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I[EC-intrinsic IL-1R signaling holds dual roles in
regulating intestinal homeostasis and inflammation

Garrett R. Overcast’>**@®, Hannah E. Meibers%>**®, Emily M. Eshleman®**®, Irene Saha*>*®, Lisa Waggoner>*®, Krupaben N. Patel*’®,
Viral G. Jain®®, David B. Haslam”8@®, Theresa Alenghat>*8@®, Kelli L. VanDussen>®@®, and Chandrashekhar Pasare3*8@®

Intestinal epithelial cells (IECs) constitute a critical first line of defense against microbes. While IECs are known to respond to
various microbial signals, the precise upstream cues regulating diverse IEC responses are not clear. Here, we discover a dual role
for IEC-intrinsic interleukin-1 receptor (IL-1R) signaling in regulating intestinal homeostasis and inflammation. Absence of IL-
1R in epithelial cells abrogates a homeostatic antimicrobial program including production of antimicrobial peptides (AMPs).
Mice deficient for IEC-intrinsic IL-IR are unable to clear Citrobacter rodentium (C. rodentium) but are protected from DSS-
induced colitis. Mechanistically, IL-1R signaling enhances IL-22R-induced signal transducer and activator of transcription 3
(STAT3) phosphorylation in IECs leading to elevated production of AMPs. IL-1R signaling in IECs also directly induces
expression of chemokines as well as genes involved in the production of reactive oxygen species. Our findings establish a
protective role for IEC-intrinsic IL-1R signaling in combating infections but a detrimental role during colitis induced by

epithelial damage.

Introduction

The intestine is home to trillions of microbes that co-exist with
host immune cells. These immune cells include innate lymphoid
cell type 3 (ILC3s), CD103* dendritic cells, and various subsets of
T cells that reside in either the lamina propria (lamina propria
lymphocytes: LPLs) or interspersed between the epithelial cells
(intraepithelial lymphocytes: IELs; Mowat and Agace, 2014). A
monolayer of IECs bound by tight junctions form a dynamic
barrier separating the microbial contents of the intestinal
lumen from the underlying immune cells in the lamina pro-
pria (Kaminsky et al., 2021). Apart from acting as a physical
barrier, IECs also play a major role in regulating intestinal
immune responses. They are critical for dampening immune
responses against commensals (Natividad et al., 2012), but are
equally important for initiating immune responses against
invasive pathogens (Rauch et al., 2017). A well-defined com-
munication circuit resulting in mucosal tolerance is present
between intestinal lymphocytes and IECs. For example, pre-
vious studies have found that IELs are positioned to relay
signals to IECs and are directly involved in antimicrobial
peptide (AMP) production and intestinal homeostasis (Ismail

et al,, 2011; Das et al., 2003). Additionally, LPLs communicate
with IECs through the production of cytokines which involved
tissue repair (Pickert et al., 2009). Finally, metabolites pro-
duced by the microbiota are known to regulate IEC function.
Lactate, acetate, and butyrate have all been shown to con-
tribute to barrier function and regulating microbial commu-
nities in the intestinal lumen (Wrzosek et al., 2013; Byndloss
et al,, 2017; Okada et al., 2013; Rodriguez-Colman et al., 2017).
The above examples highlight the communication between IECs,
microbes, and lymphocytes in the gut to create a fine balance and
maintain homeostasis. Despite this tolerogenic environment,
IECs are also particularly sensitive to microbial invasion and
respond by secreting cytokines and chemokines that can recruit
inflammatory immune cells, pointing to existence of pathogen
detection mechanisms (Silberger et al., 2017).

An important question in IEC biology is whether these cells
can directly sense microbes or respond only to other cues that
result from microbial invasion. A large body of evidence sup-
ports important functions for cytosolic pattern recognition re-
ceptors in IECs such as NOD1, NOD2, and inflammasome sensors
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such as NLRC4 in intestinal homeostasis (Kobayashi et al., 2005;
Lei-Leston et al., 2017; Chen et al., 2008). While these proteins
are particularly adept at sensing microbes that invade the cy-
toplasmic space, whether IECs can directly sense extracellular
pathogens remains more poorly understood. Previous studies
have found that IEC-intrinsic expression of the adapter molecule
MyD88 serves as an important part of IEC-microbiota crosstalk
by dictating the IEC defense program (Gibson et al., 2008;
Rakoff-Nahoum et al., 2004; Frantz et al., 2012). MyD88 defi-
cient mice were further found to have intestinal dysbiosis be-
cause of impaired IEC responses (Rakoff-Nahoum et al., 2004).
Since MyD88 is an adapter molecule used by TLRs as well as IL-
IR family members (Deguine and Barton, 2014), the specific
contributions of TLR versus IL-1R signaling in IECs during host
defense or homeostatic processes remain unexplored. Recent
work has found minimal to no expression of TLRs in the small
and large intestinal epithelium (Price et al., 2018), as well as
weak responsiveness to TLR ligands from IEC cell lines and in-
testinal organoids (Price et al., 2018; Burguefio and Abreu, 2020).
An exception to these observations is TLR5 that recognizes fla-
gellin, which is found to be expressed on the basolateral side of
small intestinal crypts (Price et al., 2018; Wahida et al., 2021).
TLR4 responses have been found to occur through myeloid cells
in the environment surrounding IECs and not on IECs them-
selves (Hausmann et al., 2021).

Recent studies have also highlighted the importance of
communication between IECs and various immune cells residing
in the lamina propria, which largely depends on cytokine pro-
duction (Clark and Coopersmith, 2007). For example, the cyto-
kine IL-22 is primarily produced by lymphocytes, such as T
helper (Th) 17/22 cells and ILC3s and signals through IL-22R
expressed on IECs to induce AMP secretion (Liang et al., 2006;
Pickert et al., 2009), thus contributing to intestinal homeostasis.
IL-22 is also critical for preserving gut epithelial integrity by
promoting wound healing and tissue repair (Pickert et al., 2009).
IL-22 production by lymphocytes is licensed by proximal
signals from myeloid cells in the form of cytokines such as IL-1
and IL-23 (Gaffen et al., 2014; Peterson and Artis, 2014).
Production of IL-1 and IL-23 is induced by activation of a pro-
inflammatory signaling cascade in response to microbial in-
sult (Jain et al., 2018). Thus, myeloid detection of microbes
leads to IL-1R signaling and IL-22 production in LPLs and
subsequent induction of AMPs by IECs, thereby maintaining
homeostasis at the intestinal mucosa. While the IL-1 family of
cytokines has been found to play various critical roles in in-
testinal homeostasis and inflammation by acting on cells
proximal to IECs in the signaling relay network, it is unclear
whether IECs have evolved to detect IL-1 directly (Golebski et al.,
2019; Moon et al., 2014; Jung et al., 2015; Jain et al., 2018), even
though IL-1R expression on IECs has been reported (McGee et al.,
1996; Sutherland et al., 1994). While a recent report found a role
for IL-IR in intestinal stem cell self-renewal by inducing
mesenchymal cells to produce R-spondin 3 (Cox et al., 2021)
and a role for IL-IR on IECs in tumorigenesis (Dmitrieva-
Posocco et al., 2019), a functional role for IL-1IR mediated
MyD88-dependent signaling in intestinal immune responses
has not been explored.
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In this study, we found that IL-1R has a critical role in the
functioning of both small and large intestinal epithelial cells.
Specific deletion of IL-1R in IECs abrogated the ability of small
intestinal epithelial cells to produce a wide range of AMPs.
Furthermore, we found that IL-1R alone was not sufficient to
drive the antimicrobial gene program, but instead acted in
synergy with IL-22R signaling to drive an optimal AMP re-
sponse. We also found that mice with IEC-intrinsic deletion of
IL-1R were defective in clearing Citrobacter rodentium infection
leading to persistent inflammation. Paradoxically, absence of IL-1R
in IECs protected mice from dextran sulfate sodium (DSS)-
induced colitis, suggesting a pathological role for IL-1R signaling
during acute tissue inflammation. We found that IL-IR-dependent
induction of chemokines and ROS production led to enhanced
recruitment of proinflammatory immune cells and contributed to
the tissue damage observed. Together, this study establishes a dual
role for IEC-intrinsic IL-1R signaling in maintaining intestinal
homeostasis by combating intestinal microbial pathogens as well
as acting as a major driver of damage and pathology following
disruption of the intestinal barrier.

