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Attenuation of Intestinal Inflammation in Interleukin-10-Deficient
Mice Infected with Citrobacter rodentium

Sara M. Dann,®® Christine Le,® Barun K. Choudhury,® Houpu Liu,® Omar Saldarriaga,® Elaine M. Hanson,? Yingzi Cong,”:°
Lars Eckmann®

Departments of Internal Medicine,? Microbiology and Immunology,” and Pathology,® University of Texas Medical Branch, Galveston, Texas, USA; Department of Medicine,
University of California, San Diego, La Jolla, California, USA®

Interleukin-10 (IL-10) curtails immune responses to microbial infection and autoantigens and contributes to intestinal immune
homeostasis, yet administration of IL-10 has not been effective at attenuating chronic intestinal inflammatory conditions, sug-
gesting that its immune functions may be context dependent. To gain a broader understanding of the importance of IL-10 in
controlling mucosal immune responses to infectious challenges, we employed the murine attaching and effacing pathogen Citro-
bacter rodentium, which colonizes primarily the surfaces of the cecum and colon and causes transient mucosal inflammation
driven by Th17 and Th1 T helper cells. Infection induced macrophage and dendritic cell production of IL-10, which diminished
antibacterial host defenses, because IL-10-deficient mice cleared infection faster than wild-type controls. In parallel, the mice
had less acute infection-associated colitis and resolved it more rapidly than controls. Importantly, transient C. rodentium infec-
tion protected IL-10-deficient mice against the later development of spontaneous colitis that normally occurs with aging in these
mice. Genome-wide expression studies revealed that IL-10 deficiency was associated with downregulation of proinflammatory
pathways but increased expression of the anti-inflammatory cytokine IL-27 in response to infection. IL-27 was found to suppress
in vitro Th17 and, to a lesser degree, Th1 differentiation independent of IL-10. Furthermore, neutralization of IL-27 resulted in

more severe colitis in infected IL-10-deficient mice. Together, these findings indicate that IL-10 is dispensable for resolving C.
rodentium-associated colitis and further suggest that IL-27 may be a critical factor for controlling intestinal inflammation and

Th17 and Th1 development by IL-10-independent mechanisms.

Interleukin—lO (IL-10) is a potent anti-inflammatory cytokine
essential for protecting the host against excessive inflammatory
and immune responses (1, 2). Produced primarily by activated
macrophages, dendritic cells, and T cells, it acts through a het-
erodimeric receptor complex and JAK/STAT signaling on hema-
topoietic and other cells (3). IL-10 signaling in macrophages and
dendritic cells suppresses antigen presentation and release of pro-
inflammatory cytokines, such as tumor necrosis factor alpha
(TNF-a), IL-12, and granulocyte-macrophage colony-stimulat-
ing factor (3). Concomitantly, IL-10 promotes the production of
anti-inflammatory factors, including interleukin-1 receptor an-
tagonist and soluble TNF-a receptor (3). IL-10 also inhibits T cell
differentiation, proliferation, and effector functions (3), thereby
dampening effector responses that could be deleterious to the
host.

The importance of IL-10 in immune homeostasis has been
demonstrated in mice and humans. IL-10-deficient mice develop,
over several months, spontaneous enterocolitis related to aberrant
immune responses to commensal bacteria (4, 5). The severity of
inflammation in IL-10-deficient mice is exacerbated upon in-
creased exposure to luminal antigens or by epithelial disruption
(6) and can be attenuated with antibiotics (7, 8). IL-10 production
by CD4" T cells is critical in limiting disease under these condi-
tions (9). In humans, IL-10 has a similar role in maintaining
intestinal homeostasis. IL-10 polymorphisms associated with in-
flammatory bowel disease (IBD) have been identified in genome-
wide association studies (10), and mutations in the IL-10 receptor
have been reported in patients with severe forms of IBD (11).
Given its importance in immunosuppression and association with
IBD, the therapeutic potential of IL-10 has been investigated in
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animal inflammation models and in IBD patients (12, 13), al-
though its administration has not proven efficacious (14).
Despite the detrimental long-term consequences of IL-10 de-
ficiency, loss of IL-10 signaling can also be beneficial in the context
of microbial infection (1, 3). For example, in Salmonella-infected
mice, loss of IL-10 enhances macrophage functions and promotes
activation of T cells, particularly IFN-vy-producing Th1 cells, lead-
ing to increased bacterial killing and thereby accelerated host de-
fense (15). Abrogation of IL-10 signaling accelerates the clearance
of several other intracellular bacteria, including Klebsiella pneu-
moniae, Listeria monocytogenes, and Chlamydia trachomatis, as
well as certain viruses, parasites, and fungi, and thereby improves
survival after infection (1, 16-18). However, heightened Th1 re-
sponses in the prolonged absence of IL-10 signaling can also result
in severe pathology and lethal inflammatory responses in partic-
ular infections. Thus, IL-10-deficient mice infected with the intes-
tinal helminth Trichuris muris show increased intestinal inflam-
mation related to loss of Paneth cells and mucus production and
exhibit increased mortality (19). Following persistent coloniza-
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tion with Helicobacter hepaticus, 1L-10-deficient mice display
chronic inflammatory lesions in the cecum and colon (20). Simi-
larly, infection of these mice with Campylobacter jejuni causes per-
sistent intestinal inflammation in the colon and cecum (21). To-
gether, these studies suggest that IL-10 has different functions
under different infection conditions, depending on the particular
antimicrobial host defenses and the severity and location of the
infection-associated inflammatory responses.

