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MUCOSAL IMMUNOLOGY

IL-1R1-dependent signaling coordinates epithelial
regeneration in response to intestinal damage
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Repair of the intestinal epithelium is tightly regulated to maintain homeostasis. The response after epithelial damage
needs to be local and proportional to the insult. How different types of damage are coupled to repair remains in-
completely understood. We report that after distinct types of intestinal epithelial damage, IL-1R1 signaling in GREM1*
mesenchymal cells increases production of R-spondin 3 (RSPO3), a Wnt agonist required for intestinal stem cell
self-renewal. In parallel, IL-1R1 signaling regulates IL-22 production by innate lymphoid cells and promotes epithelial
hyperplasia and regeneration. Although the regulation of both RSPO3 and IL-22 is critical for epithelial recovery
from Citrobacter rodentium infection, IL-1R1-dependent RSPO3 production by GREM1* mesenchymal cells alone
is sufficient and required for recovery after dextran sulfate sodium-induced colitis. These data demonstrate how
IL-1R1-dependent signaling orchestrates distinct repair programs tailored to the type of injury sustained that are

required to restore intestinal epithelial barrier function.

INTRODUCTION
Adult intestinal stem cells (ISCs) sustain tissue function throughout
life, regulating homeostasis and regeneration after injury. ISCs are
characterized by their ability to asymmetrically divide: self-renewing
to maintain their own pool and producing progeny that can differen-
tiate into multiple epithelial cell types (1). The ratio of self-renewal
to differentiation in proliferating ISCs is critical for proper tissue
function and is tightly regulated in the intestine through gradients
of stem cell niche factors (2-5). In the small intestine, the stem cell
niche is composed of epithelial Paneth cells and of mesenchymal cells
(6). However, the colon lacks Paneth cells, and as a result, the ISCs
are more dependent on mesenchymal factors (7-10).

Most of the epithelial cells in the intestine turn over once every
5 days, driven by a highly proliferative progenitor compartment that
can regenerate the epithelium after damage through WNT-dependent
and WNT-independent processes (11, 12). Peri-cryptal mesenchymal
cells have been identified as a potential source of trophic factors that
support epithelial restitution (6, 7, 9, 10, 12-15). In response to
epithelial injury by mechanical stress, infection, cytotoxic therapies,
and chronic inflammation, epithelial renewal needs to be accelerated
to maintain epithelial barrier function. Our understanding of how
inflammation affects these mesenchymal subsets to stimulate stem
cell self-renewal and improve epithelial barrier function after injury
remains incomplete. Because mucosal healing is required for achiev-
ing long-term remission in inflammatory bowel disease (IBD) (16),
identifying the impact of inflammatory mediators, such as cytokines,
on epithelial barrier function will be critical.
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Interleukin-1 (IL-1) cytokines IL-10 and IL-1p are released after
pathogen infection or damage to the colon and have been implicated
in epithelial repair (17-19). IL-1R1 is a shared receptor for IL-1a
and IL-1P and is expressed on multiple cell types in the colon (20).
To test our hypothesis that IL-1R1 signaling may be an important
integrator of injury-specific pathways required for colonic epithelial
repair, we conditionally deleted IL-1R1 in specific mesenchymal
cell types to examine the effects on the epithelium after pathogen-
and chemical-induced damage in the colon.

RESULTS

IL-1R1 is required for renewal of Lgr5* stem cells after
Citrobacter rodentium infection

C. rodentium is an attaching/effacing bacterium that infects epithelial
cells, resulting in epithelial hyperplasia and transient diarrhea (21).
Mice that lack IL-1R1 are highly susceptible to C. rodentium (Fig. 1A
and fig. S1A) (22). Both Il1o and I11B were up-regulated in the colon
in response to C. rodentium (Fig. 1B). In addition, CxclI, 1118, 1133,
116, and I117a were induced by C. rodentium (fig. S1B) with Il1a, 116,
and I117a showing IL-1R1-dependent regulation, consistent with
previous reports (23, 24). To evaluate the relative contribution of
IL-1a and IL-1pB, we used blocking antibodies and Caspase 1/11
double knockout (KO) mice (25). Antibodies against IL-1a showed
a greater increase in susceptibility to C. rodentium compared with
IL-1B-neutralizing antibodies (fig. S2A). A minor increase in sus-
ceptibility to C. rodentium infection after IL-1B blockade was con-
sistent with similar results obtained in Caspase 1/11 double KO mice
that are unable to process IL-1B to its active form (fig. S2B).

To determine how IL-1R1 signaling protects against C. rodentium,
we examined histology and gene expression in the distal colon at
various time points after infection. We observed that susceptibility
was associated with loss of crypt density and integrity of the epithelial
barrier, with I/1r1 KO mice having significantly lower crypt density
throughout the colon at days 7 and 11 after infection (Fig. 1, Cand D).
Consistent with a reduction in crypt density, markers of ISCs were
also affected. In Il1r1 HET mice, the Wnt target genes Lgr5 and
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Fig. 1. IL-1R1 is required for renewal of Lgr5* stem cells
after C. rodentium infection. (A) Kaplan-Meier survival plot
of II1r1 HET and KO mice after infection with C. rodentium.
n=10.****P<0.0001, log-rank Mantel-Cox test. (B) qRT-PCR 0 3
quantification of ll7a.and /7B in bulk tissue collected from the Days
colon at various time points during infection with C. rodentium.
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Because stromal cells have been iden-
tified as a major component of the stem
cell niche in the colon, we determined
whether IL-1R1-dependent signaling in-
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expression of Rspo3, a Wnt signal ampli-
fier required for Lgr5 expression and
intestinal regeneration (Fig. 2C) (27, 28).
Consistent with these in vitro results,
IL-1R1 signaling was required for in-
creased Rspo3 expression in the colon
in response to C. rodentium infection
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of primary colonic mesenchymal cells
with colonic epithelial organoids, we
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n=4,*P<0.05, Student’s t test. (C) Quantification of crypt density in a 1500-um segment of the colon. n=10, ***P <
0.005 and ****P < 0.0001. Multiple t test. (D) H&E-stained section of the colon of //7r1 HET and KO mice 11 days after
infection with C. rodentium. Scale bars, 100 um. (E) ISH of Lgr5 in the colon of naive mice and 3 and 11 days after
C. rodentium infection. Scale bars, 50 um. (F) qRT-PCR gene expression of Lgr5, Ascl2, Axin2, and Ccnd1 in bulk tissue
collected from the distal colon in //7r71 HET and KO mice at baseline and days 3 and 11 after infection with C. rodentium.
n=4,*P<0.05. Multiple t test. Error bars in (B), (C), and (F) indicate SEM. All experiments were repeated at least twice

