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Attaching and effacing pathogens, including enterohemorrhagic Escherichia coli in humans and Citrobacter rodentium in mice,
raise serious public health concerns. Here we demonstrate that interleukin-1 receptor (IL-1R) signaling is indispensable for pro-
tection against C. rodentium infection in mice. Four days after infection with C. rodentium, there were significantly fewer neu-
trophils (CD11b� Ly6C� Ly6G�) in the colons of IL-1R�/� mice than in wild-type mice. Levels of mRNA and protein of KC/
CXCL1 were also significantly reduced in colon homogenates of infected IL-1R�/� mice relative to wild-type mice. Of note,
infiltrated CD11b� Ly6C� Ly6G� neutrophils were the main source of IL-22 secretion after C. rodentium infection. Interest-
ingly, intestinal stromal cells isolated from IL-1R�/� mice secreted lower levels of KC/CXCL1 than stromal cells from wild-type
mice during C. rodentium infection. Similar effects were found when mouse intestinal stromal cells and human nasal polyp stro-
mal cells were treated with IL-1R antagonists (i.e., anakinra) in vitro. These results suggest that IL-1 signaling plays a pivotal role
in activating mucosal stromal cells to secrete KC/CXCL1, which is essential for infiltration of IL-22-secreting neutrophils upon
bacterial infection.

Citrobacter rodentium is an enteric extracellular pathogen that
serves as a mouse model of human infections with enterohe-

morrhagic and enteropathogenic Escherichia coli (1). C. rodentium
colonizes the cecum and colon of mice after oral infection and
targets epithelial cells by creating characteristic attaching and ef-
facing lesions. Infection leads to weight loss, diarrhea, goblet cell
loss, and inflammation by infiltration of macrophages, neutro-
phils, and mast cells primarily in the cecum and colon (2–4). The
C. rodentium infection model is widely used for evaluating host
immune responses against enteric bacterial pathogens in gut mu-
cosal tissues (5–7).

Innate immune cells recognize pathogens via toll-like recep-
tors (TLRs) and downstream signaling, most by way of MyD88-
dependent signals (8, 9). TLRs have various isoforms and recog-
nize specific ligands, bacterium-specific structures, and conserved
structure motifs that include proteins, nucleic acids, and lipids. C.
rodentium organisms produce abundant lipopolysaccharides, a
known ligand for TLR4, and previous studies have shown that
MyD88 and TLR4 signals are essential for protective immune re-
sponses (5, 10, 11).

Because the cytosolic recognition sectors of TLRs are similar to
those of IL-1R, they are called the Toll/interleukin-1 (IL-1) recep-
tor (IL-1R) domain (12). IL-1 is a key modulator for induction of
innate immunity and inflammation, affects all types of cells, and is
a major pathogenic mediator of autoimmune, inflammatory, and
infectious diseases (13, 14). We and others have found clear evi-
dence that IL-1 significantly contributes to host defense during
respiratory and enteric bacterial infection (15, 16). In 2009, Lebeis
et al. showed that IL-1R signaling plays an important role in in-
ducing protective immunity in the gut against C. rodentium infec-
tion (17). Indeed, IL-1R�/� mice exhibited high mortality and

severe colitis with severe epithelial cell damage compared to wild-
type (WT) mice with intact IL-1R. They concluded that suscepti-
bility to C. rodentium infection in the absence of IL-1R signaling is
not caused by delayed responses to recruitment of innate immune
cells, such as neutrophils (17), unlike the phenotype of MyD88�/�

mice (11).
Intestinal stromal cells make diverse contributions to innate

immunity in the gut and to the maintenance of gut homeostasis
(18, 19). It is well known that intestinal stromal cells are critical for
the expression of cytokines and chemokines and thus dynamically
interact with innate immune cells. Previous studies revealed that
human intestinal stromal cells strongly respond to IL-1 and IL-1R,
with a variety of functional outcomes (20, 21). Recent murine data
support a functional role for innate immune receptors on intesti-
nal stromal cells, as NOD2-dependent CCL2 production by intes-
tinal stromal cells plays a critical role in regulating inflammatory
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monocyte recruitment, which is essential for bacterial clearance
during C. rodentium infection in the murine model (22). Despite
recent advances in our understanding of the role intestinal stro-
mal cells play in the regulation of pathogenesis of enteric bacteria,
the underlying mechanisms are not understood.

In this study, we attempted to clarify the role of IL-1R in mouse
intestinal stromal cells and development of protective immune
responses against C. rodentium. We confirmed that IL-1R�/�

mice are more susceptible than WT mice to C. rodentium infec-
tion, as reported previously (17). The most serious defect was in
early defense mechanisms, with significantly reduced KC/CXCL1
in the large intestine 4 days after infection in the absence of IL-1R
signaling. We found few IL-22-secreting neutrophils in the ab-
sence of IL-1R signaling. Of note, intestinal stromal cells were a
primary regulator of the secretion of these chemokines. When our
findings are considered together, they show that IL-1R in intesti-
nal stromal cells is critical for recruitment of innate cells that play
an essential role in clearance of C. rodentium.