The mechanisms of IL-10-dependent intestinal immunoregu-
lation have primarily been investigated under chronic-stimula-
tion conditions (i.e., persistent infections or spontaneous disease),
yet many insults inflicted on the epithelial barrier are likely to be
abrupt, transient, and restricted to the surface of the epithelium.
One physiologically relevant model that is commonly used to in-
vestigate transient microbial challenges in the intestine is infection
with C. rodentium. These Gram-negative bacteria form attach-
ment and effacement lesions at the epithelial surfaces of the colon
and cecum. In immunocompetent mice, infection causes self-lim-
iting mucosal inflammation, characterized by crypt hyperplasia,
goblet cell loss, epithelial cell disruption, and mucosal thickening,
which begins to resolve within 10 to 14 days postinfection (22).
Bacterial clearance is dependent on B cells, CD4 " T cells, natural
killer cells, neutrophils, and mast cells (22). Infection elicits both
Th1 and Th17 responses at the site of infection (23, 24). Th1 cells
are important for controlling pathology and bacterial clearance by
secreting gamma interferon (IFN-vy), which promotes macro-
phage phagocytosis and activates antigen-specific CD4" T cells
(25). Mice lacking Th17 cells or their associated cytokines are also
susceptible to C. rodentium (26-29). Although mechanisms of
Th1 and Th17 induction after C. rodentium infection have been
reported (25, 28, 30-32), it is not clear whether these effector T
cells are also counterregulated and controlled during and after
infection.

Given the importance of IL-10 in attenuating inflammatory
and immune responses, we set out to test the hypothesis that IL-10
would be essential in dampening the Th1 and Th17 responses and
associated mucosal inflammation induced by transient infection
with C. rodentium. Unexpectedly, however, we found that IL-10 is
not required for limiting inflammation in response to C. roden-
tium. Furthermore, we discovered that infection activates an IL-
27-dependent anti-inflammatory circuit in the absence of IL-10
that suppresses long-term spontaneous inflammation in aged
mice.

MATERIALS AND METHODS

Mice. All mice were obtained from the Jackson Laboratory and housed
under specific-pathogen-free conditions. IL-10-deficient mice (33) were
back-crossed to a C57BL/6] background for at least 10 generations.
C57BL/6] mice were used as controls. Males and females did not show any
significant differences in the course of the infection or disease severity, so
the results are reported together. All animal studies were approved by the
Institutional Animal Care and Use Committees of the University of Cal-
ifornia, San Diego, and the University of Texas Medical Branch.
Bacterial infections. C. rodentium strain DBS100 (ATCC) was grown
overnight in Luria-Bertani broth at 37°C and subcultured (1:100 dilution)
in fresh broth for 4 to 5 h. Bacteria were harvested by centrifugation and
resuspended in sterile phosphate-buffered saline (PBS) at 2.5 X 10°/ml.
Adult mice (>7 weeks old) were infected by oral gavage with 200 pl of
bacterial suspension (5 X 10® bacteria). The bacterial burden in infected
mice was determined by CFU assay. Briefly, fecal pellets were collected
from individual mice, weighed, and homogenized in 5 ml of PBS. Selected
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organs were homogenized in 2 ml of PBS. Serial dilutions of the homog-
enates were plated onto MacConkey agar (feces) or LB agar (organs), and
CFU were counted after overnight incubation. The detection limit of the
assays was 10° CFU/g feces and <10' CFU per organ.

DSS-induced colitis. Mice were given 2% dextran sulfate sodium
(DSS) (35 to 50 kDa; MP Biomedicals) in the drinking water for 5 days and
returned to normal drinking water. Non-DSS-treated mice served as con-
trols. All mice were monitored daily for weight loss, stool consistency,
occult fecal blood, and rectal bleeding.

Histological analysis. Colons were removed, opened longitudinally,
and processed as Swiss rolls before overnight fixation in Bouin’s solution.
The fixed tissues were embedded in paraffin, and 5-pum sections were
prepared and stained with hematoxylin and eosin (H&E). Histological
scores (range, 0 to 14) were obtained in a blinded manner by evaluating
the following parameters: (i) mucosal architecture (0, normal; 1, focally
abnormal; 2, diffusely abnormal; 3, severely abnormal); (ii) inflammatory
cell infiltration of mucosa (0, normal; 1, mild infiltration; 2, moderate
infiltration; 3, severe infiltration), submucosa (0, normal; 1, mild infiltra-
tion; 2 moderate infiltration; 3, severe infiltration), muscle (0, normal; 1
moderate to severe), and serosa (0, absent; 1, present); (iii) Epithelial
erosions and ulcerations (0, absent; 1, present); (iv) crypt abscesses (0,
absent; 1, present); and (v) goblet cell loss (0, absent; 1, present). Lamina
propria cell numbers were quantified per 40X visual field, an area equiv-
alent to 0.1 mm?. Crypt depth and submucosal thickness were measured
using NIS-Elements software (Nikon). For each colon section, scoring
and quantification were performed on the two most affected areas at least
10 crypts apart, and the scores were averaged.