Results
Epithelial cell-intrinsic IL-1R signaling dictates intestinal
antimicrobial program
Previous studies have demonstrated that IEC antimicrobial gene
expression is dependent on the signaling adaptor MyD88
(Rakoff-Nahoum et al., 2004). Since the specific contributions of
TLR versus IL-1R signaling in IECs remain unexplored and IL-1R
signaling pathway utilizes MyD88, we sought to investigate the
expression of Ilir], the gene encoding for IL-1R, in IECs and test
whether IL-1IR signaling is critical to maintain the intestinal
antimicrobial gene program. An IL-1R global restore reporter
(I1r1IS*6R) mouse has been previously developed and reported
(Song et al., 2018a). IlrIS}/SR mice co-expresses TdTomato in any
cell that expresses IL-1R protein. We enriched for IECs and used
flow cytometry to assess IEC TdTomato expression. We detected
a small population of IECs in the small intestine and a larger
proportion of IECs in the large intestine that were TdTomato*
(Fig. S1 A). Accordingly, immunofluorescent microscopy of
Il1r1SR/SR colonic tissue showed broad expression of TdTomato
that overlapped with E-Cadherin, indicating IEC-specific IL-1R
expression (Fig. 1 A and Fig. S1 B). IL-1R was also expressed in
the cells of the lamina propria (Fig. 1 A). In the small intestine, overt
TdTomato expression was not observed in E-cadherin-positive
epithelial cells, possibly reflecting low expression of IL-IR by
these cells (Fig. 1 A and Fig. S1 B). There was apparent expression of
Ilir1 transcript in isolated mRNA from both the small intestine and
colon epithelial cells (Fig. S1 C). We next wanted to understand the
functionality of IL-IR on both small and large intestinal IECs.
Analysis of the intestinal epithelium from Iliri~ (IL-1R KO) mice
revealed that gene expression of key antimicrobial peptides,
Reg3g and Reg3b as well as other antimicrobial genes, were
significantly abrogated in the absence of IL-1R signaling
(Fig. 1 B).

IL-1R signaling plays a critical role in multiple cell types
of both the innate and adaptive immune systems. Specifically,
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Figure 1. Epithelial cell-intrinsic IL-1R signaling dictates intestinal antimicrobial program. (A) IECs constitutively express IL-1R. Histological sections of
the large intestine of WT or [lIrI®%/SR mice (GR) which co-express TdTomato (red) with IL-1IR were co-stained with AF488-E-Cadherin (green) and
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counterstained with Hoechst (blue). Asterisks indicate IL-1R expression within the lamina propria. Scale = 100 pum. (B) Expression of key antimicrobial effectors
is IL-1R dependent. Gene expression was quantitated by real-time qPCR in ileum and colon of WT and /[1r1-/~ (IL-1R KO) mice (n = 3-4 mice per group). (C) IL-1R
KO mice have impaired 122 expression. 1122 transcripts were measured in the ileum of WT and IL-IR KO mice by qPCR. (D) Expression of key antimicrobial
effectors is dependent on IEC-specific IL-1R. Gene expression was quantitated by qPCR of cDNA obtained from ileum and colon of IL-1IR® and IL-1RAEC mice
(n = 4-6 mice per group). (E) IL-IR2'E€ mice have normal /22 expression. I[22 transcripts were measured in the ileum and colon of IL-1R® and IL-1R2EC mice by
qPCR (n = 4 mice per group). All mice used in B and C were co-housed for at least 3 wk. All mice used in D and E were littermates. All qPCR assays were run in
duplicate and are shown as mean values normalized to Hprt1. Data represent at least three independent experiments. Error bars indicate + SEM. *P < 0.05,

**P < 0.01, ***P < 0.001, and ****P < 0.0001. (B-E) Unpaired t test.

IL-1R signaling in CD4 T cells (Jain et al., 2018) and ILC3s (Coccia
et al., 2012) has been shown to regulate the production of IL-22.
Thus, it is possible that impaired expression of AMPs and other
genes in IL-1R KO mice could be a result of reduced IL-22 pro-
duction. We examined I122 mRNA transcripts in the intestines of
WT and IL-1R KO mice and indeed found a significant defect in
its expression in IL-1R KO mice compared to WT mice (Fig. 1 C;
Cox et al., 2021; Sutton et al., 2009; Doisne et al., 2011; Chen
et al., 2013). While the defect in AMPs could be a result of re-
duced IL-22 production in IL-1R KO mice, we wanted to examine
whether absence of IL-1R specifically on IECs affected their AMP
production. We generated Ilrif/f x Villin Cre-Tg; (IL-1RAEG
Robson et al., 2016) mice and confirmed IEC-specific deletion by
enriching for IECs from small and large intestine as well as
splenocytes and measuring expression of Ilir! (Fig. S1, D and E).
IL-1RAEC mice have comparable, if not increased, expression of
IL-1R on LPLs compared to littermate controls, indicating an
IEC-specific deletion of IL-1R (Fig. S1 F). When we tested the
AMP expression in small and large intestinal tissues, we found
their expression to be significantly compromised in the in-
testinal epithelium of IL-1R2™C mice (Fig. 1 D). Importantly,
there was no difference in I122 or Epcam expression in
IL-IRA™EC mice in the ileum or colon (Fig. 1 E and Fig. S1 G)
suggesting that the defect in the antimicrobial gene program
was not due to reduced IL-22 production. While we have not
specifically examined the expression of IL-1R on Thl7 lineage
cells and ILC3s that are known to produce IL-22 in response to
IL-1, these results strongly suggest that IEC-intrinsic IL-1R
signaling is critical for induction of a broad antimicrobial gene
program.

Mucosal immune responses against C. rodentium and clearance
are dependent on IL-1R signaling in IECs

We next wanted to test the physiological relevance of the im-
paired antimicrobial program in IL-1IRAE€ mice. C. rodentium is
an attaching and effacing Gram-negative bacterial pathogen that
is used to model human infections with Escherichia coli and en-
terohaemorrhagic E. coli (Collins et al., 2014). C. rodentium pre-
dominantly infects the colon of mice and is cleared through the
production of AMPs, antibodies, and by the recruitment of im-
mune cells such as neutrophils (Mullineaux-Sanders et al.,
2019). We therefore set out to test the role of IEC-intrinsic IL-1R
signaling in mediating protection from C. rodentium infection. A
previous report indicated that differences in microbiome com-
position in mice can lead to altered intestinal damage and in-
flammation caused by C. rodentium (Lebeis et al., 2009), and
that microbiome composition can influence AMP expression in
the mouse intestine (Cheng et al., 2019). Therefore, we first
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examined microbiota composition in IL-IR?f and IL-1R*EC mice
and surprisingly found no major differences in the bacterial taxa
suggesting that steady-state composition of commensal micro-
biota was not affected by the absence of IL-1R signaling in IECs
(Fig. S2 A). IL-1IRA®C and IL-1RA/ littermate mice were then
infected by oral gavage with 2 x 10° CFU/mouse C. rodentium and
monitored for bacterial burden over time (Fig. 2 A). We found no
difference in establishment of colonization by the bacteria (first
10 d). However, after 2 wk, the IL-1IR?"?! mice began to clear the
infection while the IL-1R*™E€ mice continued to shed the path-
ogen (Fig. 2, A and B). At day 37 after infection, when IL-1R%/
mice had completely cleared the infection but IL-1RAEC still
carried bacterial burden, we sacrificed the mice to examine
tissue pathology as well as antimicrobial gene expression. Pre-
vious reports have indicated that peak IL-22 production and
subsequent increases in AMPs occur during early stages of C.
rodentium infection in mice (Zheng et al., 2008). Consistent with
this, we found no difference in AMP expression between WT
and IL-1R®EC mice at the peak of infection (day 11); however,
expression of both Reg3g and Lcn2 were impaired in IL-1RAEC
mice at day 37 (Fig. 2 C), which might contribute to lack of
clearance of the pathogen. Additionally, we found that IL-1RAEC
mice had shorter colons compared to IL-1R sufficient controls,
thus displaying a sign of C. rodentium-induced colitis (Fig. 2 D).
Histological examination of the colon revealed presence of
patches containing inflammatory cell infiltrates in IL-1RAEC jn-
fected mice which were significantly reduced in the IL-1R%/
controls (Fig. 2 E and Fig. S2 B).

To ensure that delayed C. rodentium clearance is not due to
defective generation of adaptive immune responses, we exam-
ined the status of C. rodentium-specific Th17 responses in both
groups of mice. Mesenteric lymph nodes were harvested 11 d
after C. rodentium infection in IL-1RAEC and IL-1R/M littermate
mice and restimulated with C. rodentium lysates for 3 d. We
observed no difference in the quantities of secreted IL-17A or IL-
22 between T cells derived from IL-1RAC and IL-1R/ control
mice (Fig. 2 F and Fig. S2 C). In parallel, C. rodentium-specific IgG
antibodies could also be playing a role in later stages of pathogen
clearance, as discussed in a previous report (Kamada et al.,
2015). Overall, these data indicate that IEC-intrinsic IL-1R does
not dictate development of Th17 responses but plays a direct and
important role in clearing C. rodentium infection. Since there
were no differences in either early AMP production or genera-
tion of IL-17 and IL-22 producing CD4 T cells, further studies,
including examination of antibodies against C. rodentium, are
needed to reach definitive conclusions on how absence of IL-1R
signaling in IECs regulates the late-stage susceptibility to C. ro-
dentium infection.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20212523

4 of 19


https://doi.org/10.1084/jem.20212523

A B Day 11 Day 21 Day 37
ns *
9
100 100+ 10°9
* * n L
109 . 108 % Al rE 10
1084 3 1074 L n 107 107 o
74 L] p—
= 136_ - 5107 gme_ . 8106—
8 104 1 % 10°  10°- @ 10°+ :
u%j’ 10% Em‘*— 2104— S 104
S 102— e JLARW G 103+ G 103 O 10°%
121: = |L-1RAEC 102 102 102+
1 1 1
100 AT T T T T T T T T T T T T T ¢ T T T & T TT17% ¢ 10 10 10
012345678 91011121314151617181920212223242526272829 37 100 i r 1001 —osegece . 100 T T
Days post C. rodentium infection IL-1R |L-1RAIEC IL-1RM |L-1RAIEC IL-1R¥ |L-1RAIEC
C Day 11 Day 37
fis 0.0621
1.5 ns 2.0+ 1.5+ W 2.5
L]
5 . 5 : s =
] 2 2 °° ‘% 2.0
o 2 1.5+ o 8
S 1.0 s 2 1.0+ S
e i . . [ X 1.5+
2 2 1.0+ g . e
© g 0 R T 1.0
2 05 ° & 05+ . °
2 o 0.5 ISk N
Iy § 3 — 5057 |°°
€ ) . ) [
0.0 0.0 - . 0.0 T : 0.0 r ;
IL- 1R"’" IL- 1RA'E° IL-1R¥A |L-1RAIEC IL-1RA |L-1RAIEC IL-1RA |L-1RAIEC
D LR _IL1RAEC 8.5- .