MATERIALS AND METHODS
Ethics statement. All animal experiments were approved by the Institu-
tional Animal Care and Use Committee of the Asan Biomedical Research
Center (Seoul, Republic of Korea). All experiments were performed under
anesthesia with a mixture of ketamine (100 mg/kg) and xylazine (20 mg/
kg), and all effort was made to minimize suffering. The study that used
human nasal polyps from patients with chronic rhinosinusitis was ap-
proved by the Institutional Review Board of the Asan Medical Center
(Seoul, Republic of Korea) and signed written consent was obtained be-
fore sample collection (approval number 2011-0384).

Mice and bacterial strains. C57BL/6 (B6) and IL-1R�/� mice were
purchased from Charles River Laboratories (Orient Bio Inc., Seongnam,
Republic of Korea) and Jackson Laboratory (Bar Harbor, ME), respec-
tively. All mice were bred and maintained under specific-pathogen-free
conditions in the experimental facility at the Asan Biomedical Research
Center, where they received sterilized food and water ad libitum. C. roden-
tium (DBS100 strain) and the green fluorescent protein (GFP)-expressing
strain were provided by B.A.V. Bacteria were grown in LB broth at 37°C
overnight and reinoculated with 1% precultured bacteria in fresh medium
(up to an optical density [OD] of �0.8 to 0.9). For oral infection, each
mouse was administered 1 � 109 CFU of bacteria.

Intestinal permeability assays by FITC-dextran. Translocation of in-
testinal fluorescein isothiocyanate (FITC)-dextran was measured as pre-
viously described (23). In brief, mice received 100 �l of FITC-dextran (4
kDa; Sigma-Aldrich, St. Louis, MO) by oral gavage in sterile phosphate-
buffered saline (PBS) (80 mg/ml). Serum was collected 4 h later, and FITC
levels were measured at 485 nm excitation and 535 nm emission with a
fluorometer (PerkinElmer, Waltham, MA).

Histology and pathological score. Whole colons were washed with
PBS containing gentamicin and fixed in 4% formaldehyde for 1 h at 4°C.
Tissues were dehydrated by gradually soaking in alcohol and xylene and
then embedded in paraffin. The paraffin-embedded specimens were cut
into 5-�m sections, stained with hematoxylin-eosin (H&E), and viewed
with a digital light microscope (Olympus, Tokyo, Japan). Pathological
scores were based on the following parameters: infiltration of inflamma-
tory cells (on a scale of 0 to 3), epithelial integrity (0 to 3), submucosal
edema (0 to 3), and crypt loss (0 to 4).

Measurement of CFU. Tissues were removed and vigorously washed
in PBS with gentamicin (50 �g/ml) to remove bacteria that were attached
but had not invaded the intestine. Tissues were then mechanically homog-
enized in PBS (1 g/ml), diluted, and plated onto streptomycin-resistant
LB agar. Colonies were counted after 18 h of culture at 37°C. To determine
bacterial shedding, feces were suspended in PBS and plated onto LB agar
plates containing streptomycin.

Immunohistochemical study. The large intestines were fixed with
4% paraformaldehyde and dehydrated with 15% and 30% sucrose in
PBS. Then dehydrated tissues were embedded in optimal cutting tem-
perature (OCT) compound (Sakura Finetek, Tokyo, Japan), frozen,
and sliced into 5-�m sections. For staining, phycoerythrin (PE)-con-
jugated CD11b, Ly6G-FITC, and E-cadherin–FITC antibodies (BD
Pharmingen, San Diego, CA), rabbit anti-Muc2 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA), and anti-rabbit IgG–PE antibody
(GeneTex, San Antonio, TX) were used, and sections were viewed
under a confocal laser microscope (Zeiss, Göttingen, Germany).

