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Type 17 helper T-cell cytokines have been implicated in the pathogenesis of inflammatory bowel disease, a
chronic condition affecting the gastrointestinal tract, but information regarding their contribution to
pathology in different regions of the gut is lacking. By using a murine model of bacteria-induced typhlo-
colitis, we investigated the role of IL-17A, IL-17F, and IL-22 in cecal versus colonic inflammation. Cecal, but
not colonic, pathology in C57BL/6 mice inoculated with Helicobacter hepaticus plus antieIL-10 receptor
(IL-10R) monoclonal antibody was exacerbated by co-administration of antieIL-17A monoclonal antibody,
suggesting a disease-protective role for IL-17A in the cecum. In contrast, antieIL-17F had no effect on
H. hepaticus-induced intestinal pathology. Neutralization of IL-22 prevented the development of colonic,
but not cecal, inflammation in H. hepaticus-infected antieIL-10Retreated mice, demonstrating a patho-
genic role for IL-22 in the colon. Analysis of transcript levels revealed differential expression of IL-22R,
IL-22 binding protein, and IL-23R between cecum and colon, a finding that may help explain why these
tissues respond differently after antieIL-22 treatment. Analysis of microarray data from healthy human
intestine further revealed significant differences in cytokine receptor transcript levels (including IL-22RA1
and IL-23R) in distinct parts of the human gut. Together, our findings demonstrate that individual type 17
helper T-cell cytokines can have proinflammatory or anti-inflammatory effects in different regions of the
intestine, an observation that may have implications for interventions against human inflammatory bowel
disease. (Am J Pathol 2015, 185: 3290e3303; http://dx.doi.org/10.1016/j.ajpath.2015.08.015)
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Crohn disease and ulcerative colitis, the two major forms of
inflammatory bowel disease (IBD), each have their own char-
acteristic inflammatory response and anatomical location. Thus,
Crohn disease is characterized by a granulomatous, transmural
inflammation that can affect any part of the gastrointestinal
tract, whereas ulcerative colitis is limited to the mucosa and
submucosa of the colon.1 IBD is caused by an inappropriate
immune response to intestinal microflora, and genome-wide
association studies have now identified >160 IBD loci,2

many of them linked to the immune response.3 A prime
example is the IL23R gene, where several single-nucleotide
polymorphisms associated with either susceptibility or resis-
tance to IBD have been described.4 Experimental data from
murine models of intestinal inflammation have further
stigative Pathology.
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demonstrated a crucial role for IL-23 in disease pathology.5

IL-23 is produced by activated dendritic cells and macro-
phages after microbial stimulation,6,7 and one of its many
functions is the enhancement of CD4þ type 1 helper T-cell
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Th17 Cytokines in H. hepaticus Colitis
(Th1) and type 17 helper T-cell (Th17) responses and the in-
duction of Th1/Th17-type cytokines by noneT-cell sources.8

Increased levels of both Th1- [interferon (IFN)-g] and Th17-
type cytokines (IL-17A, IL-17F, and IL-22) are found in
inflamed tissues in both human IBD and experimental models
of the disease,8 but the importance of these cytokines in disease
pathogenesis at different anatomical locations of the gut is not
well characterized.

IL-17A, IL-17F, and IL-22 are produced by CD4þ and
CD8þ T lymphocytes, gd T cells, and cells of the innate
immune system, including innate lymphoid cells.8,9 The
receptor for IL-17A and IL-17F is composed of IL-17RA
and IL-17RC, and is expressed on both hematopoietic and
nonhematopoietic cells.10 In contrast, the receptor for IL-22,
a heterodimer composed of IL-22 receptor a1 (IL-22Ra1)
and IL-10Rb2,11,12 is found on nonhematopoietic cells.13,14