Isolation and analysis of lamina propria cells. Colons were opened,
cleaned, and cut into 5-mm pieces. To remove the epithelium, tissues
were incubated in Hanks balanced salt solution (HBSS) (Ca and Mg free)
with 5 mM EDTA, 5% fetal bovine serum (FBS), 10 mM HEPES, and 1
mM dithiothreitol (DTT) 2 times for 20 min each time at 37°C with
shaking. The remaining tissues were collected, thoroughly rinsed in PBS,
and diced into 1- to 2-mm pieces prior to digestion in RPMI 1640 medium
containing 1 mg/ml collagenase D (Roche Applied Science) and 100 wl/ml
DNase I (Worthington Biochemical) twice for 30 min at 37°C with shak-
ing. The liberated cells were passed through a 40-m strainer, pooled, and
collected by centrifugation. The cells were then stimulated for 6 h with 50
ng/ml phorbol myristate acetate and 750 ng/ml ionomycin in complete
RPMI 1640 medium at 37°C. GolgiStop (BD Biosciences) was added for
the last 2 h of incubation. The stimulated cells were washed and stained
with anti-CD4 phycoerythrin (PE)-Cy5. Following fixation, the cells were
permeabilized and stained with fluorescein isothiocyanate (FITC)-labeled
anti-IFN-vy and PE-labeled anti-IL-17A to detect the intracellular cyto-
kines. All antibodies were purchased from eBioscience. The cells were
analyzed on a FACSCalibur flow cytometer (BD Biosciences), followed by
data analysis with FlowJo software (TreeStar Inc.).

Microarray and quantitative reverse transcription (RT)-PCR analy-
sis. Total RNA was extracted from whole-colon tissue using TRIzol re-
agent (Invitrogen). Equal amounts of RNA from four or five mice were
pooled and quality assessed with an Agilent Technologies bioanalyzer.
Microarray studies were performed using the Whole Mouse Gene Expres-
sion Microarray, 4 by 44,000 (Agilent Technologies), following the man-
ufacturer’s protocols. Intensities were normalized, means of array repli-
cates were calculated, and the data were analyzed with Ingenuity Pathways
Analysis (IPA) (Ingenuity Systems). Genes with a =2-fold expression
change compared to uninfected mice were used for pathway and func-
tional analyses. Canonical pathway analysis identified pathways from the
IPA library that were most significant in the data sets. Significance was
determined by the number of differentially expressed transcripts from the
data set that mapped to the pathway divided by the total number of mol-
ecules that exist in the pathway and calculation of a P value by Fisher’s
exact test. Functional analysis identified biological functions most rele-
vant to the data set by calculating Benhamini and Hochberg’s false-dis-
covery rate. Genes from the data set that met the false-discovery rate cutoff
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(P < 0.05) and were associated with particular functions were included in
the analysis. Fisher’s exact test was used to determine the probability that
an association was due to chance.

For quantitative RT-PCR analysis, individual and pooled RNA sam-
ples were treated with Turbo DNA-free (Ambion) to remove contaminat-
ing DNA. The RNA yield and purity were determined using a NanoDrop
spectrophotometer (NanoDrop Technologies). Total RNA was reverse
transcribed into cDNA using the High Capacity cDNA Reverse Transcrip-
tion kit (Applied Biosystems) and amplified using Mesa Green 2X SYBR
mix (Eurogentec). The primers and expected PCR product sizes were as
follows: IL-10, 5'-GCT CTT ACT GAC TGG CAT GAG-3' (sense) and
5'-CGCAGCTCT AGGAGCATG TG-3' (antisense), 108 bp; transform-
ing growth factor B1 (TGF-B1), 5'-GCG TGC TAA TGG TGG ACC
GCA-3' (sense) and 5'-CGG GCA CTG CTT CCC GAA TGT-3' (anti-
sense), 108 bp; IL-6, 5'-ACA CAT GTT CTC TGG GAA ATC GTG G-3'
(sense) and 5'-TCT GCA AGT GCA TCA TCG TTG TTC A-3' (anti-
sense), 89 bp; IL-27, 5'-GTG CTG GCT GCA GGA TTC AAA TGT-3'
(sense) and 5'-AGG ACA CTT GGG ATG ACA CCT GAT-3’ (antisense),
133 bp; 18S rRNA, 5'-TTA GAG TGT TCA AAG CAG GCC CGA-3’
(sense) and 5'-TCT TGG CAA ATG CTT TCG CTC TGG-3', 198 bp.
Relative changes in target mRNA levels were calculated by the 27 44¢T
method, with 18S rRNA as the reference standard.