Real-time PCR. Total RNA was extracted from large intestines using
an RNeasy minikit (Qiagen, Venlo, Netherlands), and cDNA was synthe-
sized using Superscript II reverse transcriptase and oligo(dT) primer (In-
vitrogen, Camarillo, CA). cDNA was used as the template for real-time
PCR (RT-PCR) performed using SYBR green chemistry (Applied Biosys-
tems, Foster, CA) on an ABI 7500 real-time PCR system (Applied Biosys-
tems). Total RNA was extracted from large intestine using RNeasy minikit
(Qiagen), and cDNA was synthesized using Superscript II reverse trans-
criptase and oligo(dT) primer (Invitrogen). cDNA was amplified with
PCR primers for Cxcl1 (forward, 5=-GCTGGGATTCACCTCAAGAA-3=;
reverse, 5=-TCTCCGTTACTTGGGGACAC-3=), Ccl2 (forward, 5=-TCTG
GGCCTGCTGTTCACA-3=; reverse, 5=-CCTACTCATTGGGATCATCT
TGCT-3=), Ccl3 (forward, 5=-ATCACTGACCTGGAACTGAATG-3=; re-
verse, 5=-CAAGTGAAGAGTCCCTCGATG-3=), Ccl4 (forward, 5=-CCC
ACTTCCTGCTGTTTCTC-3=; reverse, 5=-GAGGAGGCCTCTCCTGAA
GT-3=), Ccl7 (forward, 5=-AAGCCCATCAGAAGTGGGTC-3=; reverse,
5=-AGCGGTGAGGAATTTTGCTT-3=), and Cxcl10 (forward, 5=-GGAT
GGCTGTCCTAGCTCTG-3=; reverse, 5=-ATAACCCCTTGGGAAGATG
G-3=). RT-PCR was performed using SYBR green chemistry on an ABI
7500 real-time PCR system (both from Applied Biosystems). The levels of
mRNA expression are displayed as the expression units of each target gene
relative to the expression units of �-actin.

Isolation of polymorphonuclear leukocytes (PMNL). Large intes-
tines were opened longitudinally, and their contents were removed by
shaking in cold PBS. Then, tissues were cut into 1- to 2-cm-long pieces.
Intestinal epithelial cells and mucus were removed by shaking tissues in
EDTA buffer (10 mM EDTA in PBS) for 30 min at 37°C. After being
washed with prewarmed PBS, tissues were dissociated by RPMI containing
10% FBS, 0.5 mg/ml collagenase D (Sigma-Aldrich), and 100 �g/ml DNase I
(Roche, Basel, Switzerland) twice for 30 min at 37°C. Cells were then enriched
by a discontinuous density gradient containing 40% and 75% Percoll
(Amersham Bioscience, Buckinghamshire, United Kingdom).

Flow cytometry analysis. To assess phenotypes of isolated PMNL,
we did flow cytometry analysis using antibodies for CD11b-FITC
(clone M1/70; BD Biosciences, Franklin Lakes, NJ), Ly6C-APC (clone
AL-21; BD Biosciences), and Ly6G-PE (clone RB6-8C5; eBioscience,
San Diego, CA). To enumerate IL-22-secreting cells, intracellular
staining was done using anti-IL-22 (clone 1H8PWSR; eBioscience).
Isolated PMNL were stimulated with PMA (20 ng/ml) and ionomycin
(1 �g/ml) for 4 h, stained, and then permeabilized with Cytofix/Cy-
toperm (BD Biosciences) according to the manufacturer’s instruc-
tions. Flow cytometry data were determined by LSR II (BD Biosci-
ences) or FACSCalibur flow cytometers (BD Biosciences), and files
were analyzed using FlowJo software (Tree Star, Ashland, OR).

Depletion of neutrophils. WT mice were injected intraperitoneally
with 100 �g of either control anti-rat IgG (BioLegend, San Diego, CA) or
anti-Gr1 (RB6-8C5, BioXcell, Lebanon, NH) antibodies 4 days after C.
rodentium infection. As described elsewhere (24), dissociated tissues from
middle and distal colon were retreated in vitro with anti-rat IgG or anti-
Gr-1 antibodies and rabbit complement (AbD Serotec, Oxford, United
Kingdom) for 6 h and washed with culture medium. Dissociated colon
tissues were then further cultured for 3 days, and culture supernatant was
harvested and analyzed for IL-22 protein levels.

Measurement of cytokines. After whole colon tissue was weighed and
homogenized with Tris-EDTA buffer (10 mM Tris-HCl, 1 mM EDTA,
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0.05% sodium azide, 1% Tween 80, and protease inhibitor cocktail;
Roche) and centrifuged at 11,000 � g for 10 min, supernatant was col-
lected. Cytokine levels in the supernatant were measured with a cytomet-
ric bead array mouse inflammation kit (BD Biosciences) and a Flow-
Cytomix kit (eBioscience) according to the manufacturers’ instructions.
Murine and human KC/CXCL1 and murine IL-17 and IL-22 were mea-
sured by commensal enzyme-linked immunosorbent assay (ELISA) kits
(R&D Systems, Minneapolis, MN) according to the manufacturer’s in-
structions.