signaling in mesenchymal cells was suf-
ficient to maintain Lgr5 transcription in
the organoids in the absence of any exog-
enously supplied factors (Fig. 2E). This
phenotype was dependent on R-spondin 3

with similar results.

Ascl2 were initially reduced after infection but began to normalize
by day 11. This normalization of stem cell gene expression was not
apparent in Il1rI KO mice, which showed continued reduced stem
cell gene expression at day 11 (Fig. 1, E and F). The effect of IlIr1
KO on Ascl2 and Lgr5 was not accompanied by a reduction in clas-
sical Wnt target genes such as Axin2 or Ccndl, which are expressed
in both stem cells and transit amplifying cells (26), suggesting that
IL-1 supports epithelial repair primarily by promoting Wnt target
gene expression specific to ISCs.

IL-1R1-dependent induction of R-spondin 3 in stromal cells
is required for Lgr5* stem cell renewal and epithelial barrier
repair after C. rodentium infection

To narrow down the cell types in which IL-1R1 signaling is required
for resistance to C. rodentium infection, we adoptively transferred
Il1r1 wild-type (WT) or KO bone marrow-derived cells into
Il1r1 WT or KO irradiated recipient hosts. Using this approach, we
found that IL-1R1 signaling in radiation-resistant cells was required

Cox et al., Sci. Immunol. 6, eabe8856 (2021) 7 May 2021

(RSPO3), as antibody neutralization of

RSPO3 blocked the ability of IL-1a or
IL-1B to increase Lgr5 mRNA expression in organoids (Fig. 2F) (28).
Il1r1 HET mice treated with neutralizing anti-RSPO3 antibodies were
highly susceptible to C. rodentium infection, which was associated
with a significant decrease in Lgr5 expression (Fig. 2G). Blocking
RSPO3 in Il1r1 KO mice further impaired resistance compared with
their 11171 HET littermates, indicating that RSPO3 production is not
dependent on IL-1R1 activation alone. In turn, administration of
recombinant RSPO3 increased Lgr5 expression and crypt density
and rescued Il1r1 KO mice (Fig. 2H and fig. S3, A to C). These data
indicate that IL-1 regulation of RSPO3 production by mesenchymal
cells maintains the ISC compartment and plays a critical role in host
defense against C. rodentium.