Isolation and stimulation of BMDMs. To generate bone marrow-
derived macrophages (BMDM:s), bone marrow was flushed out from the
femur and tibia, and the cells were grown in RPMI-Glutamax (Gibco)
supplemented with 10% heat-inactivated fetal calf serum (FCS), 200 U/ml
penicillin, 200 pg/ml streptomycin, 50 uM 2-mercaptoethanol (2-ME),
and 20 ng/ml of mouse recombinant macrophage colony-stimulating fac-
tor (M-CSF) (Peprotech) at 37°C in a humidified incubator containing
5% CO,. Media were replaced once after 3 days. Differentiated macro-
phages were left untreated or stimulated with recombinant murine IFN-y
(1,000 U/ml; Peprotech) or lipopolysaccharide (LPS) (10 to 1,000 ng/ml;
Sigma). After stimulation, the supernatants were removed, centrifuged at
1,500 rpm for 10 min, and stored at —80°C until analysis. The monolayers
were covered with 500 pl of RNAlater (Qiagen) and stored at 4°C until
RNA was recovered and analyzed by RT-PCR.

ELISA. To quantitate IL-27 in culture supernatants, enzyme-linked
immunosorbent assays (ELISAs) were performed using a mouse IL-27
ELISA Ready-Set-Go kit from eBioscience according to the manufactur-
er’s instructions.

In vitro T cell polarization. Splenic CD4™ T cells from CBirl TCR
transgenic mice were isolated and enriched using anti-mouse CD4 mag-
netic particles (BD Biosciences), as previously described (34). Purified
cells (2 X 10° cells/well) were cultured with 2 X 10° irradiated splenic
antigen-presenting cells (APC) from IL-10-deficient or control mice and
CBirl antigen (0.3 or 1 g/ml) at 37°C in a humidified incubator contain-
ing 5% CO, for 5 days in the presence or absence of murine IL-27 (20
ng/ml; eBioscience) under the following T cell-polarizing conditions:
Th1-polarizing conditions, murine IL-12 (mIL-12) (10 ng/ml) and anti-
IL-4 (10 pg/ml); Th17-polarizing conditions, TGF-f (2 ng/ml), IL-6 (30
ng/ml), anti-IFN-vy (10 pg/ml), and anti-IL-4 (10 pg/ml); and T regula-
tory (Treg)-polarizing conditions, TGF-f3 (5 ng/ml). Five days later, cells
were harvested; stimulated with phorbol myristate acetate (PMA) and
ionomycin; stained with fluorescence-conjugated antibodies against
CD4, IFN-v, IL-4, IL-17A, and Foxp3; and counterstained with LIVE/
DEAD dye (Invitrogen). The cells were analyzed by flow cytometry using
an LSRII Fortessa instrument (BD Biosciences).

In vivo IL-27 neutralization. To neutralize IL-27 in vivo, mice were
injected with 30 pg polyclonal goat anti-mouse IL-27 p28 IgG antibody
(R&D Systems) intraperitoneally (i.p.) every 3 days starting on day 2 p.i.
Normal goat IgG (R&D Systems) was used as a negative control.

Data analysis. Statistical analysis was performed using SigmaPlot12
(Systat Software Inc.). Differences between groups of mice were evaluated
by Student’s ¢ test or the Mann-Whitney rank sum test, as appropriate.
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FIG 1 Function of IL-10 in C. rodentium clearance. (A) C57BL/6] mice were
orally infected with C. rodentium, and tissues were collected at the indicated
times. IL-10 mRNA levels were determined by qPCR and are shown relative to
uninfected controls. The data are means + SEM (n = 5 or 6 mice/group). #,
P < 0.05 versus uninfected controls (rank sum test). The pathology scores for
these experiments are shown in Fig. 2B. (B and C) IL-10-deficient (O) and
wild-type (@) mice were infected with C. rodentium. Bacterial numbers in
feces (B) and homogenates of mesenteric lymph nodes (MLN), liver, and
spleen (C) were determined by CFU assay. The data are means = SEM (n =6
mice/group). *, P < 0.05 versus the wild type at the same time point (rank sum
test). The dashed lines represent the CFU assay sensitivities.

Kaplan-Meier analysis was used to compare survival curves. Differences
were considered statistically significant at a P value of <0.05.

Microarray data accession number. The microarray data were depos-
ited in the Gene Expression Omnibus (GEO) database under accession
number GSE55812.

RESULTS

IL-10 is not required for resolving C. rodentium-induced acute
intestinal inflammation. C. rodentium infection induces IFN-y-
and IL-17-expressing CD4™ T cells and causes mucosal inflamma-
tion (22-24), but the inflammation resolves rapidly after the peak
of infection. To determine whether the anti-inflammatory cyto-
kine IL-10 is important for controlling inflammatory resolution,
we first examined its expression during the course of the infection
in wild-type mice. Analysis of colonic IL-10 mRNA levels by quan-
titative PCR (qPCR) revealed a transient response, with a signifi-
cant increase on day 14 followed by a return to preinfection levels
by day 21 (Fig. 1A). Similar patterns of expression were observed
for cytokines that promote IL-10 production, including TGF-3
and IL-6 (2.3- and 4.1-fold, respectively). Expression of ICOS
(inducible T-cell costimulator; CD278), a critical factor involved
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in IL-10 production by antigen-specific T cells, was also increased
by day 10 and remained elevated (4.0-fold) through day 28. The
time course data suggested that adaptive immune cells were the
major source of IL-10, since its increased expression coincided
with the steepest decline in the bacterial load around day 14, when
strong adaptive immune responses develop (22). However, anal-
ysis of isolated subsets of colon lamina propria cells after 14 days
showed that IL-10 was most highly expressed in CD11b* CD11c¢™*
dendritic cells (3.6-fold) and CD11b™ CD11c™ macrophages (3.5-
fold), but not in CD11b~ CD11c* dendritic cells (0.3-fold) or
other CD45" leukocytes, including T cells (0.4-fold). Thus,
CD11b™ dendritic cells and macrophages were the major IL-10
producers during the clearance phase of C. rodentium infection.