Moreover, a secreted single-chain receptor known as the
IL-22 binding protein (IL-22BP), or IL-22Ra2, acts as a
naturally occurring IL-22 antagonist.15e17 IL-17A, IL-17F,
and IL-22 may all contribute to inflammatory responses in the
gut. Thus, IL-17A and IL-17F are known to induce the
expression of neutrophil chemoattractants and proinflammatory
cytokines, such as IL-1b, IL-6, tumor necrosis factor-a,
granulocyte colony-stimulating factor, and granulocyte
macrophage colony-stimulating factor, from fibroblasts,
endothelial cells, and epithelial cells.9,10 IL-22 can induce
tumor necrosis factor-a production by intestinal epithelial
cells18 and proinflammatory cytokines, chemokines, and
matrix metalloproteinases from colonic subepithelial
myofibroblasts.19 IL-17A, IL-17F, and IL-22 have also
been reported to enhance barrier function and promote
antimicrobial defense,9,20e26 thus displaying tissue-
protective functions at mucosal sites.

We have previously shown that inoculation with
Helicobacter hepaticus triggers typhlocolitis in specific
pathogen-free IL-10edeficient (Il10�/�) mice and in wild-
type (WT) animals treated with antieIL-10R monoclonal
antibody (mAb).27,28 The development of intestinal pathol-
ogy after H. hepaticus inoculation is dependent on IL-23
and is associated with up-regulated Th1- and Th17-type
cytokine mRNA levels as well as enhanced frequencies
and numbers of cecal and colonic lamina propria (LP)
CD4þ T cells expressing IFN-g, IL-17A, IL-17F, and/or
IL-22.28,29 Interestingly, IFN-g was shown to be necessary
for maximal pathology in the colon, but not in the cecum in
this model,28 suggesting regional differences in cytokine
requirements for disease pathogenesis. The role of Th17-
type cytokines in cecal versus colonic inflammation in
H. hepaticuseinduced T-celledependent intestinal pathol-
ogy has, however, not been examined.

By using mAb blockade of cytokines, we herein
demonstrate that IL-17A and IL-22 play distinct roles in
different anatomical regions of the intestine during
H. hepaticuseinduced inflammation. Thus, IL-17A was
found to play a disease-protective role in the cecum,
whereas IL-22 was shown to be pathogenic in the colon.
The American Journal of Pathology - ajp.amjpathol.org
Analysis of transcript levels revealed significant differences
in mRNA accumulation of Il22ra1, Il22ra2, and Il23r be-
tween the cecum and colon, a finding that may help explain
the difference in IL-22 dependence of the inflammation in
these two tissues. Regional differences in cytokine receptor
expression may be of relevance to disease pathogenesis also
in human IBD, because we observed significant differences
in transcript levels for several receptor subunits, including
IL-22RA1 and IL-23 receptor (IL-23R), in distinct parts of
the healthy human gut. Together, these findings demonstrate
that individual Th17-type cytokines may have proin-
flammatory or anti-inflammatory effects in different parts of
the intestine, and highlight the possibility that differential
expression of cytokine receptors at those sites may influence
disease pathogenesis.

Materials and Methods

Mice

Female C57BL/6 (B6) CD45.1þ and B6 CD45.2þ WT mice
were bred and maintained in an accredited specific
pathogen-free facility, and experiments were conducted in
accordance with the UK Scientific Procedures Act (1986)
under a Project License authorized by the UK Home Office
and approved by the Animal Welfare and Ethical Review
Body at the Department of Biology, University of York
(York, UK). Animals used tested negative for antibodies to
specific murine viruses, were free of Helicobacter species,
as assessed by PCR, and were >6 weeks old when used.