IL-1R1 induces Rspo3 expression in a unique population

of Grem1* mesenchymal cells

Because mesenchymal cells within the intestine consist of a hetero-
geneous population of cells (15), we set out to define which subpop-
ulation of mesenchymal cells shows IL-1R1-dependent induction of
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Fig. 2. IL-1R1-dependent induction of RSPO3 in stromal cells is required for Lgr5* stem cell renewal and epi-
thelial barrier repair after C. rodentium infection. (A) Kaplan-Meier survival curves of //7r71 WT and KO bone marrow
chimeras. n =8, ****P < 0.001, log-rank Mantel-Cox test. (B) qRT-PCR gene expression of //1r1 and /l7r2 in epithelial
and stromal cells isolated from the colon of naive mice. n =5, ****P < 0.001. Student’s t test. (C) Expression of Wnt and
R-spondin ligands in primary colonic stromal cells stimulated with 1 ng/ml of IL-1a or IL-1B for 24 hours. Gapdh was
used as a housekeeping gene to normalize expression data. Data are expressed in fold change from unstimulated
control cells. n=3. ***P <0.005, one-way ANOVA with Tukey’s multiple comparisons test. (D) Expression of Rspo3 in
bulk tissue collected from the distal colon at indicated time points after C. rodentium infection. n=4, *P < 0.05,
Student’s t test. (E) qRT-PCR of Lgr5 in cocultures of primary epithelial organoids and stromal cells both collected from
the colon. Genotypes of epithelial organoids and primary stromal cells are indicated, and cocultures were stimulated
with IL-10 or IL-1pB for 48 hours. n =4. *P < 0.05, ***P < 0.005, and ****P < 0.001, one-way ANOVA with Tukey’s multiple
comparisons test. Epi., epithelial; Mesen., mesenchymal; Full media, full stem cell media. (F) qRT-PCR of Lgr5 expression
in cocultures stimulated with IL-1a or IL-1p for 48 hours and treated with vehicle or RSPO3-neutralizing antibody.
n=4,***P<0.,005, Student’s t test. (G) Kaplan-Meier survival curve for //7r7 HET and KO mice treated with a control anti-
body or a RSPO3-neutralizing antibody after infection with C. rodentium. n =8, ****P < 0.001, log-rank Mantel-Cox
test. Right: Lgr5 expression by qRT-PCR in bulk colonic tissue from /I7r7 WT mice. n=4, ***P < 0.005 and
***¥P < 0.001, Student’s t test. (H) Survival of //7r1 KO mice treated with vehicle or recombinant RSPO3 after infec-
tion with C. rodentium. n =8, **P <0.01, log-rank Mantel-Cox test. Right: Lgr5 expression by qRT-PCR in bulk colonic
tissue from mice in a similar experiment. n =4, ****P < 0.001, Student’s t test. Error bars in (B) to (H) indicate SEM. Ex-
periments were repeated at least twice with similar results. NS, not significant.
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Rspo3. Using in situ hybridization (ISH),
we found that Rspo3 is predominantly
expressed in the muscularis mucosae
and is visibly increased at day 11 after
C. rodentium infection (fig. S4A). To
further define this population of cells,
we performed dual ISH with known
mesenchymal markers. Collal expression
was found expressed in subepithelial
mesenchymal cells along the crypt and
coexpressed with Rspo3 in the muscu-
laris mucosae (Fig. 3A). Pdgfra expression
was found primarily in subepithelial
mesenchymal cells along the crypt and
was not strongly coexpressed with Rspo3
in the muscularis mucosae (Fig. 3B). In
contrast, Grem1, marking a population
of cells (trophocytes) required for Lgr5
expression in the small intestine (29),
was coexpressed with Rspo3 (Fig. 3C).
Other mesenchymal cell markers includ-
ing Cd34, Glil, and Foxl1 were mini-
mally coexpressed with Rspo3 (fig. S4B).
Isolated primary GREM1', PDGFRA™,
and PDGFRA cells from the colon
confirmed that Rspo3 is enriched in
GREM1" cells, whereas Wnt4 is enriched
in PDGFRAM cells (Fig. 3D). ISH of
Greml and Pdgfra also confirmed that
these cell markers are minimally coex-
pressed (fig. S5, A to D). IlIr] was ex-
pressed in PDGFRA™, PDGFRA", and
GREM1" cells and was increased in each
cell type after infection with C. rodentium
(Fig. 3E). We then analyzed RSPO3,
ILIR1, WNT4, PDGFRA, and GREM]1 ex-
pression in a publicly available dataset
of control and ulcerative colitis diagnosed
human colonic biopsy samples (15).
Matching the murine data, GREMI rep-
resented a unique cluster of cells that
was distinct from PDGFRA" mesenchy-
mal cells and that constituted the main
source of RSPO3 (fig. S6, A and B).
RSPO3* ILIRI" double-positive cells
formed a subset of cells within this cluster
in samples from healthy controls and pa-
tients diagnosed with ulcerative colitis.

IL-1R1-dependent induction

of RSPO3 in GREM1* cells is
required for crypt protection after
C. rodentium infection

Because 11111 is expressed on multiple
subsets of mesenchymal cells, we used
three different Cre-expressing mouse
lines to target Il1r1 in mesenchymal cell
populations: Collal.creERT2, Greml.
creERT2, and Pdgfra.Cre (figs. S7 and
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Fig. 3. Expression of Rspo3 in GREM1* cells after C. rodentium infection. (A to C) Dual ISH and number of single-
or dual-positive cells per square micrometer of Rspo3 and either Col1a1 (A), Pdgfra (B), or Grem1 (C) (blue) on day 11
after infection with C. rodentium. Scale bars, 50 um. (D) gRT-PCR gene expression of Rspo3 and Wnt4 in primary sorted
cells. n=4. ****P<0.001 and **P<0.01, one-way ANOVA with Tukey’s multiple comparisons test. (E) Left: qRT-PCR
gene expression of //1r1 in primary sorted cells at baseline. n=3. **P<0.01 and ****P < 0.001, one-way ANOVA
with Tukey’s multiple comparisons test. Right: Fold change in //7r7 expression on day 11 after infection with
C. rodentium. n=3.*P < 0.05 and **P < 0.01, Student’s t test. Error bars in (D) and (E) indicate SEM.

S8, A to E). Whereas Grem1 and Pdgfra are enriched in specific
mesenchymal cell types that express Rspo3 and Wnt ligands, respec-
tively, Collal is broadly expressed in all mesenchymal cells. After
C. rodentium infection, both Collal.creERT2 Il1r1 loxP/loxP
(Col1a1*™) mice and Grem1I.creERT?2 Il1r1 loxP/loxP (Grem1*™™)
mice recapitulated the stem cell and crypt density phenotype of
germline I/1r1 KO mice (Fig. 4, A and B). Unexpectedly, Pdgfra.Cre
11171 loxP/loxP (Pdgfra®™™) mice did not, indicating that unlike

Cox et al., Sci. Inmunol. 6, eabe8856 (2021) 7 May 2021

Grem1+ Rspo3*

trols after infection (fig. S9).

IL-1R1-dependent induction of
IL-22 in ILCs contributes to host
resistance and epithelial regeneration
after C. rodentium infection
Despite similar effects on crypt density
Rspo3*  and Lgr5and Rspo3 expression, Collal adllirt
(1) mice were more susceptible to C. rodentium
/ than Grem1*™ mice (Fig. 4C). This
suggested that IL-1R1 signaling in
COL1A1" GREM1™ cells contributed to
C. rodentium resistance. To identify these
cells, we explored additional factors
"ri known to be critical for protection to
* this pathogen. IL-22, an essential cyto-
kine in the response to C. rodentium, is
6 - known to be regulated by IL-1 (30, 31).
We confirmed the critical role of IL-22
in this model (Fig. 5A) and show IL-1R1-
dependent regulation of I122 and its re-
sponse gene, Reg3g, in the colon (Fig. 5,
B and C). Reg3g was reduced in germ-
line KO and Colla1*™™ mice but not in

(32.4)

