-induced and bile
acid-mediated type 2 inflammation is relevant in the context of
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the human microbiota, we performed human FMT from healthy
individuals into germ-free (GF) mice. Upon receiving human
FMT, mice received either a control or inulin fiber diet for 2 wk.
As we and others have shown previously (Arifuzzaman et al.,
2022; Chijiiwa et al., 2020), administration of inulin increased
the abundance of Bacteroidota (Fig. 5 A) in the human FMT mice
and upregulated serum bile acids including CDCA (Fig. 5 B).
While GF mice did not exhibit any increase in eosinophils upon
administration of the inulin fiber diet, human FMT restored the
inulin fiber diet-induced eosinophilia in GF mice (Fig. 5 C). The
eosinophilia in the human FMT mice was associated with an
increased number of colonic IL-5* ILC2s (Fig. 5 D). Upon expo-
sure to DSS, mice receiving human FMT and an inulin fiber diet
exhibited significantly greater body weight loss (Fig. 5 E), which
was accompanied by increased expression of 1133, accumulation
of eosinophils, and enhanced tissue damage in the colon (Fig. 5,
F-H). Together, these data demonstrate that the human micro-
biota can mediate the inulin fiber diet-induced elevation of bile
acids and subsequent type 2 inflammation, further supporting
that this diet microbiota pathway could contribute to inflam-
mation in human inflammatory bowel disease (IBD).

Bile acid metabolites are dysregulated in IBD patients

To interrogate the relationship between intestinal microbiota
and bile acids in the context of human IBD, we recruited a cohort
of adult IBD patients with ulcerative colitis or pancolitis (n = 40)
and a comparable cohort of non-IBD controls (n = 40). We em-
ployed sequencing of 16S ribosomal RNA (rRNA) to determine
the composition of the fecal microbiota. We observed that the
microbial community in IBD patients has a trend to be distinct
and with decreased taxonomic diversity compared with non-IBD
controls (Fig. S3, B and C), consistent with other clinical studies
(Franzosa et al., 2019). Next, we performed untargeted com-
parative metabolomic analyses of serum and fecal samples

Arifuzzaman et al.
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obtained from IBD patients and non-IBD controls using liquid
chromatography coupled with high-resolution mass spectrom-
etry. Among a total of >40,000 detected features, we detected
bile acids as the most significantly differential metabolites be-
tween IBD and non-IBD samples. Levels of unconjugated bile
acids, including CA and 7-ketodeoxycholic acid (7-KDCA), were
significantly increased in the serum of IBD patients compared
with non-IBD controls (Fig. 6 A). We also detected increased
CDCA in the feces of IBD patients compared with non-IBD con-
trols (Fig. 6 B). Levels of taurine- and glycine-conjugated bile
acids were significantly increased in both the serum and feces of
IBD patients compared with non-IBD controls (Fig. S4, A and B).
Collectively, our data demonstrate that active IBD is associated
with significant changes in bile acid profiles.

A bile acid type 2 inflammatory gene signature is activated in
IBD patients

Since bile acids were the most significantly altered metabolites
in active IBD patients, we next sought to determine the potential
impact of altered bile acid levels in the intestine of IBD patients.
First, by employing bulk RNA-seq, we compared the gene ex-
pression levels of known bile acid receptors in the colon tissue
biopsies isolated from IBD patients and healthy controls. We
observed that while most bile acid receptor genes were down-
regulated in IBD patients, NRIH4, the gene encoding bile acid
receptor FXR, was significantly upregulated in IBD patients
compared with non-IBD controls (Fig. 6 C), suggesting that FXR
could be a mediator of bile acid signaling in the inflamed in-
testine. Next, to identify a potential functional link between bile
acids and the immune response, we analyzed the expression of
inflammatory cytokine genes in the same dataset. As expected,
all major type 1/type 3 inflammatory genes known to be asso-
ciated with IBD (Friedrich et al., 2019) were upregulated in the
colons of IBD patients (Fig. S5 A). However, when we analyzed
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Figure 4. Administration of bile acids worsens DSS-induced disease severity. (A) Bile acid levels were measured by LC-MS in the serum of mice after
feeding with a control or inulin fiber diet for 2 wk (n = 4 mice). Peak integration data from HPLC-MS analysis were log-transformed (Karpievitch et al,, 2012)
prior to statistical analysis. (B) Experimental schematic and body weights of DSS-treated mice under control (water) and CA treatment groups (n = 7-9 mice).
(C) Representative H&E staining of distal colons at the endpoint of DSS experiment (day 10), Scale bar = 200 pm. Graph shows histological scores (n = 2-4
mice). (D-E) Expression of 1133 (D) and frequency of eosinophils (E) in the colons of DSS-treated mice at the endpoint (n = 3-4 mice). (F) Body weights of DSS-
treated Nr1h4=/~ mice under control (water) and CA-treated groups (n = 3 mice). (G) Frequency of eosinophils in the colons of mice at the endpoint of DSS
experiment (n = 3 mice). (H) Body weights of DSS-treated mice under control (water) and CDCA treatment groups (n = 8-9 mice). Data are pooled from (B and
H) or representative of (A and C-G) two independent experiments. Data are means + SEM. Statistics were calculated by unpaired two-tailed t test. *P < 0.05,

**P < 0.01, ***P < 0.001, ns, not significant.

type 2 cytokines, IL33 was significantly upregulated in IBD pa-
tients compared with non-IBD controls (Fig. 6 D). We also ob-
served trends for increased levels of IL5 and decreased levels of
AREG in IBD patients compared with non-IBD controls (Fig. 6 D).

To determine the cellular sources of NRIH4 and IL33 in the
human intestine, we performed single-cell RNA-seq (scRNA-
seq) analyses to directly compare cell lineage-specific gene ex-
pression profiles in colonic biopsies isolated from IBD patients
versus non-IBD controls. First, we analyzed major immune cell
types including T cells and monocytes, where we did not observe
any differential expression of NRIH4 between IBD and non-
IBD biopsies (Fig. S5, B and C). Next, we focused on non-
hematopoietic cell types, primarily epithelial and mesenchymal
stromal cells which have previously been shown to undergo
extensive remodeling and display inflammatory signatures as-
sociated with IBD (Friedrich et al., 2021; Kinchen et al., 2018;
Parikh et al., 2019; Smillie et al., 2019). Unbiased clustering
identified several nonhematopoietic cell types, including epi-
thelial, stromal, and endothelial cell subsets (Fig. 6 E). We ob-
served that NRIH4 was upregulated in the stromal cell subset of
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the IBD colon tissue compared with non-IBD control tissue
(Fig. 6 F). Notably, more stromal cells expressed IL33 in the IBD
colon compared with the control (Fig. 6 F). Together, these data
demonstrate that expression of both bile acid receptor FXR and
type 2 inflammatory cytokine IL-33 are increased in the colonic
stromal cells isolated from IBD patients, suggesting that a bile
acid-IL-33 axis in these cell types is associated with inflamma-
tion in IBD patients. To test this hypothesis, we incubated a
human colonic stromal cell line with CDCA. We observed that
exposure to CDCA triggered IL33 expression in a concentration-
dependent manner (Fig. 6 G), further confirming that bile acids
can promote stromal cell-intrinsic IL-33 production in the
human colon.