To define the physiological function of IL-10 in host defense
against C. rodentium and the resolution of the infection-associated
inflammation, we infected IL-10-deficient mice and wild-type lit-
termate controls. Infection-related mortality was low in both
groups of mice (6 versus 7%). Similarly, no significant differences
in maximal body weight loss, a clinical marker of disease severity,
were observed between the groups (maximal weight loss was ob-
served on day 3 for both groups, with 4.0% * 2.2% in wild-type
mice versus 10.7% * 2.9% in IL-10-deficent mice [mean = stan-
dard error of the mean {SEM}; n = 25; P, not significant]; both
groups had returned to baseline weights by day 6 and maintained
the weights throughout the remainder of the infection). Analysis
of the bacterial burden revealed that the two groups had similar
fecal shedding during the first 6 days after infection (Fig. 1B),
although IL-10-deficient mice showed an enhanced and highly
reproducible ability to subsequently control the infection, with
>100-fold-lower bacterial numbers than wild-type mice on days 8
to 17 and accelerated bacterial eradication thereafter. Reduced
bacterial numbers were also found in the spleen, but not in mes-
enteric lymph nodes or the liver, in IL-10-deficent compared to
wild-type mice at 1 to 2 weeks (Fig. 1C).

Aged IL-10-deficient mice develop spontaneous colitis over
time (33) and are more susceptible to chemically induced colitis
(35), which we confirmed in our mice (see Fig. S1 in the supple-
mental material), so we anticipated that the mice would also show
greater infection-induced colon inflammation. Surprisingly, his-
tological examination of the colons of infected IL-10-deficient
mice revealed that they had less inflammation than those of in-
fected wild-type mice on day 14, the peak of the histologically
observable host response, as demonstrated by reduced epithelial
hyperplasia, fewer infiltrating lamina propria leukocytes, and less
submucosal edema (Fig. 2A and B). Consistent with this, we found
by flow cytometric analysis of isolated lamina propria T cells that
infected IL-10-deficient mice had attenuated induction of Thl
and Th17 cells compared to wild-type controls (Fig. 2C). Interest-
ingly, on day 7, IL-10-deficient mice displayed slight increases in
epithelial hyperplasia and submucosal edema compared to wild-
type mice (Fig. 2B), suggesting that their mucosal responses oc-
curred more rapidly but were overall less severe. Inflammation
had resolved in both groups by 28 days, indicating that IL-10 is not
required for resolution of C. rodentium-induced inflammation.

C. rodentium infection protects against chronic colitis in
aged IL-10-deficient mice. Our observation of reduced and short-
ened inflammation in C. rodentium-infected IL-10-deficient mice
not only demonstrated that IL-10 was dispensable for resolution
of inflammation, but also suggested that other anti-inflammatory
mechanisms must be active. We speculated that these effects may
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be sustained and could potentially impact the spontaneous devel-
opment of chronic colitis that occurs in aged IL-10-deficient mice
(33). To test this notion, 7- to 8-week-old, disease-free, IL-10-
deficient mice were infected with C. rodentium and rechallenged
every 4 weeks for a total of four exposures. The mice were closely
monitored for clinical signs of colitis, weight loss, and mortality
up to 5 months of age. Uninfected IL-10-deficient mice, which
were littermates of the infected IL-10 knockout animals but were
separated just before infection, and infected wild-type mice served
as controls. Analysis of disease-free survival showed significant
improvement in C. rodentium-exposed compared to uninfected
IL-10-deficient mice (Fig. 3A). Histological examination of the
colons of uninfected IL-10-deficient mice revealed moderate to
severe inflammation, characterized by mucosal thickening, epi-
thelial hyperplasia and erosions, crypt abscesses, and mixed leu-
kocytic infiltrates (Fig. 3B to D). In contrast, IL-10-deficient mice
that had been repeatedly infected with C. rodentium showed sig-
nificantly less mucosal inflammation with reduced mucosal thick-
ening and crypt hyperplasia and fewer leukocytic infiltrates. To-
gether, these results indicate that repeated C. rodentium infection
can protect against the development of spontaneous chronic coli-
tis in the absence of IL-10.