*%

Fold change
(C. rodentium/naive)
N

0 N Grem1*™™ compared with Grem 1"
& <<<??®'\ mice. This suggests that COL1A1"
PP GREM1" cell ible for th
QLG cells are responsible tor the

difference in susceptibility and may be a
source of IL-22. There are two known
sources of IL-22 in the colon: innate
lymphoid cells (ILCs) and CD4" T cells.
On the basis of known requirements
during the early innate phase of infection
and the partial susceptibility of mice
lacking T cells (32), ILC-derived IL-22
is thought to be critical for resistance to
C. rodentium (30, 33). Furthermore, ILCs
are reported to be radioresistant (34). Because our bone marrow
transfer experiment suggested that IL-1R signaling is required on
radioresistant populations, we focused our attention on ILCs. In
the Il1r1 KO mice, IL-22" ILCs were reduced after infection with
C. rodentium and unresponsive to exogenous IL-1f stimulation
(Fig. 5D). Furthermore, we observed COL1A1 reporter activity in
ILCs from CollaI*™™ mice (Fig. 5D and fig. S10), consistent with
low-level expression of Collal in this cell population [Fig. 5E and (35)].

40f12

1202 ‘vz Aen uo Ausianiun piojuels 1e /B1oBewsdusios ABojounwiwi//:dny woly papeojumod


http://immunology.sciencemag.org/

SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

A C. rodentium, day 11 B
— — *% 30
g P R
= g )
S < z 25 1
K] c e}
a S [} X
g FEC B
2 o S 151 ——1r1 HET
5 2 S |-=-mrko
o= S o = RS A 10+—F——
\g(, \{\0\@ %\g\\\& @;&\\c’i‘ 8\\\ CC\Q\'\ \{\O \\o §\\ \\o:(\ \v\\\\g\@ ’ &\\‘ 0 5Day1$0 15
\\\ﬂ \\ o\ \\ O @%}‘% O \\\\ \\ 0\'\ ) (9@6&‘ 6‘5
(9 Qe} C C
_ Col1al.creERT2 30 Grem1.creERT2 30 C. rodentium 5
X X < 100'|_|_'
o !\ = R S (N SN _:_ pdgfj,(?\laum
~ 25 4 = = —_ ——
P 1Ny 37 5% 2 T
= o it
< 20+ AN EZO 20 250. '= [
8 Q \\i g > 'hGremIA"”"
4] 2 w0 3 14
&15 1 — Col1g71WTox? &15 —e— Grem 1Wiox? §15 —— Pdgfra"‘”/"’”’ 2 11r1 KO :COI_ZC”A”””
S - 11781 U . " < —=- Pdafrg™ el
u10 =- Colla ' 101 = GremIA’”” U]O. k gl : 0 . ***;: HE .
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15 20
Days Days Days Days

Fig. 4. IL-1R1-dependent induction of RSPO3 in GREM1* cells is required for crypt protection after C. rodentium
infection. (A) qRT-PCR gene expression of Lgr5 (left) and Rspo3 (right) in bulk tissue collected from the distal colon of
111r1 HET and KO, Col1a1®""", Col1a1"V™"*® Grem 1™ Grem1VT'*® pdgfra®""", and Pdgfra"™"*® mice at day 11 after
infection with C. rodentium. n =4.*P < 0.05, one-way ANOVA with Tukey’s multiple comparisons test. (B) Quantification
of crypt density in 1500-um colon segments of 17r1 HET and KO, Col1a1""", Col1a1VT"**®, Grem 1°™"", Grem 1WT/'*®,
Pdgfra®"™, and Pdgfra"™">" mice at day 11 after infection with C. rodentium. n=5, *P < 0.05. one-way ANOVA with
Tukey’s multiple comparisons test. Error bars in (A) and (B) indicate SEM. (C) Kaplan-Meier survival curve of Il1r1 HET and
KO, Col1a1®""™" Col1a1"™*® Grem12"", Grem1VT'® pdgfra®""", and Pdgfra"’™'>® mice after infection with C. rodentium.
Solid lines represent the WT/loxP controls. n =8, *P < 0.05, ***P < 0.005, and ****P < 0.001, log-rank Mantel-Cox test.

reduced regenerative response in DSS as
compared with Il1r]1 HET mice as shown
by a reduction in Lgr5, Rspo3, and Axin2
(Fig. 6F). This appeared to be specific
to Wnt target genes as Hopx expression
was unchanged between genotypes (fig.
S12) (36). Consistent with a reduced re-
generative response, crypt density was
significantly reduced in II171 KO compared
with IlIr]1 HET mice and more pro-
nounced after DSS treatment compared
with C rodentium infection (Fig. 6G). Usmlg
Colla 1A1111r1 Colla IWT loxP . Gre 1A1le
and GremlWT/ X ice, we explored the
contribution of IL-1R1-dependent sig-
naling in the COL1Al- and GREM1-
positive mesenchymal cell populations
in mounting a response to DSS admin-
istration. Unlike in the C. rodentium
model, Col1a1*™™ and Grem1*™™ mice
were both sensitive to DSS, recapitulat-
ing the germline Il1r1 KO phenotype in
survival, crypt density, and Lgr5 and Rspo3
expression (Fig. 7, A to C). Thus, in con-
trast to the IL-22-dependent C. rodentium
model, IL-1R1-dependent signaling
in RSPO3-producing GremI* cells alone
is required for recovery from DSS-
induced damage.