IL-33 can activate multiple immune cell types associated with
type 2 inflammation, including type 2 helper T cell (Th2), ILC2s,
and eosinophils (Cayrol and Girard, 2018). In mice, IL-33 has
been shown to play a critical regulatory role in the development,
homeostasis, and activation of eosinophils (Johnston and Bryce,
2017; Johnston et al., 2016). In humans, IL-33 can directly acti-
vate eosinophils as well as promote the expression of eosinophil-
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Figure 5. Human FMT can reproduce inulin fiber diet-induced eosinophilia and intestinal damage. (A) Representative taxonomic classification of 165
rRNA genes in fecal suspension from individual human donor or stool pellets collected from recipient mice with human microbiota on control or inulin fiber diet
for 2 wk. (B-D) Serum bile acids (B), colonic eosinophils (C), and colonic IL-5* ILC2s (D) in the recipient mice (n = 4) after 2 wk of diet. (E) Body weights of DSS-
treated control diet- and inulin fiber diet-fed human FMT mice (n = 4 mice). (F and G) Expression of 1133 (F) and frequency of eosinophils (G) in the colon of
DSS-treated human FMT mice at the endpoint (day 9) (n = 3-5 mice). (H) Representative H&E staining and histology scores of distal colons at the endpoint (day
9) of the DSS experiment. Scale bar = 100 um. Data are representative of two independent experiments. Data are means + SEM. Statistics were calculated by
unpaired two-tailed t test (D-H) or two-way ANOVA with uncorrected Fisher's LSD test (B and C). *P < 0.05, **P < 0.01, ***P < 0.00L

recruiting IL-5 in ILC2s (Cherry et al., 2008; Nussbaum et al.,
2013; Salimi et al., 2013). Therefore, we next compared the
numbers of eosinophils in the colorectal biopsies from IBD patients
and healthy non-IBD controls. We observed significantly higher
infiltration of eosinophils in the lamina propria and intercryptic
regions in tissues isolated from IBD patients compared with non-
IBD controls (Fig. 6 H). Together, these data support the existence
of a dysregulated bile acid-IL-33-eosinophil axis in IBD patients.

Discussion

In this study, we identify that dietary inulin fiber-induced al-
terations in the composition of the microbiota trigger the
accumulation of ILC2INFLAM jp the colon, promoting tissue eo-
sinophilia that exacerbates disease outcomes in two murine
models of intestinal damage and inflammation. Mechanistically,
inulin fiber diet-induced and microbiota-derived bile acids, in-
cluding CA and CDCA, upregulate the expression of IL-33 to
trigger IL-5-producing ILC2INFIAM, Consistent with this model,
elevated levels of bile acids (including CA and CDCA) and higher
accumulation of eosinophils were observed in the colon of IBD
patients compared to healthy individuals. Additional studies are
needed to determine the casual link between the IBD microbiota
and IL-5-producing ILC2s.
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These new data demonstrate that diet and microbiota
function as determinants of pathologic versus protective ILC2
function by the induction of ILC2™NFMAM which produce in-
flammatory IL-5 but not tissue-protective AREG. While IL-33
and ILC2s have been shown to have specific tissue-protective
roles in murine models of colitis (Lopetuso et al, 2018;
Monticelli et al., 2015; Ngo Thi Phuong et al., 2021; Tsou et al.,
2022), they have also been implicated in promoting the disease
(Qiu et al., 2020; Sedhom et al., 2013). This study shows that
while IL-33 has a tissue-protective role during intestinal damage
following exposure to a normal diet, the inulin fiber diet-
mediated production of IL-33 in the colon can be detrimental due
to the activation of ILC2INFLAM and subsequent eosinophilia that
exacerbates inflammation. While we observed that the inflam-
matory effects of the inulin fiber diet were IL-33 receptor-
dependent, the role of ILC2-intrinsic IL-33 receptor signaling
requires further investigation.

Elevation of fecal CDCA and colonic eosinophils in IBD pa-
tients have previously been reported by other studies (Ahrens
et al., 2008; Franzosa et al., 2019; Raab et al., 1998); however,
transcriptomic analyses of human colons identified a potential
link between these two observations. We found that expression
of both the bile acid receptor FXR and type 2 cytokine IL-33 are
upregulated in IBD patients compared with non-IBD controls,
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Figure 6. The bile acid-eosinophil axis is dysregulated in IBD. (A and B) Serum (A) and fecal (B) levels of unconjugated bile acids (n = 37-40 humans).
(C) Heatmap showing bile acid receptor genes and the violin plot showing NRIH4 expression in the colon biopsies of non-IBD controls and IBD patients (n = 5
humans). (D) Heatmap showing type 2 cytokine genes and the violin plot showing IL33 expression in the colons of non-IBD controls and IBD patients (n = 5
humans). (E) UMAP plot of scRNA-seq data of non-IBD control and IBD patient colons. (F) Violin plots showing expression of NRIH4 and L33 in the stromal
cells shown in E. (G) IL33 gene expression in human colonic cell line CCD-18Co determined by RT-qPCR after 4 h incubation with increasing concentrations of
CDCA (n = 2-3 replicates). Data are representative of two independent experiments. (H) Representative H&E staining of human colorectal tissues (scale bar =
60 um). Bar plot shows the number of eosinophils in 50 high power fields (HPF) in the colons of non-IBD controls (n = 13) and IBD patients (n = 35). Data are
means + SEM. Statistics were calculated by unpaired two-tailed t test (A-E, F, and H) or one-way ANOVA with Dunnett’s multiple comparisons test (G). *P <
0.05, **P < 0.01, ****P < 0.0001.

suggesting that elevated bile acid levels may be the underlying inflammatory fibroblasts (Friedrich et al., 2021; Kinchen et al.,
cause of increased eosinophils in human IBD. Several recent 2018; Smillie et al., 2019). The scRNA-seq analysis of human
scRNA-seq studies of the human colon found that colonic stro-  colon tissues shown here revealed that upregulation of FXR and
mal cells undergo extensive remodeling in IBD, including IL-33 expression is restricted to specific stromal cell subsets,
activation of inflammatory gene signatures, leading to suggesting that bile acid signaling functions upstream of cyto-
the emergence of activated stromal cell subsets including kine production by these cells, which was further confirmed by
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in vitro experiments with human colonic stromal cell lines.
Similar regulatory signaling could exist between microbiota-
derived metabolites and other inflammatory cytokines in the
stromal cell subsets (Friedrich et al., 2021; Kinchen et al., 2018;
Smillie et al., 2019).

