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The barrier surfaces of the skin, lung, and intestine are constantly
exposed to environmental stimuli that can result in inflammation
and tissue damage. Interleukin (IL)-33–dependent group 2 innate lym-
phoid cells (ILC2s) are enriched at barrier surfaces and have been
implicated in promoting inflammation; however, the mechanisms
underlying the tissue-protective roles of IL-33 or ILC2s at surfaces
such as the intestine remain poorly defined. Here we demonstrate
that, following activation with IL-33, expression of the growth
factor amphiregulin (AREG) is a dominant functional signature of
gut-associated ILC2s. In the context of a murine model of intestinal
damage and inflammation, the frequency and number of AREG-
expressing ILC2s increases following intestinal injury and genetic
disruption of the endogenous AREG–epidermal growth factor
receptor (EGFR) pathway exacerbated disease. Administration of
exogenous AREG limited intestinal inflammation and decreased dis-
ease severity in both lymphocyte-sufficient and lymphocyte-deficient
mice, revealing a previously unrecognized innate immune mecha-
nism of intestinal tissue protection. Furthermore, treatment with
IL-33 or transfer of ILC2s ameliorated intestinal disease severity in
an AREG-dependent manner. Collectively, these data reveal a critical
feedback loop in which cytokine cues from damaged epithelia acti-
vate innate immune cells to express growth factors essential for ILC-
dependent restoration of epithelial barrier function andmaintenance
of tissue homeostasis.
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The mammalian barrier surfaces of the skin, lung, and in-
testinal tract are continually exposed to microbial, physical,

and environmental insults, which can lead to tissue injury and
inflammation (1–3). In the context of chronic diseases like in-
flammatory bowel disease (IBD), the failure to initiate or resolve
tissue-protective repair responses can have detrimental effects
on the host, resulting in loss of tissue function and promotion of
chronic inflammation and fibrosis (4, 5). Therefore, delineating
the cellular and molecular mechanisms that direct tissue pro-
tection and remodeling could identify new therapeutic targets to
improve treatment of multiple chronic inflammatory diseases.
Crosstalk exists between the epithelial barrier and the mam-

malian immune system in which damaged epithelial cells release
cytokine signals such as interleukin (IL)-25, IL-33, and thymic
stromal lymphopoietin that activate sentinel immune cell pop-
ulations (3, 6). Reciprocally, the immune system is integral to
orchestrating epithelial repair and maintenance of tissue ho-
meostasis at these barrier sites, producing key cytokines and
growth factors that modulate epithelial barrier function. Re-
cently, amphiregulin (AREG), a ligand of the epidermal growth
factor receptor (EGFR), has emerged as a component of the type 2
inflammatory response (7–9). In the context of IBD, dysregulated
expression of IL-33, EGFR family members, and associated ligands
have been reported in patients (10–15) and in murine models of
intestinal inflammation (16, 17). Despite these advances, however,

the cellular sources and functional significance of specific EGFR
ligands during disease remain poorly defined.
We recently identified that a subset of the innate lymphoid cell

(ILC) family (called group 2 ILCs or “ILC2”) were a previously
unrecognized cellular source of AREG in the respiratory tract
and that lung ILC2s were critical for restoration of airway epi-
thelial reparative responses following influenza virus-induced
damage (7). However, the majority of studies have implicated
classical type 2 cytokines IL-5 and IL-13 in ILC2 function in the
lung (18–21), skin (22–24), and intestine (25–28) whereas a role
for ILC2-derived growth factors such as AREG has been de-
scribed only within the lung. Whether ILC2s at other barrier sites
such as the intestine can express AREG and what functional
significance this may have in regulating intestinal inflammation
and tissue homeostasis remains unknown.
In this study, we demonstrate that AREG production is a

dominant functional signature of gut-associated ILC2s in re-
sponse to IL-33. Using the dextran sodium sulfate (DSS) model
of intestinal damage and inflammation, we demonstrate that
numbers of AREG-expressing ILC2s are increased in response
to intestinal injury and genetic disruption of the endogenous
AREG–EGFR pathway was associated with exacerbated disease.
Administration of exogenous AREG limited intestinal inflam-
mation and decreased disease severity in both lymphocyte-
sufficient and lymphocyte-deficient mice, revealing a previously
unrecognized innate immune mechanism of intestinal tissue
protection. Furthermore, therapeutic treatment with IL-33 or
transfer of ILC2s ameliorated intestinal disease severity in an