oo
o
|

Colon Length (cm)
~
(4]
1

A

7.0
n
| |
65107
IL-1RMA L-1RAIEC
*
IL-1 RAIEC 20—

=
o
1

:
H

Histology Score
g

6]
|

]

T T
IL-1RA |L-1RAIEC

F 60+
ns
] o |L-1RMA

E 40 $ = |L-{RAEC
<
(o))
{ =
<
~
z, 20

0_

NT Cr Lysate

Figure 2. Mucosal immune responses against C. rodentium and clearance are dependent on IL-1R signaling in IECs. IL-1R"" and IL-1R2'EC mice were
orally infected with C. rodentium at a dose of 2 x 109 CFU/mouse (n = 4-7 mice per group). (A) C. rodentium load measured in stools of mice on indicated days
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after infection. (B) C. rodentium load in stools of individual mice on days 11, 21, and 37 after infection. (C) Gene expression was quantitated by qPCR in large
intestines of IL-1R/fl and IL-1RAEC mice at days 11 and 37 after infection. (D) Colon lengths of IL-1R%f and IL-1RA'EC mice at day 37 after C. rodentium infection.
(E) Representative H&E-stained colon sections at day 37 following C. rodentium infection. Scale = 1,000 um (top) and 200 pm (bottom). (F) IL-17A ELISA on
supernatants of mesenteric lymph node cells from C. rodentium-infected mice cultured in the presence of C. rodentium lysate for 3 d. All mice used were
littermates housed together. Data represent two independent experiments (n = 3-7 mice per group). Error bars indicate + SEM. *P < 0.05 and **P < 0.01.

(A) Multiple unpaired t test. (B-F) Unpaired t test.

IL-1B synergizes with IL-22 to drive an antimicrobial program
by enhancing phosphorylation of STAT3

To understand the mechanisms underlying the role of IEC-
intrinsic IL-1R signaling in inducing an antimicrobial gene
program, we took advantage of mouse organoid cultures and
examined their responses to IL-1B stimulation. IlIrIS*/GR mice
were used to develop colon epithelial-derived colonoids and
imaged to determine IL-1R expression. TdTomato signal was
observed in colonoids derived from IlrI*/GR mice but absent in
non-reporter controls, indicating steady-state IL-1R expression
in colonic IECs (Fig. S3 A). Organoids derived from the large
intestine (colonoids) and small intestine (enteroids) were both
found to express Illrl gene transcripts at steady state with co-
lonoids expressing markedly more mRNA for Ilirl when com-
pared to enteroids (Fig. S3 B), reflecting the in vivo expression
data. In enteroids and colonoids, stimulation with IL-22, a
known inducer of AMPs, led to robust transcriptional induction
of Reg3g, whereas stimulation with IL-1f did not (Fig. 3 A and
Fig. S3 C; Keir et al., 2020). Interestingly, when enteroids and
colonoids were stimulated simultaneously with IL-22 and IL-18,
there was a robust induction of Reg3g that was significantly
higher than the induction seen by IL-22 alone (Fig. 3 A and Fig.
S3 C). These data suggest that IL-1B by itself cannot induce
Reg3g expression, but rather synergizes with IL-22 to enhance
AMP gene expression. Consistent with the IL-IR expression
data, the synergy between IL-22R and IL-1R signaling was more
robust in colonoids than enteroids (Fig. 3 A and Fig. S3 C). To
test whether the synergy between IL-1B and IL-22 in mouse
intestinal tissues was also conserved in human intestinal epi-
thelium, we used biopsy tissue-derived human rectal spheroids
from six independent donors (VanDussen et al., 2015). The
rectal spheroids were stimulated with IL-1f, IL-22, or both for
12 h. Simultaneous sensing of IL-1B and IL-22 by human rectal
epithelial cells led to higher expression of REG3A (the human
ortholog of Reg3g), LCN2, and SI00A9 compared to IL-22 alone
(Fig. 3 B). These data indicate that the synergy between the IL-
1B and IL-22 cytokine receptors that regulates gene transcrip-
tion is conserved between mouse and human IECs.

The IL-22-mediated AMP program is critically dependent on
activation of STAT3 (Pickert et al., 2009). Indeed, IL-22 stimu-
lation of colonoids led to robust phosphorylation of tyrosine 705
of STAT3 (pSTAT3) within 15 min, whereas IL-1B stimulation
alone did not induce any pSTAT3 consistent with its failure to
induce AMPs (Fig. 3 C). We examined the kinetics of pSTAT3 in
colonoids when they were stimulated with both IL-1f and IL-22.
Combination treatment of colonoids with IL-22 and IL-1B led to
enhanced pSTAT3 when compared to IL-22 alone with the most
appreciable increase at 15 min (Fig. 3 D). To investigate the
synergy between IL-22R and IL-IR signaling in vivo, WT C57BL/
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6 mice were injected intraperitoneally with IL-1f, IL-22, or both,
and the phosphorylation status of STAT3 was assessed in the
colon at 30 min. In agreement with our findings in vitro, we
found that IL-1B alone did not trigger STAT3 phosphorylation;
however, when combined with IL-22 there was enhanced
phosphorylation of STAT3 compared to IL-22 alone (Fig. 3 E).
More interestingly, we found enhanced STAT3 phosphorylation
only occurred in IL-IR?f and not in IL-1RAEC mice, indicating
this enhanced phosphorylation was dependent on IEC-intrinsic
IL-1R signaling (Fig. 3 E). In further agreement with our in vitro
findings, combined injection of IL-1B and IL-22 led to rapid up-
regulation (1 h following injection) of Reg3g and Nos2 expression
in colons of mice (Fig. 3 F). These data provide strong in vivo
evidence for synergy between IL-22R and IL-1R that leads to
enhancement of STAT3 phosphorylation and induction of an
antimicrobial gene program. Perplexingly, we found that in-
jection of IL-1B and IL-22 into IL-1RAE€ mice resulted in reduced
pSTAT3 in the colonic tissue when compared to IL-22 alone
(Fig. 3 G), suggesting that injected IL-22 depends on endogenous
IL-1 in vivo or intact epithelial cell intrinsic IL-1R signaling to
induce optimal STAT3 phosphorylation in IECs. In agreement
with these in vivo data, we discovered that in vitro stimulation
of IL-1RAEC-_derived colonoids led to defective AMP gene ex-
pression when compared to WT colonoids (Fig. 3 H). Additionally,
the synergy between IL-18 and IL-22 was lost in IL-IRAEC-derived
colonoids (Fig. 3 H). The IL-1R dependence of IL-22 to drive AMP
production becomes evident when IL-1R expression is absent in
IECs both in vivo and in vitro and needs further examination.

IL-1B and IL-22 drive distinct IEC transcriptional programs

To better understand the outcome of synergy between IL-1R and
IL-22R signaling in IECs, we performed mRNA sequencing on
mouse intestinal colonoids stimulated with IL-22, IL-1B, or a
combination of both for 12 h (Fig. 4). Principal component
analysis revealed four individual groups of genes that coincided
with each stimulation condition (Fig. 4 A). We found numerous
differentially expressed genes that were synergistically induced
by combination treatment compared to IL-22 alone, including Reg3g
and other antimicrobial genes (Fig. 4 B). There were three inde-
pendent clusters of differentially expressed genes (Log,FC > 1.0) in
each of our stimulations totaling 408 genes (Fig. 4 C). Cluster I
represents genes that are only induced when there is combined
stimulation with IL-1B and IL-22. The genes in cluster I include
genes involved in metal ion binding and protease binding
(Fig. 4 D). Cluster II represents genes that are synergistically
induced by a combination of IL-1B and IL-22 resulting in higher
expression than IL-22 alone. These genes are involved in an-
timicrobial defense, chemokine activity, and protein tyrosine
kinase activity (Fig. 4, B and D). Cluster III includes genes that
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by IL-1B (100 ng/ml), IL-22 (1 ng/ml), or a combination of both. Data represent five independent experiments (n = 5 mice per group). (B) IL-22R and IL-1R
signaling synergize in human rectal spheroids to influence antimicrobial gene expression. Indicated gene transcripts were quantitated by gPCR in rectal
derived spheroids from six independent healthy human donors stimulated for 12 h using IL-1B (100 ng/ml), IL-22 (1 ng/ml), or a combination of both. Data
represent two independent experiments. (C) Western blot analysis of pSTAT3 and total STAT3 protein of whole cell lysates from colonoids stimulated with IL-22
(1 ng/ml) or IL-1B (100 ng/ml) for indicated periods of time. (D) Left: IL-1B synergizes with IL-22 to enhance phosphorylation of STAT3. Western blot analysis of
pSTAT3 and total STAT3 protein from whole cell lysates of colonoids stimulated by IL-22 (1 ng/ml) or IL-22 (1 ng/ml) + IL-1B (100 ng/ml) for indicated amount of time.
Right: Densitometry of Western blots calculated at the 15-min time point represents three independent experiments, and relative abundance is normalized
to the IL-22 alone treatment condition. (E and G) IL-1B enhances STAT3 phosphorylation in vivo. Western blot analysis of pSTAT3 and total STAT3 protein of
whole cell lysates from colons of (E, left) WT, (G, top) IL-IR/, or IL-1RA'EC mice injected i.p. with IL-1B (100 ng/mouse), IL-22 (50 pg/mouse), or both for 30
min. Densitometry of Western blots represents three independent experiments done on organoids derived from biological triplicates or tissues from three
independent mice, and relative abundance is normalized to the IL-22 alone treatment condition (E, right; G, bottom). (F) Indicated gene transcripts were
quantitated by gPCR of the colon of WT mice injected with IL-22 (50 pg/mouse) or IL-22 + IL-1B (100 ng/mouse) for 1 h. (H) Expression of Reg3g quantitated
by qPCR following IL-1B (100 ng/ml), IL-22 (10 pg/ml), or IL-22 + IL-1B stimulation of mouse colonoids derived from IL-1IR% or [L-1RA'EC mice for 12 h.
pSTAT3 represents the phosphorylation of Y705 of STAT3. (C-G) Data represent at least three independent experiments (n = 3 mice per group). (H) Data represent
two independent experiments (n = 3 mice per group). Error bars indicate + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (A, B, F, and H) One-way