Dietary fibers including inulin promote the production of
SCFAs that have anti-inflammatory effects (Furusawa et al.,
2013; Maslowski et al., 2009; Smith et al., 2013). However,
IBD patients are frequently advised to refrain from a fiber-
rich diet since dietary fiber often exacerbates the disease
(Ananthakrishnan, 2015; Cohen et al., 2013; Forbes et al., 2017).
Although SCFAs have been shown to reduce intestinal inflam-
mation in multiple murine models (Furusawa et al., 2013;
Maslowski et al., 2009; Smith et al., 2013), similar studies using
various high-fiber diets have reported conflicting results. For
example, while some galactose-based fermentable fibers such as
pectin and guar gum had protective effects (Macia et al., 2015;
Silveira et al., 2017), fructan-based fibers such as inulin or
fructose oligosaccharides exacerbated inflammation (Goto et al.,
2010; Miles et al., 2017). While we observed increased bile acids
in our cohort of IBD patients compared with non-IBD controls, it
was not possible to associate these data with fiber intake due to
the lack of sufficient dietary information. However, a recent
randomized control trial demonstrated that administration of
inulin to UC patients increased the colonic levels of inflamma-
tory cytokines including IL-5 as well as symptomatic relapse in
patients (Armstrong et al.,, 2022), supporting the capacity of
inulin to trigger type 2 inflammation and tissue damage in hu-
mans. However, how specific fiber types exacerbate inflamma-
tion in human and mouse models was not clear. Our findings
demonstrate that inulin fiber can be proinflammatory by acting
as a critical environmental determinant of inflammatory ILC2
responses.

In summary, this study identifies a previously unrecognized
pathway through which the inulin fiber diet regulates the
composition and metabolic output of the intestinal microbiota to
trigger type 2 inflammation in the context of ongoing intestinal
damage and inflammation. The identification of a microbiota-
dependent immunomodulatory role for dietary fiber could have
implications for the development of microbiota- and metabolite-
based precision nutrition that could influence the efficacy of
therapeutic intervention strategies for IBD and other chronic
inflammatory diseases.

Materials and methods

Mice and diets

C57BL/6 (Jax 000664), I133fl-eGFP (Jax 030619) (Han et al.,
2018), Nrih4~/~ (Jax 007214) (Sinal et al., 2000), ROSA26-SL-DTR
(ROSA26iDTR; Jax 007900), and AdbIGATA (Jax 005653) (Yu
et al., 2002) mice were originally purchased from The Jackson
Laboratories. Rag2~/~ (TAC no. RAGN12) mice were originally
purchased from Taconic Farms. The transgenic NmurliCre-eGFP
reporter mouse was generated by Cyagen and was described
previously (Tsou et al., 2022). These strains, as well as Ilirll-/~
(Hsu et al., 2010) (provided by Andrew N.J. McKenzie, MRC
Laboratory of Molecular Biology, Cambridge, UK) mice on a
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C57BL/6 background, were bred at Weill Cornell Medicine
(WCM). Germ-free C57BL/6] mice and gnotobiotic mice were
bred and maintained in flexible PVC isolators (Park Bioservices)
at WCM. All other mice were maintained under specific
pathogen-free conditions. Both female and male mice were in-
cluded for all strains used in this study. All mice used were be-
tween 6 and 12 wk old, and age- and sex-matched for each
experiment. All mice were maintained in facilities with a 12-h
light-dark cycle, an average ambient temperature of 21°C, an
average humidity of 48%, and were provided food and water ad
libitum. When studying the effects of dietary fiber, mice were
given an inulin fiber diet (D16052309; Research Diets, Inc.)
supplemented with 30% fiber (26% inulin and 4% cellulose) or a
calorie-matched control diet (D12450]-1.5; Research Diets, Inc.)
containing 4.7% cellulose, which is comparable to the crude fiber
content of standard chow. The duration of dietary intervention
was 2 wk unless otherwise stated. Double-irradiated sterile diets
were used for all GF and FMT mice. All mouse experiments were
approved by and performed in accordance with the Institutional
Animal Care and Use Committee guidelines at WCM.

Human samples

Feces, serum, and colon tissue biopsies of IBD patients and age-
and sex-matched non-IBD healthy controls were obtained from
the JRI Live Cell Bank at WCM following protocols approved
by the Institutional Review Board (protocol number 1503015958).
The non-IBD controls did not have any major inflammatory dis-
eases, cancer, or obesity. However, they might have other com-
mon conditions including diabetes and cardiovascular diseases.
Informed consent was obtained from all subjects. All IBD patients
used for various analyses were diagnosed as UC patients, except
one patient whose colon tissues used for scRNA-seq was pan-
colitic. H&E slides were generated from paraffinized colorectal
biopsies. Biopsies used for RNA-seq were cryopreserved in 90%
FBS and 10% dimethylsulfoxide for future side-by-side compari-
son. For FMT and metabolomic studies, donor fecal samples were
resuspended in PBS (Goc et al., 2021).