Significance

Mammalian barrier surfaces are exposed to environmental stim-
uli that can result in tissue damage. Interleukin (IL)-33–dependent
group 2 innate lymphoid cells (ILC2s) are enriched at barrier sites,
but the mechanisms underlying the tissue-protective roles of
IL-33 or ILC2s in the intestine remain poorly defined. Here we use
a model of murine intestinal inflammation and reveal a previously
unrecognized pathway of innate immune cell-mediated tissue
protection in which IL-33 ameliorated disease through induction
of ILC2s and the growth factor amphiregulin (AREG). Collectively,
these data highlight a critical dialogue between damaged epi-
thelia and innate immune cells and indicate that manipulation of
the IL-33–ILC2–AREG pathway could provide therapeutic benefit in
treatment of intestinal inflammatory diseases.

Author contributions: L.A.M. and D.A. designed research; L.A.M., L.C.O., M.N., and S.V.T.
performed research; D.M.W.Z. contributed new reagents/analytic tools; L.A.M., L.C.O.,
and D.A. analyzed data; and L.A.M. and D.A. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence should be addressed. Email: dartis@med.cornell.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1509070112/-/DCSupplemental.

10762–10767 | PNAS | August 25, 2015 | vol. 112 | no. 34 www.pnas.org/cgi/doi/10.1073/pnas.1509070112

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1509070112&domain=pdf
mailto:dartis@med.cornell.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1509070112/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1509070112/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1509070112


AREG-dependent manner. These data reveal a mechanism through
which cytokine cues from damaged epithelia orchestrate immune
cells to express growth factors essential for tissue protection and the
restoration of intestinal homeostasis.

Results
IL-33–Elicited ILC2s Express AREG in Gut-Associated Lymphoid Tissue.
Previous studies investigating the roles of ILC2s have implicated
classical type 2 cytokines IL-5 and IL-13 in ILC2 function, whereas
the role of ILC2-derived growth factors such as AREG remains
poorly characterized. Furthermore, it is unclear if AREG-producing
ILC2s represent a distinct population of ILC2s from the classical
IL-5– and IL-13–expressing cells. To address these questions, we
performed single-cell analysis of intracellular AREG expression in
ILC2s. Wild-type (WT) mice were treated in vivo with recombinant
(r)IL-33 to activate the ILC2s and assessed for production of
AREG, IL-5, and IL-13. In all tissue sites examined, IL-33 elicited
distinct populations of polyfunctional ILC2s that expressed IL-5,
IL-13, and/or AREG, revealing a previously unrecognized de-
gree of potential functional heterogeneity in ILC2s (Fig. 1 A–C).
Examination of the patterns of effector molecule expression

in ILC2s revealed that the majority of IL-33–elicited ILC2s
expressed AREG (black arc surrounding the pie graph) com-
pared with IL-5 (gray arc) or IL-13 (brown arc), indicating that
AREG production is a dominant functional signature of ILC2s
following IL-33 stimulation (Fig. 1D). Notably, multivariate
analysis revealed that a greater proportion of ILC2s in gut-
associated lymphoid tissues exhibited triple effector molecule
producing-capacity compared with their lung counterparts (Fig.
1D, red pie slices). Specifically, the mesenteric lymph node
(mLN) contained a significantly higher proportion of ILC2s that
expressed AREG alone and a higher percentage of triple cyto-
kine-producing cells capable of expressing AREG, IL-5, and IL-
13 simultaneously compared with the lung (Fig. 1D, black arcs,
and Fig. 1E). This tissue-specific functionality was not a result of
differential diffusion of rIL-33 across tissues, as direct in vitro
stimulation of sort-purified ILC2s with rIL-33 also demonstrated
enhanced AREG production in gut-associated ILC2s compared
with their lung counterparts (Fig. 1F). Collectively, these data
reveal unexpected functional heterogeneity in IL-33–elicited
ILC2s and demonstrate that gut-associated ILC2s express high
levels of AREG.