Isolation of stromal cells. Stromal cells in mouse colon and human
nasal polyp tissues were isolated by modification of a previously described
protocol (25). In brief, tissues were dissociated by use of serum-free Dul-
becco’s modified Eagle medium (DMEM)/F-12 medium containing 1%
penicillin-streptomycin (Life Technologies, Grand Island, NY) and 2
mg/ml collagenase-dispase (Sigma-Aldrich) for 2 h at 37°C. Thereafter,
samples were passed through a 70-�m cell strainer. Isolated mononuclear
cells were plated in a gelatin-coated culture dish with fibroblast growth
factor (10 ng/ml) for 4 or 5 days. The attached fibroblast-like cells were
then cultured an additional 7 days before use.

Chemotaxis assay. PMNL were isolated from the bone marrow of
naive B6 mice, and culture supernatants of intestinal stromal cells were
obtained from WT and IL-1R�/� mice after infection. To evaluate the
migration of PMNL by intestinal stromal cells, we used a chemotaxis assay
as described previously (26). In brief, 5-�m Transwell inserts (Corning
Costar, Tewksbury, MA) containing PMNL (1 � 106) were placed in the
24-well plates so as to make contact with 600 �l of the medium alone or
culture supernatant of intestinal stromal cells. After 2 h, we removed the
inserts, measured the populations that had migrated to the well bottoms,
and determined cell phenotype by FACS analysis.

Statistics. GraphPad Prism software (GraphPad, La Jolla, CA) was
used for statistical analysis. Student’s t test or analysis of variance
(ANOVA) was used for comparisons. All results are expressed as means
and standard deviations (SD) or standard errors of the means (SEM).

RESULTS
IL-1R�/� mice exhibit susceptibility to C. rodentium infection.
To determine the underlying mechanism of IL-1 on the control of
enteric bacterial infection, we infected B6 and IL-1R�/� (B6 back-
ground) mice with C. rodentium (1 � 109) orally and measured
body weight and survival rate every second day. There was con-
tinuous weight loss and reduced survival of IL-1R�/�-CR mice
compared with WT-CR and WT-PBS mice beginning at day 3
(Fig. 1A). Mice infected with C. rodentium were then sacrificed on
day 10, and changes in colon length and pathophysiological status
were measured. As shown in Fig. 1B, IL-1R�/�-CR mice had sig-
nificantly shorter colons and also showed signs of bleeding. Intes-
tinal epithelial permeability was assessed by use of FITC-dextran
translocation assays. The assays showed significantly higher levels
of FITC-dextran in the serum of IL-1R�/�-CR mice compared to
WT-CR mice 10 days after infection (Fig. 1C). Moreover, patho-
logical scores for infiltrating inflammatory cells, epithelial integ-
rity, submucosal edema, and crypt loss were much higher in the
colon tissues of IL-1R�/�-CR mice than in WT-CR mice (Fig.
1D). Of note, there was significant reduction of E-cadherin and
mucin 2 expression in the colon epithelium of IL-1R�/�-CR mice
compared with WT-CR mice (Fig. 1E). These findings indicate
that the IL-1R signaling pathway plays a critical role in host pro-
tection upon C. rodentium infection.

IL-1R signaling is required for protection against C. roden-
tium infection. To clarify the role of IL-1 in the clearance of C.
rodentium, we examined pathogen burdens in the colon, cecum,
lymphoid tissues, and blood 10 days after infection. Although pre-
vious results showed severe inflammation and low survival rate of

IL-1R�/� mice, we noted no overt differences in the numbers of
bacterial colonies found in the colons and ceca of WT-CR and
IL-1R�/�-CR mice (see Fig. S1A in the supplemental material).
While there was no statistically significant difference in colony
numbers in mucosal tissues, there were more colonies in spleens,
mesenteric and iliac lymph nodes, and blood. Spleens were larger
and weighed more in IL-1R�/�-CR than in WT-CR mice (see Fig.
S1B in the supplemental material). In addition, we found higher
numbers of GFP-expressing C. rodentium in spleen tissues of IL-
1R�/�-CR mice (see Fig. S1C in the supplemental material). We
further addressed cytokine levels in colon homogenates to clarify
the severity of inflammation in the IL-1R-deficient condition. The
levels of gamma interferon (IFN-�), one of the major inflamma-
tory cytokines, was significantly increased in IL-1R�/�-CR mice
compared with WT-CR mice (see Fig. S2 in the supplemental
material). No differences were found in other inflammatory cyto-
kines (i.e., granulocyte-macrophage colony-stimulating factor
[GM-CSF], IL-23, and IL-10). Overall, the IL-1R signaling path-
way contributed to both inflammation and clearance of C. roden-
tium bacteria in systemic tissues.