Isolation of cells from various tissues

Mouse colons were removed, cleaned, and washed in ice-cold
PBS (Sigma-Aldrich). They were then opened longitudinally and
washed again in ice-cold PBS. Dissociation of epithelial cells was
performed by shaking at 37°C in HBSS (Sigma-Aldrich) con-
taining 10 mM HEPES and 5 mM EDTA (Thermo Fisher Scien-
tific) two times for 15 min. After each step, samples were
vortexed, and the supernatant containing the epithelial fraction
was removed. The remaining tissue was chopped into small
pieces and enzymatic digestion was performed using collagenase
II (1 mg/ml; Worthington), dispase (0.4 U/ml; Thermo Fisher
Scientific), DNase I (20 pg/ml; Sigma-Aldrich), and 4% FBS for
40 min in a shaker at 37°C. The single-cell suspension was then
filtered through a 70-um cell strainer and centrifuged through a
Percoll (Sigma-Aldrich) gradient and washed. Eosinophils were
enriched magnetically using PE anti-SiglecF antibody and anti-
PE microbeads (Milteny), according to the manufacturer’s pro-
tocol. For human colorectal samples, tissues were incubated in
0.5 mg ml~! collagenase D and 20 mg ml-! DNase I for 1h at 37°C
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with shaking. After digestion, the remaining tissues were fur-
ther dissociated mechanically by a syringe plunger. Cells were
filtered through a 70-mm cell strainer. Mesenteric lymph nodes
and spleens were minced and incubated in RPMI 1640 medium
(Sigma-Aldrich) supplemented with 1% BSA (Sigma-Aldrich),
Collagenase II (1 mg/ml; Sigma-Aldrich), and DNasel (20 ug/ml)
for 20 min in a shaker at 37°C. Cells were then dissociated using
a Pasteur pipette and filtered through a 70-um cell strainer. For
the bone marrow, the ends of the bones were cut, then the
marrow tissue was flushed out using a 25-gauge needle and ice-
cold RPMI 1640 medium with 5% FBS. The collected bone mar-
row was then processed through a 40-pm cell strainer with
gentle agitation with a syringe plunger. For the spleen, bone
barrow, and blood, red blood cells were lysed with ACK lysing
buffer (Lonza) and washed with ice-cold RPMI 1640 medium
supplemented with 5% FBS.

Flow cytometry and cell sorting

Mouse single-cell suspensions were pretreated with anti-CD16/
32 and then incubated on ice with conjugated antibodies in PBS.
Dead cells were routinely excluded with Fixable Aqua Dead Cell
Stain (Thermo Fisher Scientific). Lineage (Lin) markers used
were as follows: Linl: CD3e (145-2C11), CD5 (53-7.3), CD8a (53-
6.7), Lin2: CD19 (1D3), and CDllc (N418). FceRIo (MAR-1) was
included in either Linl or Lin2. NKI1.1 (PK136) was included in
Lin2 for intracellular cytokine staining. CD45 (30-F11), CD127
(A7R34), CD90.2 (30-H12), KLRGI (2F1), CD11b (M1/70), SiglecF
(E50-2440), Ly6G (1A8), c-Kit (CD117) (2B8), Terll9 (TERI119),
EpCAM (G8.8), CD31 (390), Sca-1 (D7), PDGFRa (CD140a)
(APA5), CD135 (Flt3), and a4P7 were used for surface staining.
Transcription factors were detected by intranuclear staining
using T-bet (4B10), GATA3 (TWA]J), RORyt (B2D), and FoxP3
(FJK-16s). CD45*CDI11b*SiglecF*CD11c~SSCM cells were defined as
eosinophils. ILC2s were defined as CD45*Lin-CD90.2*CD127*
GATA3* for phenotyping and as CD45*Lin-CD90.2*CD127*
KLRGI* for sorting and intracellular cytokine assay. ST2* cells
were detected by a biotinylated anti-ST2 (IL33R) antibody
(RMST2-2) followed by streptavidin-PE. CD45*Lin-CD127*
Flt3-a4B7*c-Kit"ST2* cells were defined as ILC2p. CD45 Terl19"
EpCAM-CD31 Sca-1"PDGFRa* cells were defined as mesenchy-
mal stromal cells (Arifuzzaman et al., 2022). For the detection
of intracellular cytokines, isolated cells were stimulated with
100 ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma-Al-
drich) and 1 pg/ml ionomycin (Sigma-Aldrich) for 3-4 h in the
presence of 10 pg/ml brefeldin A (Sigma-Aldrich) in complete
RPMI-1640 medium (containing 10% FBS, 50 mM 2-
mercaptoethanol, 1 mM L-glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin) to evaluate their cytokine production.
IL-5* and IL-13* cells were detected by anti-IL-5 (TRFK5) and
anti-IL-13 (eBiol3A) antibodies, respectively. AREG* cells were
detected by biotinylated anti-AREG antibody (BAF989; R&D
Systems) followed by streptavidin-APC. All antibodies used in
flow cytometry were purchased from Thermo Fisher Scientific,
BioLegend, or BD. All antibodies above were used at 1:200
dilutions, except CD127-BV421, IL-5-BV421, and IL-13-AF488,
which were used at 1:100 dilutions, and anti-AREG antibody
was used at 1:400 dilution. BD Cytofix/Cytoperm Fixation and
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Permeabilization Solution (BD Bioscience) and eBioscience
Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher
Scientific) were used for cytokine staining and intranuclear
staining, respectively. Stained cells were analyzed on a 5-laser,
18-color custom-configuration BD LSRFortessa (BD) or sorted
on a 5-laser, 18-color custom-configuration FACSAria III. Data
were collected using BD FACSDiva version 8.0.1 or 9.0 and
analyzed using Flow]Jo (version 10.6.1 or 10.7.1, Tree Star).

Quantitative real-time PCR (RT-qPCR)

Total RNA was isolated from tissues or magnetically enriched
cells using the RNeasy Plus mini kit (Qiagen) and from cell
cultures using TRIzol reagent (Thermo Fisher Scientific), ac-
cording to the protocol provided by the manufacturer. cDNA was
synthesized using the High-Capacity cDNA Reverse Transcrip-
tion Kit with Multiscribe Reverse Transcriptase (Thermo Fisher
Scientific). When the number of sorted cells was low, 10X lysis
buffer (Takara) or TRIzol reagent was used for RNA isolation,
and Superscript II Reverse Transcriptase or the SuperScript
VILO cDNA Synthesis Kit (Thermo Fisher Scientific) was used
for cDNA synthesis. qPCR reactions were set up using the Power
SYBR Green PCR Master Mix (Thermo Fisher Scientific) and run
on a QuantStudio 6 Flex Real-Time PCR System (Applied Bio-
systems) using QuantStudio Real-Time PCR software v1.0. Gene
expression was normalized to Hprtl for mouse tissues and
GAPDH for the human cell line and displayed as a fold change
compared with controls. The following primers were used:
murine II5 (QT00099715; Qiagen), murine I3 (QT02423449;
Qiagen), murine Areg (QT00112217; Qiagen), murine Tphl
(MmO01202614_m1; Thermo Fisher Scientific), murine I133
(QT00135170; Qiagen), murine Calca (forward: 5'-GAGCAGATC
AGGAGGTGTGG-3' and reverse: 5'-GGCTGTTATCTGTTCAGG
CCT-3', murine Epx (forward: 5'-CTGTCTCCTGACTAACCGCTC
T-3' and reverse: 5'-TCAGCGGCTAGGCGATTGTGTT-3', murine
114 (QT00160678), murine Hprtl (forward: 5'-CTTGCTGGTGAA
AAGGACCTCTC-3' and reverse: 5'-GAAGTACTCATTATAGTC
AAGGGCA-3', human IL33 (QT00041559; Qiagen), and human
GAPDH (QT00040894; Qiagen).