Differential cytokine expression in C. rodentium-infected
IL-10-deficient mice. To identify potential mechanisms of anti-
inflammatory protection observed in IL-10-deficient mice, we
used microarrays to determine genome-wide gene expression
profiles of the colonic response to infection. Two weeks after C.
rodentium challenge, total RNAs from the colons of infected IL-
10-deficient and wild-type mice were analyzed. Using changes of
=2-fold as the cutoff, we found 3,853 gene transcripts with differ-
ential expression in the colons of infected IL-10-deficient versus
infected wild-type mice. Of these, 46% were decreased and 53%
were increased. Analysis of the data with Ingenuity Pathways
Analysis software revealed significant downregulation of IL-17A
and granzyme signaling (see Table S1 in the supplemental mate-
rial) and decreased chemotaxis and activation of neutrophils and
granulocytes (see Table S2 in the supplemental material). Consis-
tent with the histological and cellular analyses, the expression lev-
els of many chemokines and cytokines involved in recruiting leu-
kocytes and promoting inflammation were, on average, lower in
IL-10-deficient than in wild-type mice after infection (Table 1).
An exception to this general trend was IL-27, a cytokine with both
pro- and anti-inflammatory properties (36), which was signifi-
cantly increased in the colons of infected IL-10-deficient mice.

Intrigued by the increased expression of IL-27 after 2 weeks, we
questioned whether the cytokine might have a role in mucosal
protection after C. rodentium infection. We first determined its
time course of expression in the colons of IL-10-deficient and
wild-type mice. In wild-type mice, levels of IL-27 mRNA were
constant and showed only minor induction (<2-fold) by day 14
(Fig. 4A). In contrast, IL-10-deficient mice had lower baseline
expression of IL-27 than wild-type mice but displayed a significant
(>3-fold) increase by 10 to 14 days after infection. Because IL-27
is produced by activated APC (37), we tested whether IL-10-defi-
cient macrophages express more IL-27 than wild-type cells. Rela-
tive to wild-type cells, IL-10-deficient macrophages had signifi-
cantly higher IL-27 mRNA levels and secreted more IL-27 after
stimulation with LPS and IFN-vy (Fig. 4B), suggesting that in-
creased IL-27 expression after C. rodentium infection of IL-10-
deficient mice is related to a cell-autonomous mechanism.
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FIG 2 Inflammatory responses in C. rodentium-infected IL-10-deficient mice. IL-10-deficient mice (IL-10~/~; O) and wild-type controls (IL-10*/*; @) were
infected with C. rodentium or left uninfected as controls. (A) H&E-stained paraffin sections of the colon were assessed for epithelial damage and inflammatory
cellinfiltration. (B) Crypt depths, lamina propria cell density, and submucosal thickness were quantified morphometrically. (C) Lamina propria (LP) T cells were
isolated from the colon and assessed for IL-17A- and IFN-y-producing cells. The bar graphs show the fold induction compared to uninfected controls. The data
are means = SEM (n = 5 or 6 mice/group). *, P < 0.05 versus the wild type (rank sum test).

IL-27 regulates T cell differentiation in the absence of IL-10.  sence of IL-10, we isolated naive CD4™ T cells from CBirl T cell
IL-27 has been shown to antagonize inflammation and T effector  receptor-transgenic (Cbirl Tg) mice, whose T cells are specific for
cells through induction of IL-10 (36), yet our in vivo data sug-  bacterial flagellin (38), and polarized them in vitro with antigen-
gested IL-10 is not required for attenuation of inflammation. To  loaded IL-10-deficient or wild-type APC under standard Th dif-
determine whether IL-27 could suppress Th induction in the ab-  ferentiation (or control) conditions in the absence or presence of
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FIG 3 Protection against spontaneous colitis after infection of IL-10-deficent mice with C. rodentium. Littermates of age-matched (7- to 8-week-old) disease-free
IL-10-deficent and wild-type mice were infected with C. rodentium (C. rod) or left uninfected as controls and followed for 12 weeks. (A) Occurrence of disease,
defined as >20% weight loss, was recorded in groups of 10 to 15 mice. The significance relative to wild-type mice was determined by Kaplan-Meier survival
statistics (*, P < 0.05). (B) A histological damage score was determined on H&E-stained paraffin sections of the colon. Each data point represents one animal.
Horizontal lines represent median values for each group. *, P < 0.05 (rank sum test). (C) Crypt depths, lamina propria cell numbers, and submucosal thickness
were quantified morphometrically. The results are means + SEM (n = 7 to 10 mice/group); *, P < 0.05 (rank sum test). (D) Representative colon sections from
mice 12 weeks postinfection and an uninfected IL-10-deficient littermate control of the same age.

exogenous IL-27. One week later, cytokine production was ana-
lyzed by flow cytometry. Activation of naive CBirl Tg CD4" T
cells under Thl conditions resulted in a strong Th1 phenotype
(>80% of the cells expressed IFN-vy), which was only minimally
affected by IL-27 in cultures with either wild-type or IL-
10-deficient APC (Fig. 4C). In comparison, IL-27 moderately in-
hibited the spontaneous development of Th1 cells under neutral
control conditions in both genotypes, suggesting that it was more
Th1 suppressive under less stringent Th1 induction conditions.
Furthermore, IL-27 strongly suppressed the development of Th17
effector and Foxp3™ Treg cells in culture with wild-type and IL-

TABLE 1 Differential gene expression in C. rodentium-infected
IL-107'7 vs IL-10"" mice®

Gene product mRNA ratio (IL-10~/7/IL-10"/*)

CXCL5 0.02
IL-6 0.11
IL-22 0.12
IL-23a 0.15
IL-17A 0.23
IL-18 0.26
CCL3 0.29
CCL2 0.39
IL-27 2.18

“ Colonic gene expression was determined by whole-genome microarrays in IL-10-
deficient (IL-10~/7) and wild-type (IL-10*/*) mice 14 days after C. rodentium
infection. Cytokine and chemokine genes with a >2-fold increase or decrease in mRNA
expression in IL-107/~ compared to IL-10"/" mice are shown.
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10-deficient APC (Fig. 4C). Collectively, these results indicate that
IL-27, even in the absence of IL-10, profoundly suppresses the
induction of antigen-specific Th17 cells and Tregs under strong
induction conditions and that of Th1 under suboptimal induction
conditions.