ANOVA. (D, E, and G) Unpaired t tests. US = unstimulated. Source data are available for this figure: SourceData F3.

were induced by IL-22 stimulation (Fig. 4 C). Interestingly, the
mRNA sequencing data allowed us to identify that IL-1f stim-
ulation could directly lead to induction of chemokine genes
required for immune cell recruitment (Cxcll and Ccl20) and
ROS/reactive nitrogen species (RNS) production (Duox2, Du-
oxa2, Nos2, Noxl; Fig. 4, E and F).

We next tested if IL-1B stimulation of human spheroids was
also capable of inducing chemokines and RNS genes in human
cells. The inflammatory mediators induced by IL-22 were en-
hanced when human rectal spheroids were stimulated with both
IL-1B and IL-22 (Fig. 4 G). These results collectively suggest that
while IL-1R signaling in colonic epithelial cells of both human
and mouse IECs drives the antimicrobial gene program through
synergy with IL-22R, it also enhances the production of in-
flammatory mediators that are induced by IL-22 in human IECs.

Mice deficient for IL-1R expression on IECs are resistant to
DSS-induced colitis

Since our sequencing data revealed that IL-1B stimulation of
colonoids induced genes associated with ROS production and
inflammatory immune cell recruitment, we tested the role of
IEC-intrinsic IL-1R in regulating damage induced inflammation.
Thus, we used a model of chemically induced acute colitis by
administering the detergent DSS into the drinking water of mice
(Eichele and Kharbanda, 2017). Mice were given DSS in water ad
libitum for 8 d to induce colitis. While C. rodentium infection led
to more pathology, unexpectedly, we found that IL-1RAEC mice
developed considerably less severe disease when compared to
the IL-1RA/ littermate controls (Fig. 5). At steady state, the co-
lons of IL-1RY® and IL-1RA™EC mice looked comparable in length
(Fig. 5 A). In contrast, IL-1R’EC mice had longer colons com-
pared to IL-1R?/?! littermates after 8 d of DSS treatment, indi-
cating they are less affected by the acute inflammation (Fig. 5 A).
While the data did not reach statistical significance, we found
that IL-1RA™EC mice consistently lost less weight compared to
their littermate controls (Fig. S4 A). H&E-stained colons of DSS-
treated mice revealed that crypt loss and infiltrating immune
cells were much less severe in IL-IREC mice compared to their
littermate controls (Fig. 5 B). The IL-IR*™EC mice had less severe
diarrhea that developed later than IL-1R/f mice, and differences
in rectal bleeding were also apparent between the two groups,
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with IL-IRAEC mice displaying significantly lower scores of
bleeding and disease scores relative to IL-IR littermates (Fig.
S4 B). The bulk RNA sequencing revealed IL-1B induced ex-
pression of chemokines that recruit neutrophils, and the his-
tology indicates less severe immune cell infiltration; thus we
wanted to understand the role of IL-1R signaling on IECs in re-
cruitment of inflammatory cells during DSS colitis. We found
that by day 3 of DSS administration the IL-1IR/fl mice showed
increased total number of neutrophils in the lamina propria
(Fig. 5 C). Interestingly, we did not observe a change in in-
flammatory monocyte infiltration (Fig. S4 C) suggesting that
their recruitment might be induced by chemokines induced in
an IL-1R-independent manner. The infiltration of neutrophils
became more apparent by day 5 along with an increase in ex-
pression of Ly6G protein and Ly6g transcript (a marker for
neutrophils) in the colonic tissue (Fig. 5 C and Fig. S4 D). The
expression of Cxcll (neutrophil chemokine) and Duoxa2 (re-
quired for ROS production) trended toward being higher in
IL-1R/fl compared to IL-1RA™C mice and Nos2 (required for RNS
production) had significantly higher expression in IL-1RY mice
(Fig. 5 D). These results indicate IEC-intrinsic IL-IR signaling
contributes to pathology caused by DSS-mediated colitis by
upregulating ROS in epithelial cells in addition to inducing ex-
pression of chemokines that recruit neutrophils.

Discussion
The intestine houses numerous microbes, and tightly regulated
defenses are required to maintain a healthy relationship with
the host. However, there is a gap in understanding how various
responses by the intestinal epithelium are regulated to maintain
homeostasis with commensal microbiota and to initiate appro-
priate response to invasive intestinal pathogens. In this study,
we have identified IL-1R to be crucial for optimal functioning of
IECs. Specific deletion of IL-1R on IECs abrogates the ability of
small intestinal epithelial cells to produce a wide range of AMPs
and clear the intestinal pathogen C. rodentium. On the other
hand, deletion of IL-1R on IECs led to less severe pathology from
inflammation during acute chemical-induced colitis.

It has been proposed by various studies that the ability of the
IECs to directly sense microbes or microbial products is critical
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(1 ng/ml), or a combination of both. (B) TPM values of antimicrobial genes from clusters Il and IIl that show synergy between IL-18 and IL-22 induced signaling.
(C) Heatmap of differentially expressed genes in colonoids stimulated with IL-1B, IL-22, or both indicating four clusters of genes. Log,FC > 1.0, false discovery
rate < 0.1. (D) Functional annotation enrichment of genes in each cluster analyzed by EnrichR. (E) Heatmap of differentially expressed genes in mouse colonoids
that are induced by IL-1B. (F) TPM values of inflammatory genes that are induced by IL-18 in mouse colonoids, as shown in E. (G) Expression analysis of
indicated genes following stimulation of human rectal spheroids. Indicated gene transcripts were quantitated by gPCR in rectal derived spheroids from
six independent healthy human donors stimulated for 12 h using IL-1B (100 ng/ml), IL-22 (1 ng/ml), or a combination of both. Error bars indicate + SEM.
(A-C, E, and F) US = unstimulated. (A-F) Each data point indicates one biological replicate (n = 3 mice per group). Data in G represent two independent
experiments (n = 6 mice per group). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (B and G) One-way ANOVA. (F) Unpaired t test.

to intestinal homeostasis (Rakoff-Nahoum et al., 2004;
Menendez et al., 2013; Okumura and Takeda, 2018; Hoytema van
Konijnenburg et al., 2017). More specifically, TLR activation in
IECs has been implicated in resistance to damage induced by
chemicals such as DSS (Rakoff-Nahoum et al., 2004), in medi-
ating interaction between epithelial cells and IELs (Hoytema van
Konijnenburg et al., 2017; Ismail et al., 2011), and in antimicrobial
peptide production (Frantz et al., 2012; Bhinder et al., 2014;
Vaishnava et al.,, 2008). However, the idea of IECs directly
sensing extracellular microbes is rather paradoxical. Since li-
gands produced by commensal microbes also engage TLRs,
constant presence of functional TLRs on IECs would create a
persistent state of inflammation that would be detrimental to
host homeostasis. At steady state, some species of commensal
bacteria tightly associate with the epithelial layer (Atarashi et al.,
2015; Ivanov et al., 2009), yet host cells predominantly tolerate
microbial presence in the intestinal lumen (Macpherson and
Uhr, 2004). Thus, IECs armed with cell surface pattern recog-
nition receptors such as TLRs would also be unable to distinguish
between commensal non-virulent and invasive virulent mi-
crobes. Since virulent microbes are inherently invasive, it would
be more beneficial for IECs to either sense microbes using cy-
tosolic sensors or respond to cues originating from the myeloid
and lymphoid cells which are resident in the underlying lamina
propria (Lei-Leston et al., 2017; Chen et al., 2008; Kobayashi
et al., 2005).