Epithelial Remodeling During DSS-Induced Intestinal Damage Requires
Endogenous AREG–EGFR Interactions and Is Associated with Enhanced
ILC2 Responses. To test the potential contribution of the ILC2–
AREG pathway to intestinal inflammation and tissue protection,
we used the dextran sodium sulfate (DSS)-induced model of in-
testinal damage and inflammation (29). Consistent with previous
reports (30, 31), IL-33 mRNA expression was increased in the
colon of WT mice in response to DSS-induced intestinal damage
(Fig. 2A). The increase in IL-33 expression was associated with an
elevation in ILC2s expressing AREG in the mLN (Fig. 2 B–E) and
colonic lamina propria (Fig. 2F), provoking the hypothesis
that the ILC2–AREG pathway may influence inflammation or
tissue-protective repair responses following intestinal damage.
To test this, WT and Areg−/− mice were exposed to DSS in the

drinking water for 7 d, and parameters of clinical disease were
monitored. In comparison with DSS-treated WT mice, Areg−/−

mice exhibited increased weight loss (Fig. 2G) and a more se-
vere disease pathology score (Fig. 2H). Furthermore, histolog-
ical examination of the colon tissue revealed that Areg−/− mice
exhibited more severe pathological changes within the intestinal
mucosa, including increased smooth muscle hyperplasia (red
arrow) and greatly enhanced immune cell infiltration (green
arrow) that resulted in loss of crypt architecture (Fig. 2I). Together,
these data provide, to our knowledge, the first evidence that a

single EGFR ligand, AREG, is a critical component of a tissue-
protective pathway in response to DSS-induced intestinal damage.

Fig. 1. IL-33–elicited ILC2s express AREG in gut-associated lymphoid tissue. (A–
E) C57BL/6 WT mice were treated i.p. with 12 μg/kg rIL-33 daily for 6 d. Lung,
mLN, and Peyer’s Patches (PP) cells were stimulated ex vivo with phorbol 12-
myristate 13-acetate (PMA) and Ionomycin plus brefeldin A for 4 h and examined
for intracellular cytokine expression of IL-5, IL-13 and AREG via flow cytometry.
(A) Frequency of CD90+ T1/ST2+ ILC2s after rIL-33 treatment, gated on Lin−

CD45+ cells. Lin mixture includes CD3, CD5, CD11b, CD11c, FceR1, B220, and
NK1.1. Frequency of Lin− CD45+ CD90+ T1/ST2+ ILC2s expressing IL-5 and AREG
(B) or IL-13 and AREG (C) in rIL-33–treated WT mice. (D) Multivariate analysis of
flow cytometric data from B and C using SPICE software. Pie-slice color indicates
number of cytokines (IL-5, IL-13, or AREG) produced by lung ILC2s (blue, 0; green,
1; yellow, 2; red, 3). Pie arcs illustrate the distribution of IL-5–, IL-13–, and/or
AREG-expressing cells within each population of single (green pie slice), double
(yellow pie slice), or triple (red pie slice) cytokine-producing ILC2s. IL-5 (gray arc),
IL-13 (brown arc), and AREG (black arc). (E) Frequency of total ILC2s expressing
AREG alone or expressing AREG, IL-5, and IL-13 simultaneously. (F) Sort-purified
ILC2s from the lung or mLN cultured in vitro for 72 h with IL-2, IL-7, and IL-33.
AREG was measured in culture supernatant via ELISA. Data are representative of
at least three independent experiments; n = 3–4 mice per group per experiment.
Data shown are the mean ± SEM; *P < 0.05.
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To test the role of downstream EGFR signaling in regulating
intestinal inflammation, we used the EGFRvel/+ mouse model
that exhibits reduced EGFR tyrosine kinase activity (32). Upon
exposure to DSS, EGFRvel/+ mice exhibited increased weight
loss (Fig. S1A), profound colonic shortening (Fig. S1B), and a
more severe clinical disease score (Fig. S1C) compared with
littermate controls. Strikingly, histological examination revealed
that EGFRvel/+ mice exhibited increased edema (black arrows)
and greater immune cell infiltration (green arrows) that resulted
in near complete loss of crypt architecture throughout the colon
(Fig. S1D). Taken together, these results demonstrate a critical
role for AREG–EGFR signaling in limiting inflammation and/
or in regulating epithelial remodeling responses during DSS-
induced intestinal injury.