DISCUSSION

Crypt length, the number of proliferating cells per crypt, and the
expression of Ly6a, a marker of transit amplifying progenitors, were
all decreased in IlIr1 KO and Collal®™™ mice (fig. S11, A to D),
indicative of reduced expansion of transit amplifying cells. Further-
more, at day 3 after infection when there was increased 1122 expres-
sion in Il1r1 HET mice, Krt20, a marker of terminally differentiated
enterocytes, was reduced, reinforcing that IL-22-mediated hyper-
plasia was dependent on IL-1R1-mediated signaling. These data
demonstrate that IL-1R1-dependent induction of RSPO3 in GREM*
mesenchymal cells and IL-22 in ILCs are both required for an opti-
mal host response to C. rodentium-induced infection.

IL-1R1-dependent signaling and RSPO3 contribute

to epithelial repair after DSS-induced damage

To explore the contribution of IL-1R1-dependent signaling in re-
sponse to chemically induced cellular damage, we used the dextran
sulfate sodium (DSS)-induced colitis model. Loss of IL-1R1 (Fig. 6A)
and RSPO3 inactivation (Fig. 6B) both increase susceptibility, but
unlike C. rodentium infection, neutralization of IL-22 did not induce
susceptibility in this model (Fig. 6C). Consistent with these results,
DSS-induced up-regulation of Reg3g started 10 days after DSS ad-
ministration, whereas Reg3g induced by C. rodentium infection peaked
at day 3 (Fig. 6D). DSS treatment resulted in an increased early loss
of Lgr5 and Axin2 and an increased expression of Rspo3 when compared
with C. rodentium infection (Fig. 6E). Il1r1 KO mice exhibited a strongly

Cox et al., Sci. Immunol. 6, eabe8856 (2021) 7 May 2021

Multiple stromal subtypes have been

identified in the intestine as important
sources of trophic factors required for intestinal homeostasis and
regeneration (6-10, 12-16). Although it is well accepted that stromal
cells are critical for supporting epithelial repair, it remains un-
clear what triggers the response of these niche cells to adaptively
regulate progenitor cell proliferation while protecting the stem cell
compartment. Even less clear is how different repair mechanisms
are enlisted after distinct types of damage. Our data reveal that IL-
1R1 plays a key role in orchestrating both processes in a damage-spe-
cific manner (Fig. 8). In the setting of C. rodentium infection, IL-1R1
activation in GREM1" mesenchymal cells leads to the up-regulation
of RSPO3 production to drive ISC maintenance, whereas IL-1R1
activation in ILCs contributes to epithelial repair through the pro-
motion of IL-22-driven progenitor cell proliferation. In a model of
DSS-induced colitis, IL-1 stimulation of GREM1" Rspo3-express-
ing cells is sufficient to support epithelial repair. Thus, IL-1R1
activation in distinct cell types results in a versatile epithelial re-
sponse calibrated to the type of damage. This difference in IL-1R1-
dependent response may reflect the different nature of the insult.
C. rodentium uses a type I1I secretion system that kills a wide range
of host epithelial cells and requires rapid mobilization of both IL-
22 and RSPO3 to provide an acute life-saving response. DSS acts as
a direct toxin to colonic epithelial cells and reduces self-renewal of
colonic crypt stem cells (26), but its action is more gradual and does
not elicit an acute response. How C. rodentium virulence factors
and DSS toxin trigger IL-1 release could potentially contribute to a
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improve epithelial barrier function in
disease.

parisons test. (D) Percentage of IL-22" ILCs of a total pool of THY2" ILCs isolated from naive mice 3 days after C. rodentium
infection of //7r1 HET and KO mice and subsequently stimulated with vehicle or IL-18 for 3 hours. n=4. ***P <0.005

and ****P < 0.001, one-way ANOVA with Tukey’s multiple comparisons test. (E) Percentage of Col71al-expressing stro-
mal cells and ILCs isolated from Col71al.creERT2 (-) or Col1al.creERT2 Rosa26.Isl.tdTomato (+) reporter mice after both
strains received 4-OHT. n = 3. *P < 0.05 and ***P < 0.005, one-way ANOVA with Tukey’s multiple comparisons test.
(F) gPCR of CollaT in sorted Thy-1* IL-22" tdTomato* ILCs and EpCAM* colon epithelial cells. Error bars in (B) to (E) in-
dicate SEM. Dots in every experiment represent data obtained from independent mice. Experiments were repeated
at least twice with similar results. In (B), (C), (E), and (F), 4-OHT was administered for three consecutive days before oral
gavage with C. rodentium. After infection, mice were treated every third day with 4-OHT.

better understanding of how the nature of the injury triggers dif-
ferent responses downstream of IL-1R1 signaling.

Recent studies have highlighted the emerging heterogeneity and
functional roles of intestinal mesenchymal populations. These include
FOXLI1" cells, termed telocytes (14), and GLI1-expressing mesen-
chymal cells (9). Both have been proposed as sources of Wnt ligands
and may be partly overlapping (10, 37). IL-1R1 signaling is not re-
quired in Wnt-producing Pdgfra® cells, consistent with the absent
up-regulation in general Wnt target genes, and does not appear to
drive epithelial repair through increased numbers of committed in-
testinal progenitor cells, such as Hopx", that can dedifferentiate to
replenish the pool of lost stem cells (36). IL-1R1 signaling is critical