In the past few years, multiple immune-IEC axes were
identified. CD103* DCs and CX3CR1* macrophages in the lamina
propria respond to signals from the luminal content and produce
IL-23, which then induce propagation of ILC3s and Thi7 cells and
induce their production of IL-22 (Muzaki et al., 2016; Parks et al.,
2016). IL-22 can directly signal to epithelial cells to produce
AMPs (Parks et al., 2016). Additionally, innate immune system
derived IL-18 has been implicated in directly inducing goblet
cells to produce AMPs (Nowarski et al., 2015). Here, we demon-
strate an indispensable role for IL-IR on IECs for maintaining
intestinal AMP production. Interestingly, although IL-1R-deficient
animals have a severe defect in intestinal AMP levels, IL-IR sig-
naling alone does not induce AMP. We identified a novel function
of IL-IR signaling, which serves to synergize with IL-22R signaling
and enhance early STAT3 phosphorylation to augment AMP in-
duction in IECs (Fig. S5). This is consistent with IL-1’s role to
synergize with IL-6, another STAT3 activator, to induce acute
phase response in the liver and in driving optimal mucosal CD4
T cell responses (Whitley et al., 2018; Deason et al., 2018). It was
perplexing that in IL-1RAEC mice injection of both IL-1B and IL-22
led to decreased pSTAT3 compared to IL-22 injection alone. This
could perhaps be a result of IL-1 functioning on another cell type
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to induce negative regulators such as IL-22-binding protein
leading to reduced activity of IL-22, and this outcome is only ap-
parent in the absence of IL-1R on IECs. Lastly, we found that mice
deficient for IL-IR on IECs are unable to clear the intestinal
pathogen C. rodentium. It is important to note here that while
IL-1REC mice had reduced AMP expression at steady state, in-
fection by C. rodentium lead to robust induction of both Reg3g and
Lcn2, suggesting that the early burst of IL-22 bypasses the need for
IL-1R signaling. When IL-22 levels drop, which is likely to happen
during later stages of the infection, there appears to be an oblig-
atory need for IEC-intrinsic IL-1R signaling to maintain the AMP
production. Interestingly our results also revealed that IL-1B can
induce gene expression of chemokines in IECs that would recruit
neutrophils which actively participate in pathogen clearance
(Fig. 4 E; Spehlmann et al., 2009). Thus, the inability of IL-IRAEC
mice to clear C. rodentium could be a combination of defects in
Reg3g expression at late stages of infection along with other de-
fects such as induction of chemokines and genes involved in ROS
production. Future studies will be required to elucidate the exact
role of IEC-intrinsic IL-1R signaling in clearance of intestinal
pathogens.

The use of IL-1R™/~ or IL-1RAE€ mjce does not provide insights
into the nature of the specific IL-1 family signal that is respon-
sible for inducing AMPs. Further studies will be required to
understand if IECs sense IL-1a or IL-1f to induce gene synthesis,
especially because these cytokines are produced in vastly dif-
ferent ways. Although inflammasome-mediated caspase-1 acti-
vation by commensal microbes has been shown to be largely
responsible for production of IL-1B in the intestines (Seo et al.,
2015), production of IL-la can be because of cell death and ex-
tracellular proteolytic cleavage (Di Paolo and Shayakhmetov,
2016; Lopez-Castejon and Brough, 2011). Thus, we speculate
that either IL-1a produced from cells turning over in the intes-
tines or low-level inflammasome activation in lamina propria
myeloid cells sensing some commensals might largely dictate
AMP response at steady state. However, during active intestinal
infections, IL-1B, produced by lamina propria myeloid cells in
response to microbe-induced inflammasome activation, might
drive a more robust AMP response by its direct action on epi-
thelial cells as well as through IL-22 production by Thi7 cells and
ILC3s (Coccia et al., 2012). The detrimental role we found during
acute inflammation could be more related to IL-1a, that would be
released due to tissue damage and cell death (Menghini et al.,
2019). Here we propose a dynamic, site-specific function for
IEC-intrinsic IL-IR signaling. At steady state, IL-1 drives an an-
timicrobial program in IECs. In the event of epithelial barrier
disruption, however, it appears to have a damaging role due to
induction of inflammatory mediators. Previous studies have
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Figure 5. Mice lacking IL-1R expression on IECs are resistant to DSS-induced colitis. (A) Representative image of colons and their quantified lengths at
steady state or from IL-IRYf (n = 12) and IL-1RA'EC (n = 12) mice given a 2% DSS solution in drinking water for 8 d. (B) Representative images of histopathological
changes in colon tissue by H&E staining after day 8 of 2% DSS given to IL-1R¥® and IL-1R?'®C mice and histological score of the pathology (n = 5 colons per group).
Scale = 1,000 pm (left panels) and 200 um (right panels). (C) Flow cytometry of lamina propria cells showing inflammatory monocyte (Ly6C* Ly6G~) and neutrophil
infiltration (gated on Live CD45.2* CD11b* cells—neutrophils considered Ly6G* Ly6C int population) at steady state (day 0), day 3, and day 5 after administration of
2% DSS in drinking water. (D) Expression analysis by qPCR of indicated genes in colon tissue of mice at steady state (day 0) or given 2% DSS in drinking
water for 3 or 5 d. All mice were littermates in cages containing at least two mice of each genotype. Data represent three independent experiments. Error
bars indicate + SEM. *P < 0.05, **P < 0.01, and ****P < 0.0001. (A-D) Unpaired t test.
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found that Ilir] has three different promoters (Chen et al., 2009).
Thus, it is possible that depending on cell type and location,
different promoters regulate IL-1R expression and signaling. It is
very well known that there are significant changes in immune
cells and epithelial cell types throughout the entire intestine
(Mowat and Agace, 2014). Interestingly, we found that IL-1R
is expressed at higher levels in the colon, and we observed
stronger IL-1R/IL-22R synergy in colonoids compared to enter-
oids, supporting this idea (Fig. 3, A and C; and Fig. S3 B).

The role of IL-IR signaling during inflammatory disease is
quite controversial (Coccia et al., 2012; Gonzalez-Navajas et al.,
2010; Seo et al., 2015). Most studies used whole body deletion of
IL-1R or systemic IL-1B neutralization to study the role of IL-1R
signaling in intestinal inflammation (Villeret et al., 2013; Krysko
et al., 2013; Carvalho et al., 2012; Yoshida et al., 2010); however,
various cell types including epithelial cells, innate, and adaptive
immune cells express and engage IL-1R signaling (McEntee et al.,
2019). Thus, by global depletion of IL-IR or the downstream
signaling components, it is impossible to interpret the con-
tributions of cell-specific responses. A previous study, for ex-
ample, demonstrated that IL-1IR KO mice are highly susceptible
to C. rodentium infection as revealed by increased predisposition
to intestinal damage in addition to increased pathology following
14 d of DSS administration (Lebeis et al., 2009). Since sensing of
IL-1 by Thi7 cells and ILC3s is critical for IL-22 production,
which in turn regulates antimicrobial responses and repair, it
is difficult to ascertain the contribution of IEC-specific IL-1R
signaling to the observed outcomes. Here we showed that
specifically deleting IL-1R on IECs provided protection against
DSS-induced colitis, revealing the damaging role of hyper-IL-
IR signaling in IECs (Fig. S5). We found deletion of IL-1R on
IECs resulted in impaired recruitment of neutrophils and im-
paired expression of genes associated with ROS or RNS pro-
duction. Inflammatory cell recruitment contributes to damage
caused by inflammation, and oxidative stress induced ROS/RNS
have been found to be detrimental to the host during acute
inflammation (Bourgonje et al., 2020; Wéra et al., 2016). We
suspect that IL-22 in the DSS model would be playing a role in
tissue repair, which we do not propose is linked the defective
IL-1R signaling in the IL-1RAEC mice. Further studies will be
needed to elucidate the specific contribution the IL-1R-
chemokine/ROS/RNS pathway, as well as IL-22, has in the
pathogenesis of intestinal inflammation. Studies that find full
body deletion of IL-1R to be harmful could be a result of loss of
function in ILC3s and Th17s which respond to IL-1f to produce
IL-22 (Jain et al., 2018; Klose and Artis, 2016). Additionally,
deletion of MyD88 would be harmful to the host because
myeloid cells would lose the capacity to respond to microbial
ligands through the TLR signaling pathway. There would be
defective phagocytosis, and a lack of clearance of any com-
mensal bacteria that get across the epithelium in addition to
impaired IL-1R signaling pathway due to lack of upregulation
of inflammasome machinery and production of IL-1B (Song
et al., 2018b; Gasse et al., 2007; Marr et al., 2003). Thus, our
investigation specifically teases out the function of IEC-
intrinsic IL-1R signaling allowing us to conclude that it con-
tributes to pathology during acute inflammatory colitis.
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Various studies demonstrated that epithelial ROS production
is critical for intestinal defense against several microbes
(Aratani, 2018; Staerck et al., 2017; Rhen, 2019; Dryden, 2018).
Additionally, low levels of ROS are required at homeostasis for
intracellular signaling and wound repair in IECs (Lipinski et al.,
2009; Leoni et al.,, 2015). However, during inflammatory con-
ditions, such as inflammatory bowel disease (IBD), exuberant
ROS production and accumulation cause cell death and tissue
pathology (Zhao et al., 2018; MacFie et al., 2014; McKenzie et al.,
1996; Hayes et al., 2015). In this study, we found that IL-1R
signaling on IECs contributes to ROS-gene induction, which
could contribute to tissue damage and exacerbate disease pa-
thology during DSS-induced colitis. Additionally, the synergy
between IL-1B and IL-22 that we discovered in mouse epithelial
cells was also present in human colonic epithelial cells. In fact,
we observed synergy between IL-1B and IL-22 in human cells
that enhanced NOS2 and CXCL1 expression (Fig. 4 G). This has
major implications since it implies IL-22R could be playing a
pathogenic role in inflammatory responses in the gut due to its
ability to synergize with IL-1R signaling. These findings agree
with past studies that find higher levels of IL-22 associated with
Crohn’s disease (Brand et al., 2006), and we propose that IL-22
has a detrimental role in IBD due to its ability to drive inflam-
matory gene expression and immune cell migration by acting
synergistically with IL-1. Previous reports have found mixed
results when treating IBD patients with anti-IL-1B treatments
such as Anakinra (Cavalli and Dinarello, 2018; Mao et al., 2018;
Hiigle et al., 2017). However, these confounding results are not
surprising given the previously described broad function of IL-1R
on various cell types involved in intestinal immune responses.
Thus, designing IEC-targeted IL-1R blockage strategies or com-
bined blockade of IL-22 and IL-1R could specifically reduce tissue
oxidative stress and pathology and serve as an effective treat-
ment for IBD.