Experimental Infections and mAb Treatment

To induce typhlocolitis, mice were allocated to treatment
groups and inoculated intragastrically with 1.5 � 107 H.
hepaticus National Cancer InstituteeFrederick isolate 1A,30

isolated from the same mouse colony as isolate Hh-131

(strain 51449; ATCC, Manassas, VA) and treated i.p. with
1 mg of antieIL-10R (clone 1B1.3a) on days 0 and 7 (and
in some experiments also day 14) of H. hepaticus infec-
tion.28 Age-matched uninfected animals were included as
controls. To examine the effect of in vivo neutralization of
IL-17A, IL-17F, or IL-22, mice were treated i.p. with
antieIL-17A (clone 50104, 0.5 mg/injection; R&D Sys-
tems, Abingdon, UK), antieIL-17F (clone RK016-17,32 1
mg/injection; Pfizer, Cambridge, MA), antieIL-22 (clone
Ab-01,33 1 mg/injection; Pfizer), or a control rat IgG1
(Pfizer) in 0.5 mL of phosphate-buffered saline (PBS) on
days 0 and 7 (and in some experiments also day 14) of
H. hepaticus infection. One week after the last mAb injection,
mice were sacrificed and intestines were collected for analysis.

Pathology

Cecum and a piece of ascending colon (approximately 1 cm
from the cecum) were fixed in buffered 10% formalin, and
3291
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paraffin-embedded sections were stained with hematoxylin
and eosin (Mary Lyon Center at Medical Research Council
Harwell, Oxfordshire, UK). Samples (a longitudinal section
of the cecum and a cross section through the colon) were
scored blindly (D.J. or M.C.K.) using two different scoring
systems. Initially, histology sections were evaluated in a
blinded manner by the same pathologist (D.J.) for 20 param-
eters of inflammation. A total score for the whole section was
assigned on the basis of a 0 to 5 scoring system for different
features of epithelial damage (mucus depletion, crypt length
and hyperplasia, crypt loss and irregularity, epithelial flat-
tening, and ulceration), polymorphonuclear cell response
(crypt abscesses in the epithelium, and polys in the
epithelium, LP, submucosa, and serosa), macrophage-
plasma cell-lymphocyte cellularity (in the LP, submucosa,
muscularis, and serosa), granulomas (mucosal, submucosal,
and lymphatic granulomas), and fibrosis. A total score was
calculated by adding the individual scores. Subsequently, a
simplified scoring system was adapted on the basis of
epithelial hyperplasia and LP cellularity (0 to 3 each), and
goblet cell depletion, submucosal inflammation, edema,
crypt abscesses, and ulcers (0 to 1 each). A total score was
calculated by adding the individual scores, reaching a
maximum score of 11. When samples from the experiments
were rescored using this latter scoring system, the histology
findings were reproduced; thus, the simplified scoring sys-
tem was used throughout the rest of the study with all his-
tology sections evaluated blinded (M.C.K.).

Isolation of Epithelial Cells and the Nonepithelial
Tissue Compartment

Freshly harvested ceca (avoiding the cecal patch) and colons
(the proximal half) were cut open and into sections (3 to 5 mm
long) and incubated twice in RPMI 1640medium containing 10
mmol/L HEPES, 100 U/mL penicillin, 100 mg/mL
streptomycin, 2 mmol/L glutamine, 1% fetal calf serum
(FCS), 1 mmol/L dithiothreitol, and 5 mmol/L EDTA for
20 minutes at 37�Cwhile shaking to release epithelial cells.
Cells collected from the first incubation (epithelial cells,
generally <10% CD45þ cells by flow cytometry) were spun
down, resuspended in RLT buffer (Qiagen, Crawley, UK), and
stored at �80�C until processing. The tissue pieces collected
after the second incubation (the nonepithelial tissue compart-
ment) were stored in RNAlater (Ambion, Paisley, UK) at 4�C
overnight before the RNAlater was removed and samples were
stored at �80�C until processing.