Immunofluorescence microscopy

Colons were coiled into a “Swiss roll” and fixed in 4% parafor-
maldehyde (BioWorld) in PBS for 4 h at 4°C. Tissues were then
placed in 30% sucrose dissolved in PBS at 4°C overnight. Tissues
were then embedded in optimal cutting temperature (OCT)
medium (Tissue-Tek, Sakura) and stored at -80°C until sec-
tioning. Frozen tissues were sectioned at 10 pm using a cry-
otome (Leica Instruments), immobilized on Superfrost Plus
slides (VWR), and stored at -20°C until immunostaining. For
immunostaining, slides were allowed to come to room temper-
ature, and any excess OCT medium was washed off using PBS.
Tissue sections were then blocked in PBS with 5% normal goat
serum (Jackson Immunoresearch), 5% normal donkey serum
(Jackson Immunoresearch), and 0.2% Triton X-100 (Sigma-Al-
drich) for 30 min. Tissue sections were then stained with rat
anti-mouse Siglec-F Clone E50-2440 (Clone E50-2440, 552125;
BD) 1:200 diluted in blocking buffer overnight at 4°C. Sections
were washed three times with PBS and then incubated with
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anti-rat 1gG-A488, diluted 1:500 in blocking buffer for 1 h at
room temperature. Tissue sections were then washed three
times in PBS and mounted with Prolong Diamond antifade re-
agent with DAPI (Invitrogen). Stained sections were imaged on
an inverted Nikon Eclipse Ti microscope (Nikon) and analyzed
by Fiji v1.53g.

Lipocalin ELISA

For fecal lipocalin-2 detection, fecal samples were collected and
weighted for data normalization, and then homogenized in PBS
and centrifuged at 12,000 rpm to remove aggregates, and the
resulting supernatant was collected. Afterward, a sandwich
ELISA was performed using mouse lipocalin-2/NGAL DuoSet ELISA
(R&D Systems), according to the manufacturer’s instructions.

Administration of metabolites

For in vivo studies, CA or CDCA (sodium salt form, VWR) was
administered in drinking water at a 6 mM concentration. All
metabolites were administered for a duration of 2 wk. For in-
vitro studies, human colonic stromal cell line CCD-18Co (ATCC)
(Friedrich et al., 2021) was cultured to a monolayer and then
subjected to incubation with various concentrations of CDCA for
4 h.

Fecal microbiota transplantation

For FMT studies, fecal suspensions from individual donors were
administered to recipient GF mice by oral gavage (100 pl per
mouse). Transplanted animals were maintained in sterile isoc-
ages for 4-6 wk before administration of diets. Animals were
evaluated for successful transplantation by comparing 16S se-
quencing between human donors and recipient mice.

Models of intestinal damage and inflammation

For the chemically induced model, mice were administered with
2.5-3.0% colitis-grade DSS with an average molecular weight of
36,000-50,000 Da (MP Biomedicals) in drinking water for 6-7
days, followed by drinking water for 2-3 days. Mice were
monitored daily for morbidity (piloerection, lethargy), weight
loss, and rectal bleeding. The severity of disease (DAI) was
scored as follows: weight loss (no change, 0; <5%, 1; 6-10%, 2;
11-20%, 3; >20%, 4); feces (normal, 0; pasty, semi-formed, 2;
liquid, sticky, or unable to defecate after 5 min, 4), rectal
bleeding (no blood, 0; visible blood in the rectum, 1; visible blood
on fur, 2); general appearance (normal, 0; piloerect, 1; lethargic
and piloerect, 2; hunched, 3; motionless, 4). For a subset of ex-
periments related to intracellular cytokine staining, mice were
treated with DSS for 4-5 days, followed by drinking water for
2-3 days. For the T cell transfer model, Rag2~/~ mice were retro-
orbitally injected with 10 naive CD4*CD25-CD45RBM cells and
body weight was monitored for 6 wk.

Histological analysis

Distal colon tissues from mice were fixed with 4% paraformal-
dehyde, followed by embedment in paraffin. 5-6 um sections
were used for staining with H&E by IDEXX BioResearch. H&E
staining of human colorectal biopsies was performed by the
Center for Translational Pathology at WCM. Histological scoring
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of H&E-stained tissues was performed by a blinded scorer based
on epithelial hyperplasia, depletion of goblet cells, inflammation
in the lamina propria, and submucosal inflammation on a point
scale of 0-3, with O being no pathology and 3 being the most
severe pathology. Eosinophils were counted by a blinded scorer,
and eosinophils were counted per field of view (250 pm?) and
then normalized to the number of eosinophils per 50 fields
of view.

16S amplicon sequencing of intestinal microbiota

DNA extraction

Library preparation, sequencing, and operational taxonomic
unit table generation were performed by the Microbiome Core
Lab at WCM. Each fecal pellet was deposited into a Qiagen
PowerBead tube with 0.1 mm glass beads (13118-50). Using a
Promega Maxwell RSC PureFood GMO and Authentication Kit
(AS1600), 1 ml of cetyltrimethylammonium bromide buffer and
20 pl of RNAse A solution were added to the PowerBead tube
that contained the sample. Then the sample/buffer was mixed
for 10 s on a Vortex Genie2 and then incubated at 95°C for 5 min
on an Eppendorf ThermoMixer F2.0, shaking at 1,500 rpm. The
tube was removed and clipped to a horizontal microtube at-
tachment on a Vortex Genie2 and vortexed at high-speed for
20 min. The sample was then removed from the Vortex and
centrifuged at 40°C and 12,700 rpm for 10 min. Upon comple-
tion, the sample was centrifuged again for an additional 10 min
to eliminate foam. The sample tube cap was removed, and the
sample was checked for foam and particulates. If foam or par-
ticulates were found in the sample, they were carefully removed
using a P1000 pipette. The opened tube was then added to a
Promega MaxPrep Liquid Handler tube rack. The Liquid Han-
dler instrument was loaded with proteinase K tubes, lysis buffer,
elution buffer, 1,000 ml tips, 50 ml tips, 96-sample deep-well
plate, and Promega Maxwell RSC 48 plunger tips. The Promega
MaxPrep Liquid Handler instrument was programmed to use
300 pl of the sample and transfer all sample lysate into a
Promega Maxwell RSC 48 extraction cartridge for DNA extrac-
tion. Upon completion, the extraction cartridge was loaded into a
Promega Maxwell RSC 48 for DNA extraction and elution. DNA
was eluted in 100 pl and transferred to a standard 96-well plate.
DNA was quantified using a Quant-iT dsDNA High Sensitivity
Assay Kit using a Promega GloMax plate reader on a microplate.