Materials and methods

Mice

C57BL/6 WT control mice were obtained from the University of
Texas (UT) Southwestern Mouse Breeding Core Facility or bred
internally in a specific pathogen-free facility at Cincinnati
Children’s Hospital Medical Center. IllIrl~/~ mice were pur-
chased from The Jackson Laboratory. Ilirl/fl mice were a gift
from Randy Blakely, Vanderbilt University, and crossed to
B6.Cg-Tg(Vill-cre)997Gum/J mice purchased from The Jackson
Laboratory. The Ilir] globally restored IlIr1®/CR mice were a gift
from Ning Quan, Florida Atlantic University. All mice were
bred and housed in a specific pathogen-free facility at UT
Southwestern Medical Center or Cincinnati Children’s Hospital
Medical Center. All mouse experiments were done as per pro-
tocols approved by Institutional Animal Care and Use Com-
mittee at UT Southwestern Medical Center and Cincinnati
Children’s Hospital Medical Center.

Bacterial strains and infections
C. rodentium (Cr: strain ICC168, nalidixic acid-resistant) were
cultured in agar plate of Luria-Bertani, with 30 pg/ml nalidixic
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acid. A single colony was chosen and secondarily expanded in
the respective liquid broth with appropriate antibiotics. Bacteria
were grown to log phase (ODgoo = 0.6-1) on the day of infection,
extensively washed, and resuspended in PBS. Mice that had food
removed for 12 h prior were orally gavaged 1% sodium bicar-
bonate and, 15 min later, infected with 2 x 10° CFU of C. roden-
tium by oral gavage.

Extraction of C. rodentium lysates and protein quantification
Bacterial cultures were grown to late log phase (ODgqo = 0.8-1.2),
washed extensively, and resuspended in PBS. Suspensions were
subjected to three cycles of snap freeze and thaw in liquid ni-
trogen and under running room-temperature water. Then the
suspension was lysed by repeated probe sonication (Qsonica
Sonicator) at a duty cycle 30% for a total of five to six cycles of
30 s on, 30 s off. Complete lysis was determined by the visible
clearance of the suspension and achievement of maximum
protein concentration as measured by Bradford Assay Kit (Bio-
Rad). Lysates were centrifuged at 4,000 rpm for 20 min to re-
move insoluble components. Supernatants are then sterilized
through a 0.22 pm membrane filter. Protein concentration of the
lysate is estimated by Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific).

DSS-induced colitis

Acute colitis was induced with 2% (wt/vol) DSS (molecular mass
36-40 kD; MP Biologicals) dissolved in distilled water and fil-
tered. DSS was administered ad libitum in the drinking water
for 3-8 d. Body weight, stool consistency, and the presence of
occult blood were determined daily. The scoring system was
determined before the start of the experiments. Stool scores
were as follows: O, pellets that are dry/crumble when smashed
with moderate force; 1, pellets that have form, appear moist, and
smear when smashed with moderate force; 2, wet pellets with
minor form that adhere to the sampling stick when touched and
require very minor force to smear; 3, liquid stools/stools with no
form and require no force to smear. Bleeding scores were de-
termined as follows: 0, no blood as tested with ColoScreen
(Thermo Fisher Scientific); 1, positive hemoccult; 2, blood traces
in stool visible; 3, gross rectal bleeding.

Generation of murine enteroids and colonoids

Mouse ileum or colons were dissected and flushed with ice-cold
PBS. The ileum or colon was opened longitudinally, cut into 1-cm
pieces, and incubated in 2 mM EDTA for 30 min at 4°C with
rocking. The tissue was transferred into a new tube containing
5 ml of shaking buffer (PBS, 43.3 mM sucrose, 54.9 mM sorbitol)
and shaken gently by hand for 2 min. Dispersed crypts were
plated overnight in Matrigel (Corning) with enteroid growth
media (Advanced DMEM/F12, 2 mM GlutaMax, 10 mM Hepes,
100 U/ml penicillin, 100 pg/ml streptomycin, 1x N2 supplement,
1x B27 supplement [all from Invitrogen]) containing epidermal
growth factor (EGF; 50 ng/ml; Sigma-Aldrich), 40% L-WRN
conditioned media (L-WRN cells from American Type Culture
Collection), and 10 uM Y-27632 (ROCK inhibitor; Tocris Biosci-
ence, R&D Systems). The mouse spheroids were then stimulated
with mouse recombinant IL-1B (100 ng/ml; PeproTech) and

Overcast et al.

IL-1IR determines gut homeostasis and inflammation

Table 1. Recombinant cytokines used for in vivo and in vitro
experiments

Target Company Ref #
Mouse IL-22 (in vitro) R&D 582-ML-010
hiL-22.Fc protein (in vivo) Genentech

Mouse IL-1f3 PeproTech 211-11B
Human IL-22 PeproTech 200-22
Human IL-1B PeproTech 200-01B

recombinant mouse IL-22 (1 ng/ml for colonoids, 10 pg/ml for
enteroids; BioLegend; Table 1) for 15 min to 12 h depending on
the experiment.

Generation of human spheroids

Human rectal spheroid lines were previously established from
biopsy tissues of six adult donors collected during routine en-
doscopic procedures and maintained in three-dimensional cul-
ture by embedding in Matrigel Matrix (Corning 354234; 15 ul/
well) and providing 50% L-WRN conditioned medium (L-WRN
CM) supplemented with 10 uM Y-27632 (ROCK inhibitor; Tocris
Bioscience, R&D Systems) and 10 pM SB 431542 (TGFBRI in-
hibitor; Tocris Bioscience, R&D Systems), as previously de-
scribed (VanDussen et al., 2015; VanDussen et al., 2019). Briefly,
for cytokine stimulation experiments, spheroids were passaged
using 1x trypsin in 0.5 mM PBS-EDTA, resuspended in Matrigel,
and provided 400 pl of 50% L-WRN CM supplemented with
10 uM Y-27632 and 10 pM SB 431542 overnight to recover
spheroids. The following day, L-WRN CM was aspirated, wells
were washed with PBS, and provided differentiation media
(Miyoshi et al., 2017; Advanced DMEM/F-12 [Invitrogen] supple-
mented with 2 mM L-glutamine, 100 U/ml penicillin, 0.1 mg/ml
streptomycin, 50 ng/ml EGF [PeproTech], 10 uM Y-27632, and
10 uM L-161,982 [EP4 inhibitor, R&D Systems]) for 24 h. Dif-
ferentiated rectal spheroids were then stimulated for 12 h
with human recombinant IL-1B (100 ng/ml; PeproTech) and
human recombinant IL-22 (1 ng/ml; BioLegend) in differen-
tiation medium. This study was approved by the Cincinnati
Children’s Hospital Medical Center Institutional Review
Board.

Histopathology

To assess epithelial IL-1R expression, ileal and colon tissues from
the IlIr1S®/GR peporter mice were excised and fixed in 4% para-
formaldehyde overnight, washed in 20% sucrose, and embedded
in OCT. Frozen tissue sections (8 um) were immunostained by
blocking in 1% BSA in 1% Triton X-100 in PBS followed by in-
cubation with primary rat antibody E-Cadherin (clone ECCD-2,
1:200; 13-1900; Invitrogen) and donkey anti-rat secondary an-
tibody conjugated to AlexaFluor488 (1:500; Jackson ImmunoR-
esearch). Nuclei were stained with Hoechst 33258 (Invitrogen).
Coverslips were mounted with ProLong Gold (Invitrogen). Im-
ages were taken at 20x using an upright Nikon 90i motorized
microscope and Andor Zyla 4.2 SCMOS cooled monochrome
camera with Nikon NIS elements v.5 software. Brightness,
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contrast, and hue (for blue channel only) were adjusted in Adobe
Photoshop 2021.