Real-Time RT-PCR

Pieces of cecum (avoiding the cecal patch) and ascending
colon (an approximately 3-mm piece distal of that used for
histology) collected in RNAlater, or the nonepithelial tissue
compartment from these tissues, were homogenized in TRIzol
(Invitrogen, Paisley, UK), and total RNA was isolated by
chloroform extraction, followed by DNase treatment using the
3292
DNA-free kit (Applied Biosystems, Paisley, UK). Total RNA
was isolated from epithelial cells using the RNeasy mini
kit, including DNase treatment as recommended by the
manufacturer (Qiagen). RNA was reverse transcribed
using SuperScript II (Invitrogen) and random hexamers.
cDNA was amplified using either SYBR Green reagents
and an ABI Prism 7300 Sequence Detection System
(Applied Biosystems) or Fast SYBR Green reagents and a
StepOnePlus Real-Time PCR System (Life Technologies,
Paisley, UK). Cytokine and cytokine receptor expression
levels for each individual sample (run in duplicates) were
normalized to hypoxantine-guanine phosphoribosyltransferase
(HPRT) using DCt calculations. Primer pairs for murine
RegIIIg, Il22, Il17ra, Il17rc, Ifngr2, Il10ra, Il10rb, Il22ra1,
Il22ra2, and Il23r were fromQiagen. Other specific primer pairs
were as follows: Hprt, 50-GCGTCGTGATTAGCGATGAT-
GAAC-30 (forward) and 50-ATCTCCTTCATGACATCTC-
GAGCAAGTC-30 (reverse); Il12p40, 50-CATCAAGAGCA-
GTAGCAGTTCC-30 (forward) and 50-GAATACTTCTCAT-
AGTCCCTTTGG-30 (reverse); Il12p35, 50-AAATGAAGCT-
CTGCATCCTGC-30 (forward) and 50-TCACCCTGTTGAT-
GGTCACG-30 (reverse); Il23p19, 50-CACATGCACCAGC-
GGGACAT-30 (forward) and 50-CTTTGCAAGCAGAACT-
GGCTGTTG-30 (reverse); Ifng, 50-GGATGCATTCATGAG-
TATTGC-30 (forward) and 50-GCTTCCTGAGGCTGGAT-
TC-30 (reverse); and Il17a, 50-GCTCCAGAAGGCCCTCAG-30

(forward) and 50-CTTTCCCTCCGCATTGACA-30 (reverse).

LP Cell Isolation

Ceca and colons were cut open and into sections (3 to 5 mm
long) and incubated twice in RPMI 1640 medium contain-
ing 10 mmol/L HEPES, 100 U/mL penicillin, 100 mg/mL
streptomycin, 2 mmol/L glutamine, 1% FCS, 1 mmol/L
dithiothreitol, and 5 mmol/L EDTA for 20 minutes at 37�C
while shaking to release epithelial cells. Tissue pieces were
then digested with Liberase TL (0.3125 mg/mL; Roche,
Burgess Hill, UK) and DNase I (125 U/mL; Sigma-Aldrich,
Gillingham,UK) in RPMI 1640medium containing 10mmol/L
HEPES, 100 U/mL penicillin, 100 mg/mL streptomycin,
2 mmol/L glutamine, and 1% FCS for 1 hour at 37�C while
shaking. The resulting tissue suspension was passed through a
100-mm cell strainer, centrifuged, and resuspended in 40%
Percoll (Sigma-Aldrich) and underlayed with 80% Percoll.
After centrifugation at 600� g for 20 minutes at 10�C, LP cells
were recovered from the 40%/80% interface and resuspended in
complete medium (RPMI 1640 medium with 10% heat-
inactivated FCS, 100 U/mL penicillin, 100 mg/mL strepto-
mycin, 2 mmol/L glutamine, 10 mmol/L HEPES, 1 mmol/L
sodium pyruvate, 0.1 mmol/L nonessential amino acids, and 50
mmol/L 2-mercaptoethanol).