Neutralization of IL-27 exacerbates colitis in IL-10-deficient
mice. Given the increase in IL-27 expression in IL-10-deficient mice
and the ability of IL-27 to suppress the development of potentially
colitogenic Th17 cells, we sought to determine the physiological im-
portance of IL-27 in IL-10-deficient mice infected with C. rodentium.
Mice were infected and treated with neutralizing anti-IL-27 anti-
bodies or an IgG control. Antibody treatment had little impact on
the bacterial burden at day 7 (mean log CFU/g of feces = SEM,
8.1 = 0.2 in IgG control-treated mice versus 8.7 * 0.3 in anti-IL-
27-treated mice; P = 0.2). However, histological examination re-
vealed clear differences. Animals given IgG control antibodies ex-
hibited moderate colon inflammation with epithelial hyperplasia,
modest leukocytic infiltration of the mucosa and submucosa, and
increased submucosal thickening after infection (Fig. 5). In con-
trast, IL-10-deficient mice treated with anti-IL-27 antibodies ex-
hibited a similar degree of epithelial hyperplasia but had marked
mucosal infiltration with inflammatory cells and extensive sub-
mucosal swelling, which was accompanied by increased expres-
sion of the proinflammatory cytokine IL-6 compared to untreated
controls (3.4-fold versus 1.8-fold, respectively). Thus, neutraliza-
tion of IL-27 enhanced the mucosal inflammatory response of
IL-10-deficient mice to C. rodentium, which is consistent with the
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FIG 4 IL-10-independent suppression of Th17 differentiation by IL-27. (A) Total RNA from the colons of C. rodentium-infected IL-10-deficient (IL-10~/~; O) and
wild-type (IL-10*/*; @) mice was analyzed for IL-27 mRNA expression by qPCR. The data are means = SEM (1 = 6 or 7 mice/group) of mRNA changes relative
to uninfected controls; *, P < 0.05 versus uninfected controls (rank sum test). (B) Bone marrow-derived macrophages obtained from IL-10~'~ and IL-10"/*
mice were treated with LPS and IFN-+y, and 24 h later, cells and supernatants were harvested. IL-27 mRNA expression was determined by qPCR, and protein levels
in supernatants were measured by ELISA. The results are means + standard deviations (SD) of 3 replicates. *, P < 0.05 versus wild-type cells ( test). (C) CBirl-Tg
CD4T™ cells were cultured with CBir1-peptide-pulsed IL-10~/~ and IL-10"/" splenic APC in the presence of various cytokines or antibodies with and without
1L-27. Five days later, Foxp3, IFN-y, and IL-17A expression by CD4 " T cells was determined by flow cytometry. Shown are representative dot plots and bar charts
of cells cultured under Thl (IL-12 plus aIL-4), Th17 (TGF-B plus IL-6 plus alL-4 plus alFN-vy), Treg (TGF-B), or neutral (no cytokines or antibodies)
conditions. The bars represent mean cell percentages + SD (1 = 5/group). *, P < 0.05 versus wild-type cells (¢ test); **, P < 0.05 for the indicated pairs of IL-10"/*
versus IL-10/~ groups (¢ test). The data are representative of two separate experiments.

notion that increased IL-27 expression in these mice may be re-  phages and granulocytes, which limit infection early after infec-
sponsible for the diminished Th17 responses and reduced inflam-  tion, are IL-10 independent. In the second week, which is
mation that we had observed in the absence of IL-10 (Fig. 2). characterized by the development of effective adaptive immunity,

IL-10 deficiency even accelerated antibacterial host defense by

several days. A possible explanation may be that the absence of
DISCUSSION IL-10 can lead to increased production of IFN-y and TNF-a by
Our study demonstrates that IL-10 is not required for early orlate ~ antigen-specific T cells (19, 39), and both of these cytokines are
host defense against C. rodentium. Thus, during the first week after ~ important in host defense against C. rodentium (22). However, we
infection, IL-10 loss had no impact on the bacterial burden, sug-  did not find elevated expression of IFN-y or IL-17 after infection
gesting that the functions of innate immune cells, such as macro-  of IL-10-deficient mice, nor were Th1 and Th17 responses obvi-
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FIG 5 Importance of IL-27 in controlling C. rodentium-induced inflammation in IL-10-deficient mice. IL-10-deficient mice treated with anti-IL-27 antibody or
IgG control antibodies were infected with C. rodentium (C. rod). Uninfected IL-10-deficient littermates served as an additional control. The colons were collected
at day 12 and examined histologically. (A) Representative colon sections showing greater inflammatory infiltration in IL-10-deficient animals treated with
anti-IL-27 antibody than in controls. (B) A histological inflammation score was determined on H&E-stained paraffin colon sections. Each data point represents
oneanimal. ¥, P < 0.05 (rank sum test). (C) Crypt depths, lamina propria cell numbers, and submucosal thickness were quantified morphometrically. The results

are means + SEM (n = 5 or 6 mice/group); *, P < 0.05 (rank sum test).

ously enhanced in these mice. Nonetheless, it is possible that the
absence of IL-10 allowed the accelerated development of specific T
cells that orchestrate effective early antibacterial defenses and
reduce the bacterial burden (and thus antigenic stimulus) before
the substantial expansion of Th1 and Th17 that normally occurs in
infected wild-type mice.