Exogenous AREG Ameliorates DSS-Induced Intestinal Inflammation in
the Presence or Absence of the Adaptive Immune System. To test
whether therapeutic manipulation of the AREG–EGFR pathway

could limit inflammation or promote tissue protection, WT mice
were treated with exogenous recombinant AREG (rAREG) over
the course of DSS exposure. Administration of rAREG resulted in
reduced weight loss (Fig. S2A) and improved clinical disease score
(Fig. S2B) compared with PBS-treated controls. Furthermore, his-
tological examination of colonic tissue revealed reduced inflam-
matory infiltrates (green arrows) and improved restoration of
epithelial architecture with goblet-cell responses (blue arrows) (Fig.
S2C), suggesting a role for AREG in limiting disease severity in
response to DSS-induced intestinal damage. The ability of rAREG
to ameliorate disease severity and promote tissue protection was
dependent on downstream EGFR signaling, as treatment with
rAREG was capable of ameliorating colonic inflammation in WT
and Areg−/− mice (Fig. S3) but not in EGFRvel/+ mice that exhibit
impaired EGFR signaling (Fig. S4).
In the intestine, EGFR is primarily expressed on epithelial

cells (16) although recent evidence suggests that it can also be
expressed on some hematopoietic cells, including T regulatory
(Treg) cells (33). To test whether the ability of rAREG to

Fig. 2. Epithelial remodeling during DSS-induced intestinal inflammation re-
quires AREG and is associated with enhanced ILC2 responses. (A–F) C57BL/6 WT
mice were exposed to 3% (wt/vol) DSS in the drinking water for 7 d. (A) mRNA
expression levels of IL-33 in colonic tissue, normalized to β-actin, and shown
relative to expression levels in mice on normal water. Frequency (B and C) and
cell number (D) of CD90+ T1/ST2+ ILC2 in the colonic draining mLNs, gated on
Lin− CD45+ cells. (E and F) mLN (E) and colon lamina propria (F) cells were
briefly stimulated ex vivo with PMA and Ionomycin plus brefeldin A for 4 h and
assessed for AREG-expressing ILC2s. (G–I) WT or Areg−/−mice were administered
3% DSS and assessed on day 7 for weight loss (G) and clinical disease score (H).
(I) H&E staining of colon sections from WT or Areg−/- mice at day 7. (Insets)
Images are from water controls. Green arrow denotes regions of cellular in-
filtrate, and red arrow denotes thickening and hyperplasia of the smooth
muscle lining. (Scale bar, 200 μm.) Data are representative of at least three
independent experiments; n = 3–4 mice per group per experiment. Data shown
are the mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 3. AREG ameliorates DSS-induced intestinal inflammation and tissue
damage independently of adaptive immunity. Rag1−/− mice were exposed to
3% DSS for 7 d and treated with PBS or 400 μg/kg rAREG i.p. daily. Mice were
examined for weight loss (A) over the course of treatment, and clinical disease
score (B) was assessed on day 7. H&E (C) or PAS Alcian Blue mucin (D) staining
of colon tissue from PBS or rAREG-treatedmice on day 7. Blue arrows indicated
goblet-cell hyperplasia, green arrows denote regions of cellular infiltrate, and
black arrows denote areas of edema. (E) Quantification of the number of PAS+