Intracellular Staining for Cytokines

LP cells (5 � 106/mL) were stimulated with 10 ng/mL of
phorbol myristate acetate and 1 mg/mL of ionomycin for
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Cecal and colonic pathology after type 17 helper T-cell cytokine blockade in Helicobacter hepaticus (Hh)einduced intestinal inflammation. C57BL/6 wild-
type (WT)micewere inoculatedwithH. hepaticus and treatedwith antieIL-10 receptor (IL-10R)monoclonal antibody (mAb) plus neutralizingmAb to IL-17A, IL-17F, IL-
17Aþ IL-17F, IL-22, or isotype control (Contr) ondays 0, 7, and (if applicable) 14 postinfection (pi). Oneweek after the lastmAbadministration, pathologywas analyzed
in the cecumand ascending colon.A andB:Histology scores of cecum (A) and ascending colon (B) using a scoring systemon the basis of 20 parameters of inflammation,
as described in Materials and Methods. Each symbol represents an individual mouse. Data are pooled from two separate experiments analyzed at 2 and 3 weeks pi,
respectively.CeN:Histologyof representative cecal (CeH) and colonic (IeN) sections from themice inA andB. Uninfected (Uninf.)WT (C and I),H. hepaticuseinfected
WT plus antieIL-10R plus control mAb (D and J), H. hepaticuseinfected WT plus antieIL-10R plus antieIL-17A (E and K), H. hepaticuseinfected WT plus antieIL-10R
plus antieIL-17F (F and L), H. hepaticuseinfected WT plus antieIL-10R plus antieIL-17A plus antieIL-17F (G andM), and H. hepaticuseinfected WT plus antieIL-10R
plus antieIL-22 (H andN). Hematoxylin and eosin stainingwas used.O and P:Histology scores of cecum (O) and ascending colon (P) using a scoring systemon the basis
of five parameters of inflammation [epithelial hyperplasia, lamina propria (LP) cellularity, goblet cell depletion, crypt abscesses, and ulcers]. Each symbol represents an
individual mouse. Data are pooled from two separate experiments analyzed at 2 weeks pi. *P < 0.05, **P < 0.01, and ***P < 0.001. Scale barZ 100 mm (CeN).

Th17 Cytokines in H. hepaticus Colitis
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4 hours at 37�C with 10 mg/mL brefeldin A during the last
3 hours. Thereafter, cells were resuspended in PBS
containing 5 mg/mL anti-FcgRII/III mAb (2.4G2; BD,
Oxford, UK), stained at 4�C with a fixable Aqua Dead Cell
stain (Invitrogen), washed with PBS, and fixed in 2%
paraformaldehyde for 15 minutes. After a wash in PBS,
cells were resuspended in permeabilization buffer (PBS
containing Mg2þ and Ca2þ, 10 mmol/L HEPES, 0.1%
saponin, and 1% FCS) with 10% normal mouse serum and
5 mg/mL anti-FcgRII/III, and incubated for 30 minutes at
4�C. Thereafter, cells were stained for 30 minutes at 4�C
with antieIL-17Aefluorescein isothiocyanate (Mabtech,
Nacka Strand, Sweden), antieIFN-g-eFluor450 (XMG1.2;
eBioscience, Hatfield, UK), antieIL-22-Alexa Fluor 647
(IL-22-02; labeled in-house), washed with permeabiliza-
tion buffer, and resuspended in PBS þ 0.5% FCS. Cell
fluorescence was measured using a CyAn ADP flow
cytometer (Beckman Coulter, High Wycombe, UK), and
data were analyzed using FlowJo software version 8.8.6
(Tree Star, Ashland, OR).