Cox et al., Sci. Immunol. 6, eabe8856 (2021) 7 May 2021

MATERIALS AND METHODS

Study design

The study was designed to identify
radioresistant cells responsible for IL-
1R1-dependent support of epithelial
restitution after infection- and chemi-
cally induced damage. The impact of
deleting IlI71, the common receptor for
the cytokines IL-1a and IL-1B, in specific subpopulations of cells
was based on (i) measurements of epithelial and stem cell markers
in whole tissues obtained at predefined endpoints and (ii) survival
of the mice, which was defined as mice that were moribund or lost
20% or more of their body weight. Neutralizing antibodies IL-1a,
IL-1B, IL-22, and RSPO3 were delivered intraperitoneally. For all
studies, mice were randomized on the basis of weights over the
treatment groups. The sample size is based on a power analysis that
takes into account the predicted size of the effect and the number of
experimental groups in any given study. Experiments that measured
body weights as an endpoint were carried out in a blinded manner.
Bodyweights were monitored for at least 14 days after infection or
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Fig. 6. IL-1R1-dependent signaling and RSPO3 A
contribute to epithelial repair after DSS-induced
damage. (A) Kaplan-Meier survival curve of I1r1
HET and KO mice after DSS administration. n=10,
***¥*p <0.0001, log-rank Mantel-Cox test. (B) Kaplan-
Meier survival curve of WT mice treated with
anti-ragweed (anti-RW) or anti-RSPO3 antibodies.
n=10, ****P <0.0001, log-rank Mantel-Cox test.
(C) Kaplan-Meier survival curve of WT mice treated !
with anti-RW or anti-IL-22 antibodies. n =10, 0 r
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A conditional allele of IlIr]1 was created by introducing loxP sites
flanking exons 3 and 4 by two consecutive rounds of cytoplasmic
co-injection of Cas9 mRNA, single guide RNA (sgRNA), and
single-stranded DNA (ssDNA) oligo donors containing loxP sites into
C57BL/6N zygotes. The resulting mosaic founders were screened
for absence of editing at the top algorithm-predicted off-targets, as
previously described (40). After each round of microinjection, mosaic
founders without off-targets were bred to C57BL/6N for germline
transmission. Heterozygous progenies carrying the final conditional
KO (loxP) allele were then crossed to mice carrying cre. The sgRNA
sequences used to target Il1r] introns 2 and 4, respectively, are
5'-ACAACTGGAGAGTGTACACA and 5-GAATATTGCTCTCTT-
TGTAG. The 746-base pair floxed region corresponds to GRCm38/
mm10 chr1:40,292,998-40,293,743. Genotyping was carried out using
the following primers: AGGAACTGACTGTAAATGAT, TTAG-
CATCATTGGTTAGTAAAG, and ACTAAGGCAGATAGAGACA.
Collal.creERT2.ALPP mice were obtained from the Jackson
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Laboratory [B6.Cg-Tg(Collal-cre/ERT2)1Crm/], stock 016241] (41)
and crossed to Rosa26.Isl.tdTomato mice (Jackson Laboratory, stock
007914), (42) to generate Collal.creERT2 Rosa26.Isl.tdTomato re-
porter mice and backcrossed for 10 generations to C57BL/6N mice.
Mice were then crossed to Il171 loxP/loxP mice to create an inducible
Il1r1 KO in Collal-expressing stromal cells (Collal.creERT2 Il1r]
loxP/loxP or Col1a1*™™). Pdgfra.cre mice were obtained from the
Jackson Laboratory (stock no. 013148) and crossed to 11171 loxP/loxP
mice to create Pdg'm. cre Il1r1 loxP/loxP ( PdgfmA'm 1) and WT/loxP
mice (Pdgfra® "), Grem1.creERT2 mice were generated as described
previously (29) and crossed to Rosa26-EYFP (006148; Jackson Lab-
oratory) to generate Grem1.Cre-ERT2 Rosa26-LSL-EYFP mice. Grem1.
creERT2 mice were crossed to 1171 loxP/loxP mice to generate Grem].
creERT? 1171 loxP/loxP (Grem1“™™) and WT/loxP (Grem1"V o)
mice. Successful deletion of 11171 by Cre-induced recombination was
confirmed by quantitative reverse transcription PCR (qQRT-PCR) after
sorting out primary colonic fibroblasts isolated from Grem1" /1
and Grem1*™"! mice treated with 4-hydroxytamoxifen (4-OHT). In
all experiments, only littermates that were hemizygous or heterozygous
for Cre were used. All protocols described herein were approved by
the Genentech IACUC. Il1r17~ mice (B6.129S7-I11r1!1m/)) (43) were
obtained from Jackson Laboratory (stock 003245) and backcrossed
for eight generations to C57BL6/J mice (Jackson Laboratory).
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Three percent (w/w) colitis-grade DSS
(MP Biomedicals, 9011-18-1) was added
to the drinking water for 7 days. The
water was weighed daily to determine the
average water consumption per cage.
Mouse bodyweights were recorded daily,
and mice that lost 20% or more of their
body weights were euthanized following
TACUC standards. In the anti-RSPO3
and anti-IL-22 treatment groups, mice
were injected intraperitoneally every third
day with a specific antibody (15 mg/kg)
against RSPO3 (28), anti-IL-22 (30),
or anti-ragweed as a vehicle control
(Genentech) starting on the first day of
DSS administration.
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after DSS-induced epithelial damage. (A to C) Kaplan-Meier survival curve, crypt density, and gRT-PCR gene ex-

pression of Lgr5 and Rspo3in I1r1 WT and KO mice (A) and Col1a1*"""(B)and Grem 1™ mice (C) after DSS treatment.
Solid lines represent heterozygous (//7r1 strain), CoIIaiWT/"’XP, or Grem1"T/loxP mice; dotted lines represent KO (/1r1
strain), Colla IA”””, or Grem 1" mice. N=1 0,*P < 0.05,**P < 0.01,and ***P < 0.005, log-rank Mantel-Cox test. N =4,
***¥¥P < 0.0001, one-way ANOVA with Tukey’s multiple comparisons test. Error bars indicate SEM. 4-OHT was admin-
istered for three consecutive days before and every third day after DSS administration. Experiments were repeated

at least twice with similar results.