IL-1R signaling controls migration of innate immune cells.
Innate immune cells such as myeloid lineage cells and neutrophils
precede migration into the colon tissues upon exogenous stimuli,
reflecting either infection or inflammation. To investigate
whether IL-1 signaling controls migration of innate immune cells
into the colon after C. rodentium infection, cell subsets were de-
termined in colon tissues from WT-CR and IL-1R�/�-CR mice by
immunohistochemical studies and FACS analysis. We found
fewer CD11b� Ly6G� cells 4 days after infection in the colon
tissues of IL-1R�/�-CR mice than in WT-CR mice (Fig. 2A). In
support of the histology results, FACS analysis showed signifi-
cantly fewer CD11b� myeloid cells and CD11b� Ly6C� Ly6G�

neutrophils in the colons of IL-1R�/�-CR mice than in WT-CR
mice 4 days after infection (Fig. 2B). Although there were signifi-
cantly fewer infiltrating innate immune cells 4 days after infection,
when analyzed by percentage and absolute cell numbers, there
were no significant differences in infiltrated innate immune cells
in the colon of both IL-1R-sufficient and -deficient mice at postin-
fection day 10 (Fig. 2B). Taken together, our findings indicate that
the IL-1R signaling pathway plays an important role in the rapid
migration of innate immune cells into the colon at an early time
point after enteric bacterial infection.

IL-1R signaling controls chemokine secretion in the colon.
In order to identify the effects of IL-1R signaling on the secretion
of chemokines that play a crucial role in the migration of innate
immune cells such as CD11b� Ly6C� Ly6G� neutrophils, we next
measured mRNA and protein levels of KC/CXCL1, MCP-1, MIP-
1	, MCP-3, MIP-1�, and CXCL10 in colon homogenates at
postinfection day 4. We found that among the chemokines, the
mRNA levels of KC/Cxcl1 were significantly reduced in the ab-
sence of IL-1R signaling (Fig. 3A). In addition, protein levels of
KC/CXCL1 were significantly reduced in the supernatant of colon
homogenates of IL-1R�/�-CR mice compared with WT-CR mice
(Fig. 3B). However, there were no significant differences in the
levels of other chemokines, indicating that IL-1R signaling might
specifically regulate the KC/CXCL1 chemokine associated with
neutrophil infiltration.

Lack of IL-22-producing neutrophils in the colon of IL-1R-
deficient mice. Because IL-22 is critical for host defense against
several pathogens (27, 28), we examined secretion patterns of
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IL-22 in IL-1R-deficient mice. From colon homogenates of
WT-CR and IL-1R�/�-CR mice, we measured IL-22 levels on
postinfection days 4 and 10. Of note, IL-22 levels were signifi-
cantly decreased at day 4 in the supernatant of colon homogenates
of IL-1R�/�-CR mice compared with those of WT-CR mice

(Fig. 4A). No differences were found at postinfection day 10. We
subsequently isolated PMNL in the colon to enumerate IL-22-
secreting cells upon stimulation with PMA-ionomycin. As shown
in Fig. 4B, significantly less IL-22 was detected in colon PMNL
isolated from IL-1R�/�-CR mice than from WT-CR mice. We

FIG 1 IL-1R�/� mice are more susceptible to C. rodentium infection than wild-type (WT) mice. (A) WT (n 
 12) and IL-1R�/� (n 
 12) mice of B6 background
were infected orally with C. rodentium (1 � 109 CFU) and monitored every other day for survival and body weight. Statistical significance for survival rate was
determined by Kaplan-Meier analysis. (B) Macroscopic observation and colon measurements were done on postinfection day 10. Each dot represents an
individual mouse. (C) Intestinal permeability was measured using FITC-dextran to determine migration from intestine to serum in WT (n 
 7) or IL-1R�/� (n 

10) mice administered PBS or C. rodentium on days 4 and 10. Serum was collected at 4 h, and FITC levels were measured. (D) Representative H&E-stained
samples and pathophysiologic scores of colon tissues from WT or IL-1R�/� mice on postinfection day 10. (E) Double immunostaining shows less E-cadherin
(green) and mucin 2 (red) expressed in the colons of IL-1R�/� mice than in WT mice 4 days after C. rodentium infection. All data are representative of at least
three experiments. *, P � 0.05; **, P � 0.01.

Lee et al.

3260 iai.asm.org August 2015 Volume 83 Number 8Infection and Immunity

http://iai.asm.org


next addressed whether neutrophils are the source of IL-22 in C.
rodentium-infected mice. Of interest, we found that CD11b�

Ly6C� Ly6G� neutrophils were the main cell subset that secreted
IL-22 in the colon in response to C. rodentium infection (Fig. 4C).
To further confirm a role for neutrophils in IL-22 secretion, we
depleted neutrophils by using the anti-Gr-1 neutralizing antibody
(RB6-8C5) during C. rodentium infection. We found that neutro-

phil depletion resulted in significant reduction in IL-22 production
in the middle and distal colon compared with neutrophil-intact colon
(Fig. 4D). This suggests that IL-1R signaling regulates infiltration of
CD11b� Ly6C� Ly6G� neutrophils, the primary source of IL-22
production in the colon upon C. rodentium infection.