Analysis of Microarray Data from Human Intestinal Tissue

The National Center for Biotechnology Information Gene
Expression Omnibus database was searched for studies
measuring gene expression by microarray in human intes-
tinal tissue. Specifically, we were looking for studies in
which biopsy specimens had been collected from multiple
sampling sites throughout the intestinal tract of healthy
individuals. Only one suitable study was found (http://www.
ncbi.nlm.nih.gov/geo; accession number GSE55258), with
collection of Agilent microarray data from intestinal biopsy
specimens of the terminal ileum (TI), ileocecal valve (ICV),
appendiceal orifice (AO), and sigmoid colon (SC) from
healthy human subjects.34 For our analysis, data were
downloaded from Gene Expression Omnibus and processed
using the limma library in R (http://www.r-project.org).
Samples from five of the six patients in the study were
included in the analysis (patients 9, 10, 18, 22, and 23),
because all four tissue types were available for these
subjects; patient 17 was excluded, because only the TI was
available from this subject. In limma, background expres-
sion was corrected using the normexp method, with an
offset of 16. Quantile normalization was used to normalize
between arrays. Data were then fitted to a linear model, and
the empirical Bayes method combined with a nested post
hoc test was used to assess significance. P values were
adjusted for multiple tests with the Benjamini-Hochberg
correction.35

Statistical Analysis

Colitis scores were compared using the nonparametric Mann-
Whitney test. Murine mRNA expression data were analyzed by
one-way analysis of variance when comparing multiple groups,
and by Student’s two-tailed t-test when comparing cecum and
3294
colon data. Differences were considered statistically significant
with P < 0.05.

Results

Neutralization of IL-22, But Not IL-17A, Prevents
H. hepaticuseInduced Colonic Inflammation

We have previously shown that specific pathogen-free WT
mice given H. hepaticus plus antieIL-10R mAb develop
typhlocolitis, a disease dependent on IL-23 and associated
with the up-regulation of Th1- and Th17-type cytokines in
the large intestine.28 Moreover, IFN-g was found to be
required for maximal pathology in the colon, but not the
cecum, in this model.28 To assess the contribution of Th17-
type cytokines to disease pathogenesis in different regions
of the intestine, parallel groups of H. hepaticuseinfected
antieIL-10Retreated WT mice were given weekly
injections of neutralizingmAb to IL-17A, IL-17F, IL-17A plus
IL-17F, IL-22, or isotype control from the start of the infection,
and pathology was examined in the cecum and colon 2 to 3
weeks later. For these initial experiments, histology sections
were scored for 20 parameters of inflammation, including
measures of epithelial damage, crypt abscesses, granulomas,
fibrosis, polymorphonuclear leukocytes, and cellularity (mac-
rophages, plasma cells, and lymphocytes) in the LP, submu-
cosa, muscularis, and serosa. Uninfected mice were included as
controls (Figure 1, AeC and I). Our results revealed that cecal
pathology, but not colonic inflammation, in WT mice inocu-
lated with H. hepaticus plus antieIL-10R was exacerbated by
co-administration of antieIL-17AmAb (Figure 1, A, B, D, E, J,
and K), suggesting a disease-protective role for IL-17A in the
cecum in this model. In contrast, neutralization of IL-17F had
no effect on either cecal or colonic inflammation (Figure 1, A,
B, F and L). Cecal pathology in mice given antieIL-17A
plus antieIL-17F was indistinguishable from that seen in
H. hepaticuseinfected antieIL-10Retreated animals given
antieIL-17A alone (Figure 1, A, B, G and M). [Of note, in one
of the experiments performed, by day 16 postinfection (pi) one
mouse was found dead and one mouse had to be sacrificed
because of ill health in the two groups given antieIL-17AmAb.
The large intestines of these animalswere severely inflamed and
enlarged on visible inspection, and histological analysis
revealed the tissues were largely autolyzed and necrotic; thus,
no histology scores were obtained from these mice.] The
increased cecal pathology observed after antieIL-17A or
antieIL-17A plus antieIL-17F treatment was not because of a
specific feature of inflammation being increased, butmost of the
20 parameters examined were scored higher compared
with animals receiving H. hepaticus plus antieIL-10R
alone (data not shown). More important, administration of
antieIL-22 mAb revealed a different role for IL-22
in H. hepaticuseinduced intestinal pathology. Thus,
neutralization of IL-22 significantly reduced pathology
in the colon of H. hepaticuseinfected antieIL-10Re
treated WT mice, without affecting cecal inflammation
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Kinetics of cecal and colonic cytokine expression after Helicobacter hepaticus (Hh) inoculation. C57BL/6 wild-type (WT) mice were inoculated with
H. hepaticus alone or H. hepaticus plus antieIL-10 receptor (IL-10R) monoclonal antibody (mAb), and ceca and colons collected at different time points postinfection
(pi) and processed for real-time RT-PCR analysis of cytokines (A, B, and D) or intracellular cytokine staining of lamina propria (LP) cells (C). Uninfected (Uninf.) mice
were included as controls. A and D: Day 2, 4, 6, and 8 pi transcript levels of Il17a (IL-17A), Il22 (IL-22), and Ifng (IFN-g; A) and Il23a (IL-23p19), Il12b (IL-12p40),
and Il12a (IL-12p35; D) in cecum and colon of mice given H. hepaticus alone or H. hepaticus plus antieIL-10R on day 0. Significance was compared with uninfected
controls.B: Day 14 pi transcript levels of Il17a (IL-17A), Il22 (IL-22), and Ifng (IFN-g) in cecum and colon of uninfected controls andmice given H. hepaticus alone or
H. hepaticus plus antieIL-10R on days 0 and 7 pi. Data are pooled from two independent experiments, except for Il17awhere only one experiment was analyzed. C: LP
cells were stimulated with phorbol myristate acetate (PMA)/ionomycin, and stained with a fixable viability dye andmAb to IL-17A, IL-22, and IFN-g. Graphs show the
proportion of IL-17Aþ, IL-22þ, and IFN-gþ cells within the total live LP cells in the cecum and colon at 14 and 21 days pi in mice given H. hepaticus with or
without weekly injections of antieIL-10R. Uninfected controls were included at each time point. Each symbol represents an individual mouse, and data are pooled
from two independent experiments with four mice per group and time point. Data represent means � SEM mRNA levels relative to hypoxantine-guanine phos-
phoribosyltransferase (HPRT; A, B, and D). nZ 4 mice per group and time point (A and D); nZ 4 individual mice per group (Il17a) or nZ 8 individual mice per
group (Il22 and Ifng; B). *P < 0.05, **P < 0.01, and ***P < 0.001.