16S library generation
Library generation follows the protocol from the Earth Mi-
crobiome Project (https://earthmicrobiome.org/protocols-
and-standards/16s/).

Library verification, quality check, and pooling

Amplicon libraries were washed using Beckman Coulter AM-
Pure XP magnetic beads. Library quality and size verification
was performed using PerkinElmer LabChip GXII instrument
with DNA 1K Reagent Kit (CLS760673). Library concentrations
were quantified using Quant-iT dsDNA High Sensitivity Assay
Kit using Promega GloMax plate reader on a microplate
(655087). Library molarity was calculated based on library peak
size and concentration. Libraries were normalized to 2 nM using
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the PerkinElmer Zephyr G3 NGS Workstation (133750) and
pooled together using the same volume across all normalized
libraries into a 1.5 ml Eppendorf DNA tube (022431021).

Sequencing

Pooled libraries were sequenced on the Illumina MiSeq
instrument at a loading concentration of 7pM with 15% PhiX,
paired-end 250 using MiSeq Reagent Kit v2, and 500 cycles
(MS-102-2003).

Data processing

Demultiplexed raw reads were processed using the Nextflow (Di
Tommaso et al., 2017) nf-core (Ewels et al., 2020) ampliseq
pipeline (Straub et al., 2020), version 2.3.1, with the following
parameters: -profile singularity --FW_primer GTGYCAGCMGCC
GCGGTAA --RV_primer CCGYCAATTYMTTTRAGTTT --dada_
ref_taxonomy silva --ignore_empty_input_files --ignore_failed_
trimming --min_frequency 10 --retain_untrimmed --trunclenf
240 --trunclenr 160. Specifically, reads were trimmed with cu-
tadapt (Martin, 2011), PhiX and quality filtering, read pair
merging, and amplicon sequence variant resolution was per-
formed with DADA2 (Callahan et al., 2016). Subsequent taxo-
nomic assignment was also performed with DADA2 using the
Silva reference database (Quast et al., 2013), version 138. Di-
versity analysis was performed with QIIME2 (Bolyen et al.,
2019).

RNA-seq of ILC2s

RNA-seq libraries were prepared from 1,000 sorted colonic
lamina propria ILC2s by the Epigenomics Core at WCM using the
Clontech SMARTer Ultra Low Input RNA Kit V4 (Clontech
Laboratories). Libraries were sequenced on an Illumina HiSeq
2500, generating 50 bp single-end reads. Two samples from two
control diet-fed WT SPF mice and two samples from two inulin
fiber diet-fed WT SPF mice were used. Reads were demulti-
plexed using Illumina’s CASAVA (v1.8.2), adapter-trimmed us-
ing FLEXBAR v2.4 (Dodt et al., 2012), and aligned to the mouse
genome (NCBI GRCm38/mm10) using STAR aligner v2.3.0
(Dobin et al., 2013) with default parameters. Read counts per
gene (RefSeq annotation) were determined using the Rsubread R
package v3.10 I (Liao et al., 2019). Normalization and differential
expression analysis were performed using DESeq2 version 1.26.0
(Love et al., 2014). Prior to differential expression testing, genes
were prefiltered to only include genes that had a minimum of 50
raw reads in at least two samples. Tests were corrected for
multiple comparisons using a false discovery rate (FDR) of 10% to
determine significance.

Bulk RNA-seq of human colon tissues

Colonic biopsies were digested into single-cell suspensions and
checked for quality control. RNA-seq libraries were prepared
from the single-cell suspensions by Bristol Myers Squibb. Li-
braries were sequenced on an Illumina HiSeq 2500, generating
2 x 50 bp paired-end reads. Reads were demultiplexed using
Illumina’s CASAVA (v1.8.2), adapter-trimmed using FLEXBAR
v2.4 (Dodt et al., 2012), and aligned to the human reference
genome (GRC GRCg38-95; NCBI) using STAR aligner v2.3.0
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(Dobin et al., 2013) with default parameters. Read counts per
gene (RefSeq annotation) were determined using the Rsubread R
package v3.10 I (Liao et al., 2019). Normalization and differential
expression analysis were performed using DESeq2 version 1.38.3
(Love et al., 2014). Tests were corrected for multiple compar-
isons, using an FDR of 5% to determine significance. Heatmap
visualization of select genes of interest was performed using the
pheatmap R package (https://cran.r-project.org/package=
pheatmap), version 1.0.12, using normalized counts and
scaling by row.

scRNA-seq of human colon tissues

Single-cell suspensions generated from colon biopsies from a
non-IBD healthy control and a pan-colitic IBD patient were used
for scRNA-seq. Tissue samples were thawed into warm media
with FBS, and preservation media was removed by washing.
Samples were treated with EDTA predigestion with rotation to
remove dead/damaged epithelial cells. Samples were then dis-
sociated enzymatically into a single-cell suspension with rota-
tion. Cells were washed, strained, and counted for viability using
acridine orange/propidium iodide, and 10,000 cells were loaded
onto 10X channels. The GEX 3’ V3 protocol was followed
throughout sequencing. Libraries were sequenced on an Illu-
mina NovaSeq instrument. Raw scRNA-seq data was obtained
from Celsius Therapeutics and the reads were processed by
10X’s Cell Ranger version 3.1.0 using the GRCg38-95 reference
genome, resulting in filtered matrix, barcode, and feature files
for both samples. scRNA-seq data were further processed and
analyzed using R version 4.2.2 (R Core Team 2022) and the
Seurat package version 4.3.0. Specifically, Cell Ranger output
was imported using the Readl0X function. Seurat objects were
created using only genes appearing in at least three cells. Cells
were further filtered to exclude those with <200 genes detected
or >7,000 genes detected. Read counts were then normalized
within each sample using the SCTransform function with
the glmGamPoi method, percent mitochondrial reads as the
vars.to.regress argument, and vst.flavor v2. For each sample,
integration features were selected using the SelectInte-
grationFeatures function with nfeatures set to 3,000.
Integration of both samples was then performed with
the PrepSCTIntegration, FindIntegrationAnchors, and In-
tegrateData functions. The RunPCA function was then run with
npcs set to 30. The graph representing cells with similar ex-
pression patterns was generated with the FindNeighbors func-
tion using the 30 largest principal components. Cell clusters
were generated using the Louvain algorithm implemented by the
FindClusters function with a resolution parameter equal to 0.6.
Marker genes for each cluster were determined using the Wil-
coxon test on the SCT normalized counts after running the
PrepSCTFindMarkers function using the function FindAll-
Markers, and including only genes with log fold changes >0.25
and Bonferroni-corrected P values <0.01. Cluster names were
determined initially by SingleR to annotate the clusters using the
Human Primary Cell Atlas reference data followed by manual
inspection of the lists of cluster marker genes. Cells were re-
clustered after subsetting compartments of interest (stromal,
epithelial, endothelial, and immune) based on the selection of
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variable genes, dimensionality reduction, and graph clustering.
Dimensionality reduction by Uniform Manifold Approximation and
Projection was performed using the RunUMAP function with the 30
largest principal components. All visualizations of scRNA-seq data
were generated using the Seurat package as well as ggplot2. Statistics
for the violin plots were calculated by unpaired two-tailed t test.