Alcian Blue+ goblet cells per colon crypt. (F) Histological score of colonic crypt
damage. (Scale bar, 200 μm.) Data are representative of two to three in-
dependent experiments; n = 4 mice per group per experiment. Data shown are
the mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
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ameliorate intestinal inflammation was dependent or indepen-
dent of the adaptive immune system, Rag1−/− mice were exposed

to DSS and treated daily with rAREG. Similar to the results
observed with wild-type mice (Fig. S2 A–C), rAREG treatment
of DSS-exposed Rag1−/− mice resulted in decreased weight loss
(Fig. 3A), a significant improvement in disease score (Fig. 3B),
reduced inflammation in the colon (green arrows), and enhanced
Periodic Acid Schiff (PAS+) Alcian Blue+ goblet-cell mucin
production in the crypts (Fig. 3C, blue arrows, and Fig. 3 D and
E). Furthermore, quantification of the degree of crypt damage
revealed a significant improvement upon rAREG treatment
(Fig. 3F). Taken together, these results demonstrate that ad-
ministration of exogenous AREG can promote tissue protection
and ameliorate disease severity independently of the adaptive
immune system.

Administration of Exogenous IL-33 Elicits ILC2s and Ameliorates Intestinal
Disease Severity in an AREG-Dependent Manner. We sought to test
whether treatment with recombinant IL-33 could ameliorate
inflammation or promote tissue protection through induction
of the ILC2–AREG pathway. Treatment with rIL-33 elicited a
robust 16- to 20-fold expansion of a lineage negative (Lin−) cell
population in both WT and Areg−/− mice (Fig. S5 A and B)
compared with PBS-treated controls. Further examination of
this Lin− population revealed induction of CD90+ T1/ST2+

ILC2s at comparable frequencies in WT and Areg−/− mice (Fig.
S5 C and D).
CD4+ Th2 cells and Tregs can also express IL-33R (33, 34)

and can express AREG mRNA in the context of anti-helminth
intestinal immunity (8) and muscle injury (9), raising the
possibility that IL-33 may induce T-cell responses during in-
testinal inflammation. However, total CD4+ T-cell frequencies
were unaffected by this acute 6-d rIL-33 treatment (Fig. S6A).
Additionally, comparative analysis of GATA3+ CD4− ILC2
and GATA3+ CD4+ T-cell induction with DSS revealed that
rIL-33 preferentially induced ILC2s while having a minimal
effect on T-cell responses (Fig. 4A), corresponding to an av-
erage 47-fold increase in the frequencies of ILC2s versus a
4-fold change in CD4+ T cells at this time point (Fig. 4B). The
IL-33–mediated induction of ILC2 responses was associated
with a significant increase in colonic AREG mRNA expression
(Fig. 4C), demonstrating that rIL-33 preferentially induces a
robust ILC2 response and results in enhanced colonic ex-
pression of AREG.
Strikingly, administration of rIL-33 to WT mice resulted in de-

creased weight loss (Fig. 4D), reduced colonic shortening (Fig. 4E),
and improved clinical disease score (Fig. 4F) compared with PBS-
treated mice. In contrast, severe weight loss, profound colonic
shortening, and elevated disease score (Fig. 4 D–F) was still evident
in IL-33–treated Areg−/− mice, indicating that IL-33–mediated
disease amelioration was dependent on AREG. Amelioration of
disease did not appear to be associated with enhanced Treg re-
sponses, as PBS- and rIL-33–treated WT and Areg−/− mice had
equivalent frequencies of Tregs (Fig. S6 B and C), further sup-
porting a role for IL-33 in eliciting an innate AREG–EGFR-
dependent tissue-protective pathway in the intestine.