To assess the role of IL-1R in intestinal injury, after day 8 of
DSS or day 37 of C. rodentium infection, the entire colon was
excised to measure the length of the colon. Colons were washed,
fixed in 10% normal buffered formalin, and embedded in par-
affin. Tissue sections were stained with H&E for histological
analysis. Slides were imaged at 10x, 20x, or 40x using a DM2000
Compound Research Photomicroscope (Leica). Colon tissues from
DSS colitis experiments were scored in a double-blinded fashion
by the following parameters: Severity of inflammation (0-3),
depth of injury/inflammation (0-3), and crypt damage (0-4).
DSS histological scores were multiplied by a factor representing
the percentage of tissue involvement: x1 (0-25%), x2 (26-50%),
x3 (51-75%), and x4 (76-100%). Thus, the maximum colitis
score in the DSS model is 40 (Krieglstein et al., 2007).

Isolation of IECs, quantitative PCR (qPCR), and flow cytometry
Small intestine and colons were harvested from mice, flushed
with PBS, cut open longitudinally, and incubated with EDTA and
1mM DTT for 30 min at 4°C on a rocker. Supernatants were then
passed through a 100-micron filter and centrifuged at 500 xg for
5 min. For RNA, IECs were then resuspended in Trizol, ho-
mogenized by passing repeatedly through a 25-gauge needle,
and stored at -80°C until RNA was isolated. Total RNA was
isolated from small intestinal tissues by homogenizing with an
OMNTI homogenizer with soft tissue tips in RLT buffer (from
Qiagen) + B-mercaptoethanol. All RNA was isolated by using
Qiagen RNeasy RNA Isolation Kits according to the manu-
facturer’s protocol and were used to synthesize cDNA. PowerUp
SYBR Green Master Mix and specific primers were used for
gPCR (Table 2 and Table 3). Signals were normalized to Hprtl
levels within each sample using published primers (Irizarry-
Caro et al., 2020) and normalized data were used to quantitate
relative levels of gene expression using AACt analysis. For flow
cytometry, IECs were then blocked with Fc block (anti-mouse
CD16/CD32; BioLegend) for 10 min and then incubated with
antibodies for 30 min (Table 4), with extensive washes with
FACS buffer (PBS, 2%FCS, 2 mM EDTA) in between. Before
running, IECs were passed through a tube-top 35-micron filter.
Samples were analyzed using LSR II flow cytometer (BD) or
Novocyte 3001 (ACEA Biosciences). Cells were gated on singlets
and dead cells were excluded using Zombie Yellow Live/Dead
staining (BioLegend). Data were analyzed using Flow]Jo software
(BD). Purity of IEC isolations were repeatedly assessed and were
consistently 95-99% CD45-IECs.

RNA sequencing analysis

Mouse colonoids were stimulated with mouse recombinant-IL-
1B (100 ng/ml), mouse recombinant IL-22 (1 ng/ml), or both for
12 h. RNA was isolated by using Qiagen RNeasy RNA Isolation
Kits according to the manufacturer’s protocol. RNA sequencing
libraries were prepared with the Illumina TruSeq Stranded RNA
Sample Preparation kit (llumina) according to the manu-
facturer’s protocol. Quality of the libraries was validated on an
Agilent Bioanalyzer 2100. This included using standard proto-
cols for cDNA synthesis, fragmentation, addition of adaptors,
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Table 2. Primers used for qPCR amplification of mouse genes

Mouse

Reg3g Forward 5'-3": 5'-TTCCTGTCCTCCATGATCAAAA-3'
Reverse 5'-3": 5'-CATCCACCTCTGTTGGGTTCA-3'

Reg3b Forward 5'-3": 5'-TACTGCCTTAGACCGTGCTTTCTG-3'
Reverse 5'-3": 5'-GACATAGGGCAACTTCACCTCACA-3'

Saal Forward 5'-3": 5'-CATTTGTTCACGAGGCTTTCC-3’
Reverse 5'-3": 5 -GTTTTTCCAGTTAGCTTCCTTCATGT-3’

122 Forward 5'-3": 5'-CAATCAGCTCAGCTCCTGTCACAT-3’
Reverse 5'-3": 5'-TCCCCAATCGCCTTGATCTCTCCA-3’

Len2 Forward 5'-3": 5'-AAGGCAGCTTTACGATGTACAGC-3'
Reverse 5'-3": 5'-CTTGCACATTGTAGCTGTGTACC-3'

Cxcll Forward 5'-3": 5'-CTGCACCCAAACCGAAGTCAT-3’
Reverse 5'-3": 5'-TTGTCAGAAGCCAGCGTTCAC-3’

Duoxa2 Forward 5'-3": 5'-GCCTGGCTTTGCTCACCA-3'
Reverse 5'-3": 5’'-GAGGAGGAGGCTCAGGAT-3’

Nos2 Forward 5'-3": 5'-CACCTTGGAGTTCACCCAGT-3’
Reverse 5'-3": 5'-ACCACTCGTACTTGGGATGC-3’

111r1 Forward 5'-3": 5'-TGAGTTACCCGAGGTCCAGT-3’
Reverse 5'-3": 5'-GCTTCCCCCGGAACGTATAG-3’

Epcam Forward 5'-3": 5'-AGGGGCGATCCAGAACAACG-3'
Reverse 5'-3": 5'-ATGGTCGTAGGGGCTTTCTC-3’

Ly6g Forward 5'-3": 5'-GAGAGGAAGTTTTATCTGTGCAGCC-3'
Reverse 5'-3": 5'-TCAGGTGGGACCCCAATACA-3’

Hprtl Forward 5'-3": 5'-CAGTCCCAGCGTCGTGATTA-3’

Reverse 5'-3": 5'-TGGCCTCCCATCTCCTTCAT-3’

size selection, amplification, and quality control (Illumina). The
amplified libraries were size-selected, and libraries were quan-
tified by PicoGreen assay (Life Technologies). SE85 single-end
sequencing was performed using NextSeq SE-75 High Output V2
flow cell with an average of 20 million reads/sample. Alignment
of RNA sequencing reads on mouse reference genome mmlO

Table 3. Primers used for qPCR amplification of human genes

Human

REG3A Forward 5'-3": 5'-ACCATATCCCACCAGAGAGTGA-3’
Reverse 5'-3": 5'-TCACCTTGAACCTGAGACAGC-3’

LCN2 Forward 5'-3": 5'-TTCCCTGTCCCAATCGACCA-3'
Reverse 5'-3": 5'-TTTAGCAGACAAGGTGGGGC-3'

S100A9 Forward 5'-3": 5’-CTGCAAAATTTTCTCAAGAAGGAGA-3’
Reverse 5'-3": 5'-CACCCTCGTGCATCTTCTCG-3'

CXCL1 Forward 5'-3": 5'-CTGGCTTAGAACAAAGGGGCT-3’
Reverse 5'-3": 5'-TAAAGGTAGCCCTTGTTTCCCC-3'

NOS2 Forward 5'-3": 5'-CGCATGACCTTGGTGTTTGG-3'
Reverse 5'-3": 5'-CATAGACCTTGGGCTTGCCA-3’
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Table 4. Antibodies used for flow cytometry and immunofluorescent
histology

Target Clone Company Ref #

Mouse E-Cadherin 4A2 CsT 14472

DAPI N/A BioLegend 422801
CD45.2 FITC 104 BioLegend 109806
CD90.2 BV785 30-H12 BioLegend 105331
CD11b PE M1/70 BioLegend 101208
Ly6C BV711 HK1.4 BioLegend 128037
Ly6G APC 1A8 BioLegend 127614
CD45.2 AF700 104 BioLegend 109822
EpCAM BV711 G8.8 BioLegend 118233

was performed on CLC Genomics Workbench 7 (Qiagen). The
expression of the genes in all samples was calculated as Reads
Per Kilobase of Transcripts Per Million mapped reads (TPM).
Differential gene expression between groups were evaluated
using DESeq2 (Love et al., 2014). Heatmaps of genes were gen-
erated in R using ggplot2 (Wickham, 2016). RNA sequencing
data are publicly available (GSE193267).

Shotgun metagenome sequencing

DNA was extracted from one or two fecal pellets using the Power
Fecal DNA Isolation Kit by MO BIO per kit instructions. DNA
concentration was measured using Qbit. Amplified library
generation was performed using the Nextera XT protocol ac-
cording to the manufacturer’s recommendations, and sequenc-
ing was performed to obtain 150 bp DNA paired end reads to a
depth of ~20 million base pairs per sample using an Illumina
NovaSeq 6000 sequencing machine (Illumina Corp.)

Shotgun sequencing data analysis

Raw sequence reads were extracted and demultiplexed using the
Mumina program bcl2fastq. Raw reads were then filtered and
trimmed for quality control using the program Sickle (Joshi and
Fass, 2011). Trimmed reads were aligned using Kraken (Wood
and Salzberg, 2014) to a custom microbial genome database (that
includes all RefSeq bacterial, fungal, parasitic, and viral genomes
supplemented with additional bacterial and fungal genome se-
quences from the National Center for Bioinformatics [NCBI] to
determine quantitative genus and species abundance for more
than 40,000 microbial species genomes). An exact sequence
read match of k-mer length 32 was used in Kraken to assign
reads to the lowest common ancestor. Normalization of count
data to the lowest number of total reads mapped among the
samples was performed using rrarefy with the Vegan package in
R to give the relative abundance at both the genus and species
level (Oksanen et al., 2015). Principal component analysis was
performed on a Euclidian distance matrix calculated from nor-
malized species abundance data using the ade4, Vegan, and
FactoExtra packages in R and the FactoExtra package. Statistical
significance of differences in overall microbiome composition
were determined using multiresponse permutations procedures,
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a form of PERMANOVA (Xia and Sun, 2017). Differential species
and genus abundance between groups was determined by
pairwise Wilcox rank sum test with false-discovery rate cor-
rection for multiple testing. Fold-change (FC) and log,FC were
calculated with the gtools package in R. Stool samples at all time
points between the patients with normal and abnormal intesti-
nal permeability were grouped for comparison.