Beyond accelerated host defense, the loss of IL-10 was unex-
pectedly associated with diminished mucosal inflammation dur-
ing C. rodentium infection. This finding indicates that IL-10 is
dispensable for controlling and resolving inflammation in this
situation, which contrasts with the observations in other intestinal
infection models, such as H. hepaticus or T. muris (19, 20). None-
theless, consistent with our results, other data also support the
notion that IL-10 has a limited role in controlling intestinal in-
flammation under certain conditions. For example, prolonged ad-
ministration of IL-10 was shown to reduce IFN-vy expression in
the colon but failed to improve colitis in genetically susceptible
rats (40), and treatment of Crohn’s disease patients with high
doses of IL-10 has failed to ameliorate intestinal inflammation
(13). These and our findings suggest that IL-10-independent
mechanisms of immunoregulation exist in the intestine to curtail
inflammatory responses to infectious agents, such as C. roden-
tium, and to other inflammatory stimuli. While the exact mecha-
nism of IL-10-independent control of inflammation in our model
is not known, recent studies have identified potential immuno-
regulatory cells and factors that may be involved (41). For exam-
ple, in a murine malaria model, in which IL-10 treatment failed to
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ameliorate liver damage, IL-27 was shown to be essential for lim-
iting the migration and function of Th1 cells through IL-10-inde-
pendent processes (42, 43). Furthermore, IL-27Ra-deficient mice
develop more severe chemically induced colitis than wild-type
controls (44). Our data also suggest that IL-27 is important in
controlling mucosal inflammation in response to C. rodentium
infection.

The regulatory functions of IL-27 are generally thought to be
mediated by induction of IL-10 (37), particularly in CD4™ T cells
during intestinal inflammation (45). However, our data indicate
that IL-27 can regulate immune responses by other mechanisms.
Consistent with previous studies (37, 46, 47), we observed that
IL-27 strongly inhibited the in vitro development of Th17 and
Tregs, as well as modestly suppressing Th1l development under
suboptimal induction conditions in wild-type cells. Importantly,
we discovered that this inhibition was independent of IL-10 in our
model. Consistent with this finding, IL-27 was found to suppress
Th17 cell-driven autoimmune encephalomyelitis independently
of IL-10 (48). Several mechanisms may be responsible for the IL-
10-independent functions of IL-27. For example, IL-27 can antag-
onize Th17 cell differentiation through direct inhibition of RORc
(47).1L-27 promotes programmed death ligand 1 upregulation on
naive T cells, which inhibits the differentiation of Th17 cells in vivo
and can limit the severity of autoimmune disease (49). In addition
to T cell effects, IL-27 also stimulates differential STAT signaling
in intestinal epithelial cells and promotes epithelial restitution and
expression of antimicrobial genes (50), which could contribute to
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reducing microbial stimulation of innate immune cells in the mu-
cosa. It must be noted that IL-27 can also promote inflammation
under certain conditions. For example, mice lacking IL-27 recep-
tors are protected against mucosal inflammation in response to
the gastrointestinal helminth T. muris (51), indicating that the
pro- and anti-inflammatory effects of IL-27 may depend on the
immune context.

Activation of macrophages from IL-10-deficient mice induced
more IL-27 production than in wild-type mice, whereas stimu-
lated dendritic cells were reported to be unable to produce IL-27
without IL-10 (52). These results indicate that IL-10 normally acts
in a cell-autonomous fashion to limit IL-27 production in macro-
phages butisa critical autocrine inducer of IL-27 in dendritic cells.
These data also indirectly suggest that macrophages, rather than
dendritic cells, are important for attenuating C. rodentium-in-
duced mucosal inflammation in the absence of IL-10. This general
concept of a regulatory role of macrophages is supported by the
observation that their activation can induce other anti-inflamma-
tory mediators, as exemplified by TGF-$ (53).

An important and unexpected observation in our studies was
the apparently long-lasting effect of C. rodentium infection on
protection against the development of spontaneous colitis in aged
IL-10-deficient mice. The underlying mechanisms are presently
unclear, but one could speculate that enhanced IL-27 production
and the accompanying suppression of Th17 responses may be
involved. It also remains to be established what the optimal
duration and frequency of C. rodentium infections are to achieve
maximal protection against spontaneous colitis. Regardless of the
exact conditions and mechanisms, our finding that IL-10-inde-
pendent processes are involved in attenuating T effector responses
points to novel opportunities in identifying therapeutic strategies
for resolving inflammatory processes in the intestinal tract.
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