Infection with C. rodentium and treatment

C. rodentium was purified on MacConkey agar, and one colony was
inoculated in LB and allowed to grow overnight to produce a stock
solution. Mice were then inoculated by oral gavage with 2 x 10°
colony-forming units of C. rodentium. For the anti-IL-1 experiments,
mice were injected intraperitoneally every third day with a specific
antibody (15 mg/kg) against IL-1a (Bio X Cell, ALF-161) or IL-1P
(Genentech Inc.). For the anti-RSPO3 experiments, mice were in-
jected intraperitoneally every third day with a specific antibody
(15 mg/kg) against RSPO3 (28) or anti-ragweed as a vehicle control
(Genentech Inc.). For the recombinant RSPO3 rescue experiments,
mice were injected intraperitoneally every third day with 0.1 ml of
recombinant RSPO3 (Genentech Inc.; 300 pg per mouse per dose)
or the equivalent volume of phosphate-buffered saline (PBS) used
as a vehicle control. For the anti-IL-22 experiments, mice were in-
jected intraperitoneally every third day with a specific antibody
(15 mg/kg) against IL-22 (30).

Cox et al., Sci. Immunol. 6, eabe8856 (2021) 7 May 2021

Quantification of crypt density

Images of hematoxylin and eosin (H&E)-
stained 6-um paraffin sections of the colon
were collected at x10 magnification and
used to quantify the number of crypts
in 1500-pm randomly selected longitu-
dinal segments of the distal colon.

Quantitative reverse transcription polymerase

chain reaction

Colons were isolated, flushed with PBS, and small pieces dissected
from the distal colon were placed in RN Alater. The tissue pieces were
then homogenized using a TissueLyser 2, and RNA was isolated
with an RNeasy Mini Kit (Qiagen, 74104). DNA was degraded on a
column with ribonuclease-free deoxyribonuclease (Qiagen, 79254),
and complementary DNA (cDNA) was synthesized with the iScript
cDNA synthesis kit (Bio-Rad, 1708891). For cDNA synthesis, be-
tween 200 and 500 ng of starting RNA was used for each reaction.
For qRT-PCR, TagMan Fast Advanced Master Mix (Qiagen) was used.

Isolation of primary intestinal fibroblasts

The colon was removed, flushed, splayed open lengthwise, and cut
into ~1 cm by 1 cm pieces before processing according to the lamina
propria kit from Miltenyi Biotec. Briefly, the colon pieces were
placed in a 50-ml conical tube with 20 ml of predigestion solution
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Fig. 8. IL-1R1-dependent signaling coordinates epithelial regeneration. Diagram demonstrating how IL-1R1-dependent signaling orchestrates distinct repair pro-
grams required to restore intestinal epithelial barrier function after C. rodentium or DSS-induced intestinal injury. TACs, transit amplifying cells.

[1x Hanks' balanced salt solution (HBSS) with 5 mM EDTA, 5%
fetal bovine serum (FBS), and 1 mM dithiothreitol (DTT)] and in-
cubated three times at 37°C in a MACSmix tube rotator for 20 min
each (changing the solution each time). Afterward, the colon pieces
were vortexed for 10 s and passed through a 100-um strainer to re-
move any cellular debris. The colon pieces were placed into a
gentleMACS C tube along with the enzyme mix and dissociated
according to the LPDK protocol from Miltenyi. After dissociation,
the tissue solution was washed twice in 25 ml of high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) and spun down at
300 rcf to pellet the cells. The cells were then resuspended into a
100-mm tissue culture dish and incubated at 37°C in high-glucose
DMEM with 10% FBS, 10 mM Hepes, penicillin and streptomycin,
and 1x GlutaMax. The media was changed after 1 day to remove
cellular debris, and the cells were used within 3 days after isolation
for downstream analysis.

Isolation of primary epithelial organoids

Primary epithelial organoids were collected as follows: Colon tissue
was isolated, flushed with PBS, filleted, and cut into ~1 cm by 1 cm
pieces. After dissection, the tissue pieces were washed in PBS
three times or until the PBS was clear to remove the mucus layer.

Cox et al., Sci. Immunol. 6, eabe8856 (2021) 7 May 2021

Afterward, the tissue pieces were incubated for 5 min at 37°C in PBS
with 2.5 mM EDTA to dissociate epithelial cells. After incubation,
the tissue pieces were mixed gently and then strained from the solu-
tion. The tissue pieces were then resuspended in PBS with 5 mM
EDTA and incubated for 5 min at 37°C. After incubation, the tissue
pieces were shaken to dislodge epithelial crypts, the supernatant was
filtered through a 100-um filter, and the solution was spun down to
pellet the cells. After centrifugation, the cell pellet was washed with
25 ml of DMEM without serum to remove excess EDTA and centri-
fuged once more to pellet the cells. After the final centrifugation, the
cells were resuspended in a 50:50 solution of media and Matrigel, and
50 pl was plated into each well of a 24-well plate. The Matrigel solu-
tion was allowed to solidify at 37°C for 30 min before adding 500 pl
of stem cell media (STEMCELL Technologies, catalog no. 06005).

Epithelial organoid and primary fibroblast coculture

For the fibroblast and epithelial organoid coculture, separate cul-
tures of epithelial organoids and primary fibroblasts were dissociated,
spun down at 300 rcf, and resuspended in stem cell media. Both
organoids and fibroblasts were then mixed at a ratio of 1:1, placed
in 50% Matrigel, and cultured at 37°C. The coculture was incubated
for 4 days in full stem cell media to allow the organoids to mature
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and bud before changing to minimal media (DMEM alone, DMEM +
IL-10 or IL-1B, or DMEM + IL-10 or IL-1B + anti-RSPO3). IL-1a
and IL-1B (R&D) were used at 10 ng/ml, and anti-RSPO3 was used
at 10 pg/ml.