IL-33–Induced AREG Enhances Colonic Mucin Responses. To investi-
gate the mechanisms by which IL-33 and AREG signaling in-
fluences tissue protection, we first examined the colonic crypts by
histology. In contrast to PBS-treated animals (Fig. 4 G and K),
WT mice given rIL-33 exhibited enhanced goblet-cell mucin
responses in the crypts (Fig. 4 H, blue arrows, and L) and res-
toration of normal colonic architecture without excessive im-
mune cell infiltration. The restoration of crypt architecture and
goblet-cell responses were dependent upon AREG, as Areg−/−

mice treated with rIL-33 exhibited severe disruption of colonic
crypt architecture with poor goblet-cell responses, robust im-
mune cell infiltration (green arrow), edema (black arrow), and
smooth muscle hyperplasia (red arrow) (Fig. 4 J and N), similar

Fig. 4. Administration of exogenous IL-33 elicits ILC2 responses and promotes
tissue protection in an AREG-dependent manner. (A–Q) C57BL/6 WT or Areg−/−

mice were exposed to 3% DSS for 7 d and administered PBS or 16 μg/kg rIL-33 i.
p. daily. (A) Frequency of GATA3+ CD4− ILC2s and GATA3+ CD4+ T cells in the
mLN of WT mice on 3% DSS; plots are gated on CD45+ cells. (B) Fold increase in
relative frequency of GATA3+ CD4− ILC2s and GATA3+ CD4− T cells following
rIL-33 treatment during DSS. (C) mRNA expression levels of AREG in the colon,
normalized to β-actin and shown relative to expression levels in WT mice on
normal water. ND, not detected. Weight loss (D), colon length (E), and clinical
disease score (F). (G–J) H&E staining of colon tissue at day 7. (Insets) Images are
from water controls. Blue arrows denote goblet-cell hyperplasia, green arrows
indicate regions of severe cellular infiltrate, red arrows indicate hyperplasia of
the smooth muscle lining, and black arrows denote areas of edema. (K–N) PAS
and Alcian Blue staining of colon tissue at day 7. (O–Q) mRNA expression levels
of claudin 1 (Cldn1) (O), mucin 2 (Muc2) (P), and IL-13 (Il13) (Q) in colon tissue at
day 7, normalized to β-actin and shown relative to expression levels in WT mice
on normal water. (Scale bar, 200 μm.) Data are representative of two in-
dependent experiments; n = 4 mice per group per experiment. Data shown are
the mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
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to Areg−/− mice treated with PBS alone (Fig. 4 I and M). Addi-
tionally, gene expression analysis revealed that administration of
rIL-33 to WT mice resulted in increased colonic expression of
the tight junction protein Claudin 1 (Cldn1) (Fig. 4O) and the
secretory mucin gene Muc2 (Fig. 4P) that did not occur in the
absence of AREG. Taken together with the histological evidence
of AREG-associated goblet-cell hyperplasia, these data suggest
one mechanism by which IL-33–induced AREG can influence
host tissue protection is by promoting mucus production and
tight junctions that aid in limiting inflammation and/or restoring
epithelial barrier integrity. The failure to generate mucin re-
sponses in the absence of AREG occurred despite heightened
IL-13 mRNA levels in the colons of both IL-33–treated WT and
Areg−/− mice (Fig. 4Q). Together, these data highlight a role for
IL-33–AREG signaling in promoting tissue protection that is
associated with enhanced mucin responses.