Metabolomic analysis of serum and feces

Metabolite extraction

Metabolites were extracted from serum and fecal samples with
methanol. 4 ml of methanol was added to 1 ml of serum in 4-ml
glass vials. The vials were then vortexed for 1 min. 300 mg of
dried fecal pellet content was vortexed and sonicated in 6 ml of
100% methanol for 1 min. Extracts from serum and fecal samples
were pelleted at 5,000 g for 10 min at 4°C and supernatants were
transferred to 2-ml high-performance liquid chromatography
(HPLC) vials. Samples were then dried in a SpeedVac (Thermo
Fisher Scientific) vacuum concentrator. Dried materials were
resuspended in 1 ml of methanol and vortexed for 1 min. Samples
were pelleted at 5,000 g for 5 min at 22°C and supernatants were
transferred to HPLC vials and dried in a SpeedVac vacuum
concentrator. Samples were then resuspended in 150 pl of
methanol and centrifuged at 5,000 g for 10 min at 22°C. Clarified
extracts were transferred to fresh HPLC vials and stored at
-20°C until analysis.

Mass spectrometry

Liquid chromatography-mass spectrometry (LC-MS) was per-
formed on a Thermo Fisher Scientific Vanquish ultra-high per-
formance liquid chromatography (UHPLC) system coupled with
a Thermo Q-Exactive HF hybrid quadrupole-orbitrap high-
resolution mass spectrometer equipped with a heated electro-
spray ionization ion source. Metabolites were separated using a
water-acetonitrile gradient on an Agilent Zorbax Eclipse XDB-
C18 column (150 x 2.1 mm, particle size = 1.8 pm) maintained at
40°C; solvent A: 0.1% formic acid in water; solvent B: 0.1% formic
acid in acetonitrile. The A/B gradient started at 1% B for 3 min
after injection and increased linearly to 100% B at 20 min, then
100% B for 5 min, and down to 1% B for 3 min using a flow rate of
0.5 ml/min. Mass spectrometer parameters were as follows:
spray voltage, 3.5 kV; capillary temperature, 380°C; probe heater
temperature, 400°C; 60, sheath flow rate; 20, auxiliary flow
rate, and one spare gas; S-lens RF level, 50; resolution, 240,000;
and AGC target, 3 x 10°. The instrument was calibrated weekly
with positive and negative ion calibration solutions (Thermo
Fisher Scientific). Each sample was analyzed in negative and
positive ionization modes using an m/z range of 100-800. Data
were collected using Thermo Fisher Scientific Xcalibur software
version 4.1.31.9 and quantified via integration in Excalibur Quan
Browser version 4.1.31.9.

Feature detection and characterization

LC-MS RAW files from biospecimens were converted to mzXML
format (centroid mode) using MSconvert v3.0.20315-7da487568
(ProteoWizard), followed by analysis using the XCMS analysis
feature in Metaboseek v0.9.7 (http://metaboseek.com) (Helf
et al., 2022) based on the centWave XCMS algorithm to extract
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features (Tautenhahn et al., 2008). Peak detection values were
set as follows: 4 ppm, 3-20 peakwidth, 3 snthresh, 3 and 100
prefilter, FALSE fitgauss, 1 integrate, TRUE firstBaselineCheck, O
noise, wMean mzCenterFun, and -0.005 mzdiff. XCMS feature
grouping values were set as follows: 0.2 minfrac, 2 bw, 0.002
mzwid, 500 max, 1 minsamp, and FALSE usegroup. Metaboseek
peak filling values were set as follows: 5 ppm_m, 5 rtw, and
TRUE rtrange. The resulting tables of all detected features were
then processed with the Metaboseek data explorer. To select
differential features, we applied a filter that only retained en-
tries with peak area ratios <0.2 (down in IBD patients) or >5 (up
in IBD patients), with a retention time window of 1-20 min,
>20,000 Maxint, and >0.95 peak quality as calculated by Me-
taboseek. We manually curated the resulting list to remove false
positive entries (i.e., features that upon manual inspection of
raw data were not differential). For verified differential fea-
tures, we examined elution profiles, isotope patterns, and MSI
spectra to find molecular ions and remove adducts, fragments,
and isotope peaks. The remaining masses were put on the in-
clusion list for MS/MS (ddMS2) characterization. Positive and
negative ionization mode data were processed separately. To
acquire MS2 spectra, we ran a top 10 data-dependent MS2
method on a Thermo Q-exactive-HF mass spectrometer with
MSI resolution, 60,000; AGC target, 1 x 105; maximum injection
time (IT), 50 ms; MS2 resolution, 45,000; AGC target, 5 x 105
maximum IT, 80 ms; isolation window, 1.0 m/z; stepped nor-
malized collision energy, 10 and 30 for positive ion mode and 40
and 60 for negative ion mode; and dynamic exclusion, 3 s.

Bile acids analysis

The identities of free bile acids, taurocholic acid (TCA), and
glycocholic acid (GCA) were confirmed by coinjection with au-
thentic standards (Schymanski annotation level one, according
to previously published standards [Schymanski et al., 2014] as
previously described [Arifuzzaman et al., 2022]). A methanol
stock solution of standard bile acids was prepared and diluted at
five different concentrations for the construction of calibration
curves. The resulting mixtures and sample extracts were ana-
lyzed using the LC-MS conditions described above. For the
quantification of bile acids in fecal samples, the amounts were
normalized based on the weight of the lyophilized samples prior
to extraction.