Mucosal stromal cells impair KC/CXCL1 in the IL-1R-defi-
cient condition. Because a recent study demonstrated an impor-

FIG 2 IL-1R is crucial for early recruitment of innate immune cells into the colon upon C. rodentium infection. (A) Immunohistochemical staining for CD11b
(red), Ly6G (green), and DAPI (blue) in colon tissues of C. rodentium-infected WT and IL-1R�/� mice. (B) Innate immune cells were isolated from colon of WT (n

 7) and IL-1R�/� (n 
 9) mice 4 and 10 days after infection and stained for CD11b, Ly6C, and Ly6G antibodies; percentages and absolute numbers of CD11b� cells
and Ly6C� Ly6G� in CD11b gated cells were determined. All data are representative of at least three independent experiments. *, P � 0.05; **, P � 0.01.
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tant role for mucosal stromal cells as regulators of cytokines and
chemokines (22), we isolated intestinal stromal cells to assess their
role in chemokine secretion during C. rodentium infection. After
intestinal stromal cells from WT-CR and IL-1R�/�-CR mice were
cultured for 4 days, we performed chemotactic assays using the
culture supernatant of the intestinal stromal cells and bone mar-
row cells from naive B6 mice. A lower percentage of CD11b� cells
migrated into the culture supernatant of IL-1R�/�-CR mouse in-
testinal stromal cells than into that of WT-CR mouse intestinal
stromal cells (54.8% � 1.4% versus 69.9% � 6.9%). Similarly,
there were also lower absolute cell numbers for the two mouse
groups (6.5 � 104 versus 12.1 � 104) (Fig. 5A). As for CD11b�

Ly6C� Ly6G� cells, there were no changes in the ratio of migrated
cells (87.8% � 1.2% versus 88.4% � 0.4%), but there were signif-
icantly lower absolute cell numbers in the culture supernatant of
intestinal stromal cells from IL-1R�/�-CR than in that from
WT-CR mice (4.5 � 104 versus 8.9 �104) (Fig. 5A). We also as-
sessed bone marrow cells of naive IL-1R�/� mice (see Fig. S3 in the
supplemental material) and found that significantly fewer abso-
lute CD11b� Ly6C� Ly6G� neutrophils from IL-1R�/� mice mi-
grated into the culture supernatant of IL-1R�/�-CR mouse intes-
tinal stromal cells than into that of WT-CR mouse cells (5.6 � 104

versus 10.6 �104). These results indicate that IL-1R signaling on
the neutrophils did not influence the migration of neutrophils.
We subsequently identified the chemokine levels in the culture
supernatant of intestinal stromal cells from WT and IL-1R�/�

mice in the absence and presence of heat-killed C. rodentium dur-
ing in vitro culture. Although overall chemokine levels were de-
creased in the stromal cells of IL-1R�/� mice compared with those
of WT mice in the presence of heat-killed C. rodentium, KC/
CXCL1 levels were also significantly reduced (Fig. 5B). To further
clarify the role of IL-1R in impaired chemokine secretion by in-
testinal stromal cells, we adopted the anakinra (IL-1R antagonist)
in vitro culture system. In order to stimulate intestinal stromal
cells in vitro, we used heat-killed C. rodentium or muramyl dipep-
tide (MDP), which can activate IL-1	 and IL-1� secretion
through inflammasome activation (29). Intestinal stromal cells of
naive B6 mice secreted high levels of KC/CXCL1 after stimulation
with heat-killed C. rodentium or MDP in vitro; however, treatment
with anakinra significantly inhibited their KC/CXCL1 secretion
(Fig. 5C). To further clarify the role of IL-1R on chemokine secre-
tion in human tissues, we used human polyp stromal cells from
chronic rhinosinusitis patients. These cells secreted high levels of
KC/CXCL1 in the presence of heat-killed C. rodentium in vitro;
however, treatment with anakinra significantly inhibited KC/
CXCL1 secretion (Fig. 5D). These results were identical in both
mouse and human stromal cells and suggest that the IL-1–IL-1R
interaction is important for chemokine secretion by mucosal stro-
mal cells and contributes to the migration of IL-22-secreting in-
nate immune cells against enteric bacterial infections in both mice
and humans.

DISCUSSION

IL-1 is a central mediator of innate immunity, and thus IL-1R-
mediated signaling is an important defense mechanism against
infection and inflammation. In this study, we found evidence that
IL-1R-dependent signaling plays a critical protective role during
C. rodentium infection, in agreement with earlier studies (17, 30).
The most unusual finding in the present study was that infiltration
of CD11b� Ly6G� Ly6C� neutrophils, the main source of IL-22
secretion, was significantly delayed in the colon at an early time
point during C. rodentium infection. Of note, intestinal stromal
cells were found to be critical for secretion of KC/CXCL1 in an
IL-1R-dependent manner. We demonstrated the importance of
IL-1–IL-1R stimulation on intestinal stromal-cell maturation,
which directly influences the infiltration of IL-22-secreting innate
immune cells after enteric bacterial infection (Fig. 6).