ILC2-Intrinsic AREG Is Sufficient to Ameliorate Intestinal Disease and
Promote Enhanced Mucin Production. To directly test whether
ILC2-intrinsic AREG is sufficient to promote tissue protection,
IL-33–elicited ILC2s were transferred into Areg−/− mice during
DSS-induced intestinal inflammation. Donor AREG-sufficient
ILC2s could be identified in the mLN (Fig. 5A), and production
of AREG protein was detected in the colonic tissue of Areg−/−

mice receiving transferred ILC2s (Fig. 5B). Transfer of AREG-
sufficient ILC2s to Areg−/− mice resulted in moderately reduced
weight loss (Fig. 5C), improved clinical disease scores (Fig. 5D),
and strongly enhanced goblet-cell mucin production (Fig. 5E)
compared with Areg−/− control mice. Collectively, these results
demonstrate that expression of ILC2-intrinsic AREG alone can
ameliorate intestinal damage and inflammation and is associ-
ated with enhanced mucin responses.

Discussion
Results presented here provide, to our knowledge, the first evi-
dence for a tissue-protective function for ILC2s in the intestinal
tract and implicate the IL-33–AREG–EGFR signaling pathway as
a critical mechanism by which ILC2s mediate tissue protection
during intestinal injury by limiting inflammation and/or promoting
epithelial repair. These data identify a critical feedback loop in
which cytokine signals from damaged epithelia orchestrate innate
immune cell responses and promote expression of growth factors
essential for restoration of epithelial barrier function and tissue
homeostasis. Although the contribution of epithelial cell-derived
EGFR ligands to intestinal tissue repair is well-appreciated (2, 16,
17, 35), our data identifying a novel innate immune component to
this growth factor pathway suggest that intestinal tissue protection
requires a cooperative response from both hematopoietic and
stromal cell lineages that is initiated by rapid damage signals such
as IL-33. Notably, AREG-mediated protection was operational in
lymphocyte-sufficient and lymphocyte-deficient mice and was not
associated with enhanced Treg frequencies, highlighting a pre-
viously unappreciated role for the innate immune system in reg-
ulating tissue protection in the intestine. However, given the
known influence of IL-33 on Treg induction (36) and the ability of
Treg-derived AREG to promote muscle regeneration (9), the
question of whether ILC2s and Tregs may act cooperatively to
regulate AREG-dependent tissue homeostasis remains an open
area of investigation.
IL-33 acts a cytokine “alarmin” that is released rapidly upon

epithelial cell damage to activate resident immune cell pop-
ulations of the lung and intestine (11, 34). Our data demonstrate
that IL-33 is a potent in vivo stimulus for inducing AREG ex-
pression in ILC2s, particularly in gut-associated tissue sites,
suggesting that ILC2 functionality may be differentially “licensed”
by the local tissue microenvironment. Single-cell analysis revealed
that IL-33 elicited distinct populations of polyfunctional ILC2s that
expressed IL-5, IL-13, and/or AREG simultaneously, identifying a

degree of functional heterogeneity in ILC2s that may reflect their
differential roles in regulating proinflammatory versus tissue-pro-
tective responses at barrier surfaces. Consistent with this, a pre-
vious study using an oxazolone-induced intestinal injury model
where type 2 cytokines are known to be pathologic observed that
IL-25 elicited IL-13+ ILC2s correlated with disease severity (28),
suggesting that under some circumstances ILC2s may serve
proinflammatory functions during intestinal injury.
Expression of IL-33 and its receptor ST2 has been shown to be

dysregulated in IBD patients (10, 12, 13, 37). However, whether
IL-33 plays a tissue-protective or pathologic role in the colonic in-
testinal mucosa during disease remains controversial (10, 11, 30, 31,
37–39), and the cellular and molecular mechanisms acting down-
stream of IL-33 to regulate disease are poorly defined. Here we
identify the ILC2–AREG–EGFR axis as one mechanism by which
IL-33 orchestrates intestinal tissue protection, associated with pro-
motion of AREG-dependent mucin production. IL-33 is a well-
appreciated regulator of mucin responses in multiple inflammatory
settings (10, 11, 37), but in colitis this process is largely thought
to act through Notch- and IL-13–dependent signaling (31, 39).
Our data indicate that ILC2-intrinsic AREG is an additional con-
tributor to regulation of mucin responses. AREG signaling in the