Western blot analysis

Whole cell lysates were obtained from small intestine and colon
tissue by flushing tissue with ice-cold PBS, then cutting longi-
tudinally into 1-cm pieces. Pieces were then placed in high
impact 2 ml tubes along with five metal lysing beads (MP:
116925000) and 500 pl of 1x radioimmunoprecipitation assay
buffer containing phosphatase and protease inhibitors. Tubes
were shaken using a TissueLyser (Qiagen) at a frequency of 30/s
for 3 min. Cells from mouse organoids were extracted from
Matrigel using Cell recovery solution (Corning: 354253) at a 1:
2 ratio and then incubated at 4°C for 10 min. Cells were then
centrifuged at 450 xg for 5 min in a 96-well round-bottom plate
and the Matrigel Cell recovery solution was flicked off. Cells
were lysed in 1x radioimmunoprecipitation assay buffer con-
taining phosphatase and protease inhibitors for 5 min on ice. All
protein was quantified using Pierce BCA Protein Assay Kit. Cell
lysates were boiled in 1x Laemmli buffer at 95°C for 10 min. Cell
lysates were separated by SDS-PAGE and transferred onto pol-
yvinylidene difluoride membranes. Blots were incubated with
anti-Stat3 (1:5,000; CST: 9139S), and anti-phospho-Stat3 (pY705;
1:2,000; 612356; Thermo Fisher Scientific). As secondary anti-
bodies, anti-rabbit-IgG-HRP (1706515; Bio-Rad; 1:10,000) and
anti-mouse-IgG-HRP (1706516; Bio-Rad) were used. anti-
Btubulin (1:5,000; CST 2146S) was used as control. Western
blot was developed using SuperSignal West Pico PLUS Chemi-
luminescent Substrate (34578; Thermo Fisher Scientific) and
ECL signal was recorded on X-Ray Films using a developer
(Phenix: F-BX810).

ELISA

Capture antibody for IL-17A (BioLegend, TC11-18H10.1) or IL-22
(DuoSet ELISA Kit, R&D) was diluted and used to coat 96-well
flat-bottom plates overnight at 4°C. Plates were blocked with
PBS containing 10% FBS (IL-17A), or PBS containing 5% Tween
(IL-22) for 2 h at room temperature. Samples were diluted in
blocking buffer and loaded in duplicate and then incubated
overnight at 4°C. Detection antibodies for IL-17A (TC11-8H4;
BioLegend) or IL-22 (DuoSet ELISA Kit, R&D) were diluted and
used according to standard procedure. Using a standard curve of
known concentrations of IL-17A and IL-22, quantities of each
cytokine in the supernatant samples were quantified by using
o-phenylenediamine dihydrochloride colorimetric assay.

Online supplemental material

Fig. S1 shows additional supporting data regarding the expres-
sion of IL-1R on IECs. Fig. S2 provides data on the composition of
microbiota in IL-1R/? and IL-1RTEC mice as well as addi-
tional data that demonstrate C. rodentium induced pathology in
IL-1RAEC mice. Fig. S3 provides additional characterization of
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IL-1R expression on colonoids as well as the synergy be-
tween IL-1B and IL-22 to drive AMPs. Fig. S4 provides sup-
porting data that demonstrate the resistance of IL-1RAIEC
mice to DSS induced colitis. Fig. S5 provides a model that
depicts the dual role of IEC-intrinsic IL-1R signaling in in-
testinal homeostasis and inflammation.

Data availability

All data are available from the corresponding author upon rea-
sonable request. The data underlying Fig. 4 are openly available
at NCBI's Gene Expression Omnibus. The accession number is
GSE193267.
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Figure S1. Analysis of IEC expression of IL-IR. (A) Gating strategy after enrichment of IECs from the colon and small intestine (SI) of WT mice. IECs are
pregated as Live CD45.2- CD90.2- EpCAM" cells. EpCAMM [ECs from WT and IL-1RSR/GR mice (GR) which co-express TdTomato (red) were then examined for
IL-1R expression by flow cytometry. Representative flow cytometry plots gated on IECs (Live CD45.2- CD90.2-) enriched from the smallintestine or colon from
WT and GR mice are shown. (B) Histological sections of the ileum and colon of WT or IL-1IRS*/R mice (GR) which co-express TdTomato (red) with IL-1R were
counterstained with Hoechst (blue). Scale = 100 um. (€) PCR and real-time qPCR amplification using Il1r1-specific primers on cDNA isolated from enriched IECs
in the small intestine and colon of WT and /l1r1-/~ (IL-1R KO) mice. (D) Gating strategy after enrichment of IECs in the colon of IL-1R"/fland IL-1RA'EC mice.
Live CD45.2- CD90.2- EpCAMM cells are considered to be IECs. (E) Il1r expression was measured from IECs in the ileum (left), the colon (middle), or
total splenocytes (right). (F) Il1r1 expression was measured from LPLs in the ileum (left) or the colon (right). (G) Epcam expression was measured
from IECs in the ileum or the colon of WT and IL-1R KO mice (left) or of IL-IR/" and IL-1R2EC mice (right). Data represent two independent experiments are
shown as + SEM of biological replicates. *P < 0.05, **P < 0.01, and ****P < 0.0001. (C and E-G) Unpaired t test. L, large intestine. Source data are available
for this figure: SourceData FS1.
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Figure S2. Lack of IL-1R on epithelial cells does not affect commensal microbiota composition, yet C. rodentium induces more pathology in mice that
lack IL-1R in IECs. (A) IL-1RM and IL-1RA'EC mice harbor very similar populations of commensal microbiota in their intestines. Shannon diversity index (left)
and principal component analysis plots (right) of fecal microbiota collected from two independent litters of mice. (B) H&E-stained colon sections at day 37 after
C. rodentium infection. Colons obtained from IL-1RA'EC mice showing higher magnification of black arrow regions (left) which indicate areas of concentrated
immune cellinfiltration (right). Dotted circles are drawn on some areas to focus on specific areas of inflammatory cell infiltration. Scale = 1,000 pm (left panel)
and 200 pm (right panels). (C) IL-22 ELISA on supernatants of mesenteric lymph node cells from C. rodentium-infected mice cultured in the presence of
indicated concentrations of C. rodentium (Cr) lysate for 3 d. Data represent two independent experiments are show mean + SEM of biological replicates.
Unpaired t test.
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Figure S3. IL-1B synergizes with IL-22 to drive an antimicrobial gene program in enteroids and colonoids. (A) TdTomato fluorescence or bright-field
microscopy images of live, differentiated colonoids derived from IL-IRS¥/GR (GR) or WT control mice. Dotted lines outline the colonoids, and dead cell debris is
indicated by asterisks. Scale = 100 um. (B) Gene expression was quantitated by qPCR of Il1r] in mouse enteroids and colonoids derived from either WT or IL-1R
KO mice. (C) Reg3g expression was quantitated by qPCR in enteroids derived from WT mice after a 12-h stimulation by IL-18 (100 ng/ml), IL-22 (1 ng/ml), or a
combination of both. Data represent two independent experiments and show mean + SEM of biological triplicates. **P < 0.01. (C) One-way ANOVA.
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Figure S4. Mice lacking IL-1R expression on IECs are resistant to DSS-induced colitis. (A) Representative daily weight change of IL-1R (n = 12) and
IL-IREC (n = 12) mice given a 2% DSS solution in drinking water for 8 d. (B) Daily observations were made to determine rectal bleeding (top) and stool
consistency (bottom) of the mice given DSS. (C) Flow cytometric analysis of cell percentages (top) and numbers (bottom) of lamina propria cells
showing inflammatory monocyte infiltration (gated on Live CD45.2* CD11b* cells—inflammatory monocytes considered Ly6C* Ly6G-~ population) at steady
state (day 0), day 3, and day 5 after administration of 2% DSS in drinking water. (D) Ly6g expression was quantitated by qPCR as a proxy for neutrophil
infiltration in colon tissue of mice at steady state (day 0) or given 2% DSS in drinking water for 3 or 5 d. Data represent three independent experiments and
show means + SEM of biological replicates. *P < 0.05, **P < 0.01. (B) Multiple unpaired t tests. (D) Unpaired t test.
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Figure S5.  Dual role for IL-1R signaling in IECs in driving antimicrobial response and pathology during colitis. Top left: I[EC-intrinsic IL-1IR synergizes
with IL-22R to drive optimal antimicrobial production, which protects against intestinal pathogens such as C. rodentium. In the absence of IL-1R there is sub-
optimal AMP induction by IL-22, which results in the inability to clear intestinal pathogens. Top right: During acute inflammation, IL-1a/B lead to excessive IL-1R
signaling, which results in immune cell recruitment and production of ROS/RNS that is damaging to the IEC barrier. Bottom: Simultaneous stimulation of IL-1R
and IL-22R on IECs results in enhanced phosphorylation of STAT3 to drive robust production of AMPs.
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