In situ hybridization

ISH was performed using reagents and protocols from Advanced
Cell Diagnostics. Briefly, the colon was longitudinally cut through
the midline and fixed in 10% neutral buffered formalin for 24 hours
before being placed in 70% ethanol and processed for paraffin em-
bedding. Sections at 6 um thickness were cut through the midline
and perpendicular to the colon lumen and then allowed to dry in a
60°C oven for 1 hour. Sections were rehydrated in two washes of
xylene for 5 min each followed by two washes in 100% ethanol, one
wash in 95% ethanol, and one wash in 90% ethanol, all for 1 min each.
After rehydration, the samples were incubated in hydrogen peroxide,
boiled in antigen retrieval buffer, and then digested with proteinase
for 15 min at 40°C. After digestion, the slides were washed twice for
1 min with ISH wash buffer and then hybridized with probes for
2 hours at 40°C. After hybridization, amplification steps were com-
pleted according to Advanced Cell Diagnostics protocol. After the
final amplification incubation, the slides were washed in ISH wash
buffer and detected with horseradish peroxidase conjugated with
DAB, counterstained with hematoxylin, and then baked in a 60°C
oven for 15 min before mounting with nonaqueous mounting media.

Fluorescence-activated cell sorting

The colon was removed, any remaining fat was trimmed off, and
the tissue was dissociated following the Miltenyi lamina propria kit.
Briefly, the colon was cut lengthwise to open it and then cut into
small squares about 0.5 cm by 0.5 cm in size. The tissue was then
placed in a 50-ml conical tube with 20 ml of predigestion solution
(HBSS with 5 mM EDTA, 5% FBS, and 1 mM DTT) and incubated
for 20 min at 37°C while rotating. The tissue was then strained, and
the process was repeated twice more, once again with predigestion
solution and once with HBSS, straining after each step. The en-
zyme solution was then reconstituted according to the protocol,
and the tissue and enzyme solution were collected in a gentle-
MACS tube and dissociated according to the LPDK protocol from
Miltenyi. After dissociation, the tube was centrifuged at 300g for
5 min, and the supernatant was poured off. The dissociated cells
were then washed twice with fluorescence-activated cell sorting
(FACS) buffer, strained through a 100 uM and 40 pM filter. Dis-
sociated single cells were then subsequently stained for flow cyto-
metry analysis.

For IL-1B stimulation of ILCs, ~250,000 cells were resuspended
into a 96-well plate and resuspended in DMEM with 1 ng of IL-1B
or control vehicle. The cells were then stimulated for 3 hours before
washing and preparing for antibody staining.

For surface marker antibody staining, ~250,000 cells were resus-
pended into a 96-well 1-ml plate and incubated with FACS buffer
with Fc block (1:10) and live/dead stain (1:1000) for 10 min. After
blocking, the primary antibodies were added to each well at a 1:100
dilution and stained for at least 30 min. The cells were then washed
twice with FACS buffer, spinning at 300g for 5 min after each wash.

For intracellular staining of IL-22, cells were fixed with BD
Cytofix (catalog no. 554722). After fixation, cells were washed twice
with BD Perm/Wash buffer and then stained with anti-IL-22 anti-
body (1:100 dilution) in a BD Perm/Wash buffer dilution 1:10. Cells
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were stained for 1 hour before washing twice with BD Perm/Wash
buffer, resuspended in FACS buffer, and processed.

Single-cell RNA sequencing data analysis

Gene expression matrices containing single-cell RNA sequencing
data from colonic tissue from five healthy controls and five patients
diagnosed with ulcerative colitis (15) were imported into Partek Flow
Genomic Analysis Software (Copyright 2016, Partek Inc., St. Louis,
MO). A subsample of cells expressing either GREMI or PDGFRA, at
least 0.5 and 0.75 reads per kilobase of transcript, per million mapped
reads (RPKM), respectively, was selected and reclustered using the
Seurat software package (44, 45). Cell subsets were defined and labeled
by t-distributed stochastic neighbor embedding clustering. Data visual-
ization for the subsample of cells expressing GREM1 or PDGFRA
was imported into R and generated with the ggplot2 package (46).

Statistical analysis

All data were analyzed and graphed using Prism 6 software (GraphPad).
All survival curves were analyzed with a log-rank Mantel-Cox test
and had at least n = 5 animals per experimental group. Comparisons
between two groups were analyzed by performing an unpaired two-
tailed Student’s t test. Comparisons between more than two groups
were analyzed by performing a one-way analysis of variance (ANOVA)
with Tukey’s multiple comparisons test. For all experiments, indi-
vidual dots on each graph represents unique biological samples and not
technological replicates. For marking significance, *P < 0.05, **P < 0.01,
**¥P < 0.005, and ****P < 0.001 or 0.0001 as indicated in the legends. All
experiments were performed at least twice. Error bars indicate SEM.
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Building back colonic crypts

Restoration of the colonic epithelium after mucosal injury depends on cell renewal initiated by intestinal stem cells
(ISCs) and their progeny. Stromal cells near the base of colonic crypts secrete trophic factors for ISCs, but regulation of
this process by proinflammatory mediators is not well understood. Cox et al. used mouse models of pathogen- or

chemical-induced epithelial damage to investigate the contribution of IL-1 and its receptor (IL-1R1) to epithelial restitution.

IL-1 release induced GREM1 * mesenchymal cells to produce R-spondin 3, a Wnt agonist supporting ISC renewal and
proliferation. IL-1 also promoted innate lymphoid cell production of IL-22, a cytokine supporting colonocyte proliferation.
These findings illustrate the need to consider the desirable regenerative properties of IL-1 when designing therapeutic
approaches for chronic inflammatory diseases.
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