Fig. 5. ILC2-intrinsic AREG is sufficient to ameliorate intestinal disease and
is associated with enhanced mucin production. (A–E) IL-33–elicited CD45.1+

ILC2s were transferred into Areg−/− mice during oral exposure to 3% DSS.
(A) Frequency of donor CD45.1+ ILC2s in the mLN at day 7 of DSS exposure,
gated on Lin− CD45+ CD90+ T1/ST2+ CD25+ cells. (B) AREG protein in colonic
tissue at day 7, measured by ELISA. ND, not detected. Weight loss (C) and
disease pathology score (D) at day 7. (E) PAS and Alcian Blue staining of
colon tissue at day 7. (Scale bar, 200 μm.) Data are representative of three
independent experiments; n = 3–4 mice per group per experiment. Data
shown are the mean ± SEM; *P < 0.05, ***P < 0.001.
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injured lung has recently been shown to promote epithelial cell
differentiation into mucin-producing secretory lineages (40), a
paradigm similar to what we observe in the intestine, thereby il-
lustrating the evolutionarily conserved nature of this AREG-de-
pendent tissue-protective pathway at multiple barrier surfaces. The
identification of ILC2s as a previously unrecognized hematopoietic
cellular source of AREG in the intestine indicates that manipula-
tion of the ILC2–AREG–EGFR pathway could provide therapeutic
benefit in the treatment of intestinal inflammatory diseases.

Materials and Methods
Mice. C57BL/6 WT and CD45.1 mice were purchased from the Jackson Lab-
oratory. Rag1−/− and EGFRvel/+ mice were also purchased from the Jackson
Laboratory and bred in-house at the University of Pennsylvania or Weill
Cornell Medical College. Areg−/− mice on C57BL/6 background were pro-
vided by D.Z. and were then bred in-house. For all DSS experiments, mice
either were cohoused littermates (EGFRvel/+ and EGFR+/+ mice) or had shared
soiled bedding at least 2 wk before DSS exposure (Areg−/−, C57BL/6 WT, and
Rag1−/− mice). Mice used throughout the research were between the ages
of 8 and 16 wk, and within each individual experiment, all animals were sex-
and age-matched. All mice were maintained in specific pathogen-free
facilities at the University of Pennsylvania or Weill Cornell Medical College
and all protocols were approved by both institutions’ animal care and
use committees.

DSS Administration and Clinical Scoring. Mice were given 3% (wt/vol) DSS in
the drinking water (molecular weight 36,000–50,000, MP Biomedicals). Mice
were monitored daily for morbidity (piloerection, lethargy), weight loss, and

rectal bleeding. Severity of disease was scored as follows: weight loss (no
change, 0; <5%, 1; 6–10%, 2; 11–20%, 3; >20%, 4); feces (normal, 0; pasty,
semiformed, 1; sticky, 2; sticky with some blood, 3; completely liquid, bloody,
or unable to defecate after 10 min, 4); rectal bleeding (no blood, 0; visible
blood in rectum, 1; visible blood on fur, 2); general appearance (normal, 0;
piloerect, 1; lethargic and piloerect, 2; lethargic and hunched, 3; motionless
and sickly, 4).

In Vivo Cytokine Treatments. For examination of intracellular cytokine pro-
duction, 12 μg/kg of recombinant murine IL-33 (carrier-free, R&D Systems) in
sterile PBS was administered intraperitoneally (i.p.) into C57BL/6 wild-type mice
daily for 6 d, and cytokine expression was assessed on day 7. For treatment
during DSS-induced intestinal inflammation, 400 μg/kg of recombinant murine
AREG or 12–16 μg/kg recombinant murine IL-33 (carrier-free, R&D Systems) was
administered i.p. daily for the duration of the 7 d on 3% DSS. Endotoxin levels
were reported to be ≤0.00669 EU/μm.

Additional methods information can be found in SI Materials and Methods.
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