Statistical tests were performed with GraphPad Prism ver-
sion 9.4.1 or R 3.6.3. P values of datasets were determined by
unpaired, or paired (where applicable), two-tailed t test with a
95% confidence interval. Where appropriate, Mann-Whitney U
test or one or two-way ANOVA followed by post-hoc tests were
performed. P values for RNA-seq datasets were determined by
Wilcoxon test. P values of <0.05 were considered to be signifi-
cant. The entity n represents biologically independent samples
and not technical replicates unless specified otherwise. Error
bars depict the standard error of the mean (SEM).

Online supplemental material

Fig. S1 shows the intestinal microbiota composition of the con-
trol diet- and inulin fiber diet-fed mice, the gene and protein
expression patterns of different cytokines in ILC2s, and immune
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profiling of the colons from naive and DSS-treated mice. Fig. S2
shows data from a T cell transfer model of colitis, immune
phenotyping of the colons from ILC2-depleted mice, IL-33 and
ST2 expression in the colon, and IL-33-mediated activation of
ILC2s in vitro. Fig. S3 shows chemical structures of unconju-
gated bile acids and the microbiota composition in IBD patient
and non-IBD controls. Fig. S4 shows chemical structures of
conjugated bile acids and their concentration in IBD patient and
non-IBD controls. Fig. S5 shows bulk and scRNA-seq data from
the colonic biopsies of in IBD patient and non-IBD controls.

Data availability

All data necessary to understand and evaluate the conclusions of
this paper are provided in this published article, the accompa-
nying source data, or the supplemental material. The 16S
rRNA-seq data are available at the NCBI Sequence Read Archive
under accession number BioProject PRJNA1074072. The mouse
ILC2 RNA-seq data are available at Gene Expression Omnibus
(GEO) under accession number GSE183443. The human RNA-seq
and scRNA-seq data are available at GEO under accession
numbers GSE255720 and GSE255243, respectively. The MS1/
MS2 data for mouse and human samples analyzed in this study
are available at the GNPS website (http://massive.ucsd.edu) under
MassIVE ID numbers MSV000086890 and MSV000092648,
respectively.
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Figure S1.  Microbial and immunological parameters in mice upon exposure to inulin fiber diet and DSS. (A) Representative taxonomic classification of
165 rRNA genes in fecal suspension from mice fed with control or inulin fiber diet for 2 wk. (B) Heatmap showing gene expression of colonic ILC2s in mice fed
the control or inulin fiber diet (n = 2 mice). (C) Expression levels of various genes determined by RNA-seq of sorted ILC2s (n = 2 mice). (D) Expression levels of
various genes determined by RT-qPCR of sorted ILC2s (n = 3-5 mice). (E) Representative flow cytometry plots showing co-expression of IL-5 and IL-13 (top
panels) and IL-5 and AREG (bottom panels) in the colonic ILC2s. (F) Frequency of ILC2 progenitor cells (ILC2p) in the bone marrow and ILC2s in various tissues
of mice fed with control or inulin fiber diet for 2 wk (n = 4 mice). (G) Frequency of colonic eosinophils in mice fed with control or inulin fiber diet for 2 wk and
then regular chow for 4 wk (n = 3 mice). (H) Frequency of various T cells and ILCs in the colons of mice fed with control or inulin fiber diet for 2 wk (n = 4 mice).
(1) Frequency of various T cells and ILCs in the colons of mice at the endpoint after DSS treatment (n = 3 mice). (J) Representative flow cytometry plots and
frequency of CD11b*Ly6G* neutrophils in colons of mice treated with DSS (n = 3-4 mice). (K) Levels of fecal lipocalin-2 (Lcn-2) in DSS-treated mice measured
by ELISA (n = 5 mice). Data are representative of two independent experiments (A and D-K). Data are means + SEM. Statistics were calculated by unpaired
two-tailed t test (F, G, ], and K) or two-way ANOVA with uncorrected Fisher’s LSD test (D, H, and I). *P < 0.05, **P < 0.01, ****P < 0.0001, ns, not significant.
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Figure S2. Immune profiling related to T cell transfer colitis, ILC2 depletion and IL-33 treatment. (A) Experimental schematic and body weights in a
T cell transfer model of colitis (n = 3-4 mice). (B and C) Frequency of T-bet* Th1 and RORyt* Th17 cells (B) and eosinophils (C) in the colon in a T cell transfer
model of colitis (n = 7). (D) Colonic levels of various immune cells in DT-treated mice (n = 2). (E) Representative flow cytometry plots showing IL33-eGFP
expression in epithelial (EpCAM*) and stromal (PDGFRa*) cell subsets in the colons of mice fed with control or inulin fiber diet for 2 wk. (F) Frequency of ST2*
ILC2s in the colons of mice after 2 wk of diets (naive) or after 2 wk of diets followed by DSS treatment and recovery (DSS) (n = 4 mice). (G) Expression of /33 in
the colons of naive or DSS-treated mice on a control diet (n = 3-5 mice). (H and 1) ILC2s sorted from mouse colons were plated at a density of 5,000 cells per
wellin a 96-well round-bottom plate in complete medium with 100 ng/mlIL-2, 100 ng/ml IL-7, and various concentrations of IL-33. Graphs show frequencies of
IL-5* ILC2s and AREG* ILC2s at various time points after incubation with 20 ng/ml1L-33 (H) and at 72 h after incubation with various concentrations of IL-33 ().
Data are representative of A and D-I or pooled from B and C two independent experiments. Data are means + SEM. Statistics were calculated by unpaired two-
tailed t test. *P < 0.05, **P < 0.01, ns, not significant.
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Figure S3.  Chemical structures of bile acids and analyses of human fecal microbial composition. (A) Chemical structures of differential unconjugated
bile acids identified in mouse serum. (B and C) Weighted UniFrac PCoA of 165 rRNA (B) and Faith’s phylogenic diversity (PD) (C) in fecal samples from non-IBD
controls and IBD patients (n = 15-20 humans). For PCoA plot PERMANOVA: F = 12.6, Df = 1, P = 0.09. Statistics were calculated by unpaired two-tailed t test
with Welch'’s correction (C).
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Figure S4. Analyses of metabolites in human serum and fecal samples. (A) Serum and fecal levels of conjugated bile acids (n = 37-40 humans).
(B) Chemical structures of TCA and GCA. Data are means + SEM. Statistics were calculated by unpaired two-tailed t test (A). *P < 0.05, **P < 0.01, ***P < 0.00L
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Figure S5. Analyses of human intestinal transcriptional profile. (A) Heatmap showing type 1/3 cytokine genes in non-IBD controls and IBD patients (n = 5
humans). (B) UMAP plot of scRNA-seq data of non-IBD control and IBD patient colons. (C) Violin plot showing expression of NRIH4 in various immune cell

clusters in B.
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