Innate immune cells, including dendritic cells, macrophages,
granulocytes, and innate lymphoid cells, provide the first-line de-
fense in the gut where there is continuous exposure to endogenous
and exogenous microbes. Migration of innate immune cells into
local mucosal tissues is fully dependent on specific chemokines
such as CXCL1, MCP-1, MIP-1	, MCP-3, MIP-1�, and CXCL10
(31, 32). Earlier studies showed that neutrophils are indispensable
for the clearance of pathogens in vivo (33). For instance, a CXCR2-
dependent mucosal neutrophil influx contributes to colitis-asso-
ciated diarrhea caused by C. rodentium (34). Among the chemo-
kines, KC/CXCL1 is the major chemoattractant for recruiting
neutrophils (35). Others have reported that IL-1 stimulates cyto-
kine-induced neutrophil chemoattractant 1 (CINC-1), CXCL2,
and RANTES production in vitro as well as in vivo (36, 37). An-
other study showed that neutrophil recruitment by IL-1R is

FIG 3 IL-1R�/� mice have impaired KC/CXCL1 production during C. roden-
tium infection. (A) IL-1R�/� (n 
 7) and WT (n 
 5) mice were orally inoc-
ulated with C. rodentium (1 � 109 CFU), and mRNA expression was evaluated
by real-time PCR for each chemokine. RNA was isolated from colon tissues
collected 4 days after infection. (B) Quantification of chemokine protein levels
in colon tissue homogenates of IL-1R�/� and WT mice 4 days after infection.
Each dot represents an individual mouse. All data are representative of at least
three independent experiments. *, P � 0.05; **, P � 0.01.
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mainly mediated by MyD88 signaling during infection with C.
rodentium (38). In the present study, we found that protein and
mRNA levels of KC/CXCL1 were significantly reduced in the co-
lon tissues of IL-1R�/� mice early after C. rodentium infection
(Fig. 3). Accordingly, neutrophil migration was delayed in the
absence of the IL-1R signal pathway (Fig. 2). Our findings reveal a
previously unrecognized role of IL-1R in the regulation of chemo-
kine secretion and infiltration of innate immune cells in the colon
in response to an enteric pathogen that occurs in a KC/CXCL1-
dependent manner.

IL-22 plays an important role in gut epithelial cell homeostasis.
While innate lymphoid cells have been identified to produce IL-
22, other studies have demonstrated that IL-17�CD4� T cells and
natural killer cells also produce IL-22 in both humans and mice
(37–40). Most recently, neutrophils were found to produce IL-22
in the colon during colitis (24). These IL-22-secreting neutrophils

activate colonic epithelial cells to secrete antimicrobial peptides
(i.e., RegIII� and S100A8) and protect against epithelial damage
from dextran sulfate sodium-induced acute colitis (24). We found
that IL-22 mRNA expression in colon tissues and IL-22 secretion
by colonic PMNL were significantly reduced in IL-1R�/� mice 4
days after C. rodentium infection (Fig. 4A). Additionally, CD11b�

Ly6G� Ly6C� neutrophils were the main cell subset to secrete
IL-22 in the colon (Fig. 4C and D). Although the role of neutro-
phils in host defense remains controversial, our results imply that
migration of IL-22-secreting neutrophils in the colon upon en-
teric bacterial infection is impaired in the absence of an IL-1R
signal pathway.

Aside from driving antimicrobial responses, IL-22 has been
shown to mediate other changes in epithelial cell function, since
its receptor is expressed exclusively by intestinal epithelial cells.
IL-22 also induces an increase in epithelial cell proliferation as well

FIG 4 IL-1R�/� mice have impaired production of IL-22 in response to C. rodentium infection at early infection times. (A) ELISA measurement of IL-22 in colon
tissue homogenates of WT and IL-1R�/� mice on postinfection days 4 (n 
 5) and 10 (n 
 7). (B) PMNL were isolated from colon tissue of infected IL-1R�/�

and WT mice. Cells (1 � 105) were stimulated with PMA-ionomycin for 24 h, and IL-22 levels were assessed by ELISA. (C) PMNL were isolated from the colon
of WT and IL-1R�/� mice on 4 days after infection, stained for IL-22, and assessed by FACS analysis by gating for CD11b� and CD11b� Ly6C� Ly6G� cells. (D)
To deplete neutrophils, wild-type mice were injected intraperitoneally with anti-rat IgG as a control or anti-Gr-1 antibodies at 4 days after C. rodentium infection.
Colonic tissues from the middle and distal regions were retreated in vitro with anti-rat IgG or anti-Gr-1 antibodies and rabbit complement for 6 h and washed
with culture medium. Dissociated colon tissues were then cultured for an additional 3 days, and culture supernatant was harvested and analyzed for IL-22 protein
levels. Results are representative of at least three independent experiments. *, P � 0.05; **, P � 0.01.
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as mucin production/secretion (41). While we did not note any
overt changes in epithelial cell proliferation, the IL-1R�/� mice
did have reduced mucin staining (Fig. 1E), suggesting that control
over the mucus barrier may be one mechanism by which IL-1R-

induced neutrophil recruitment may protect this intestine during
C. rodentium infection.

Intestinal stromal cells include myofibroblasts and fibroblasts
(42, 43) and can produce proinflammatory mediators, including

FIG 5 Mucosal stromal cells are impaired in KC/CXCL1 production during C. rodentium infection in the absence of IL-1R signaling. Stromal cells isolated from
the colons of WT and IL-1R�/� mice 3 days after infection were seeded into 24-well plates (2 � 105 cells/well). Culture supernatants were harvested 4 days later.
(A) Mononuclear cells isolated from bone marrow of naive B6 mice were suspended in complete medium and placed in the upper chambers of Transwell plates
(106 cells/well). Lower chambers contained medium alone or stromal-cell-cultured supernatant. After incubation for 2 h, cells that had migrated were harvested
from the lower chambers and stained for CD11b, Ly6C, and Ly6G antibodies. (B) Protein levels of each chemokine in culture supernatant of intestinal stromal
cells in the absence and presence of heat-killed C. rodentium (HKCR) were analyzed by ELISA. (C) Intestinal stromal cells isolated from naive B6 mice and
stimulated with heat-inactivated C. rodentium (2 � 107 CFU) or muramyl dipeptide (MDP) as positive controls with and without anakinra (Ana; 50 ng/ml).
KC/CXCL1 levels in culture supernatants were measured by ELISA (C and D). (D) Human stromal cells isolated from nasal polyp tissue of patients with chronic
rhinosinusitis and stimulated with heat-inactivated C. rodentium (2 � 107 CFU) in vitro in the presence and absence of Ana (50 ng/ml). All data are representative
of at least three independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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cytokines, chemokines, and metabolites in response to various
TLR ligands (44). Intestinal stromal cells dynamically interact
with multiple hematopoietic immune cell populations and asso-
ciated cytokines (18). Furthermore, intestinal stromal cells have a
cell-intrinsic role in bacterial sensing at the intestinal barrier (18).
One recent study supports a functional role for stromal expression
of innate immune receptors in vivo, as NOD2-dependent CCL2
production by intestinal stromal cells was key for regulating in-
flammatory monocyte recruitment and thus pathogen clearance
during C. rodentium infection (22). In addition, gut stromal cells
strongly respond to the proinflammatory cytokines IL-1	 and
IL-1� (20, 21). For these reasons, we speculate that intestinal stro-
mal cells might be critical regulators of the migration of innate
immune cells. As expected, we found that intestinal stromal cells
mainly produce KC/CXCL1 during C. rodentium infection (Fig.
5). To our knowledge, these findings are the first to show that the
IL-1R signal pathway plays an important role for development of
innate immune responses during enteric bacterial infection via
colon stromal-cell-derived-KC/CXCL1-dependent migration of
IL-22-secreting neutrophils. These findings thus provide a better

understanding of the critical role played between IL-1R-mediated
signals and intestinal stromal cells.

As expected, patients with IL-1R-associated kinase (IRAK) de-
ficiency are highly susceptible to invasive and noninvasive bacte-
rial infections (45). In IRAK-deficient patients, S. pneumoniae was
involved in 54% of documented invasive episodes, whereas other
Gram-negative enteric bacteria, such as Shigella sonnei and Clos-
tridium septicum, were found in fewer than 7% of invasive epi-
sodes. Despite the narrow susceptibility of enteric bacteria in
IRAK-deficient patients, it is important to note that the first bac-
terial infection occurred before the age of 2 years in 90% of IRAK-
deficient patients.

Anakinra, an IL-1R antagonist, is used to treat rheumatoid
arthritis patients (46–48). Other IL-1R-blocking reagents are used
to treat inflammatory disorders (49). However, in our study,
blockade of the IL-1R-mediated pathways resulted in impaired
innate immune cell infiltration, a crucial step during early host
defense in both mice and humans. Studies regarding future infec-
tious and inflammatory disease therapies using blockade of the
IL-1R pathways need to consider the possibility that the results
may be contradictory.
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