Th17 Cytokines in H. hepaticus Colitis
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Figure 3 Increasing the dose of antieIL-22 or starting monoclonal
antibody (mAb) treatment before Helicobacter hepaticus (Hh)/antieIL-10
receptor (IL-10R) inoculation does not affect cecal pathology. C57BL/6
wild-type mice were inoculated with H. hepaticus and treated with antieIL-
10R plus antieIL-22 as indicated. One week after the last mAb adminis-
tration, pathology was analyzed in the cecum. Uninfected mice were
included as controls. A: A total of 1 or 2 mg of antieIL-22 was given on
days 0 and 7 postinfection (pi). B: A total of 1 mg of antieIL-22 was given
on days 0 and 7 pi or on days �2, 0, and 7 pi. Data represent grade of
inflammation (using a scoring system on the basis of five parameters of
inflammation: epithelial hyperplasia, lamina propria cellularity, goblet cell
depletion, crypt abscesses, and ulcers). Data are means � SEM (A and B).
n Z 4 mice per group (A and B, H. hepaticus/antieIL-10R, H. hepaticus/
antieIL-10R/antieIL-22 1 mg, and H. hepaticus/antieIL-10R/antieIL-22
2 mg; and B, uninfected mice); n Z 3 mice per group (A and B,
H. hepaticus alone; and A, uninfected mice).

Morrison et al
(Figure 1, A, B, H and N), a pattern similar to that seen
when blocking IFN-g in the H. hepaticus colitis model.28

The finding that IL-22 neutralization reduced colonic,
but not cecal, pathology inH. hepaticuseinfected antieIL-
10Retreated WT animals was confirmed using a simplified
scoring system focusing on seven parameters (epithelial
hyperplasia, goblet cell depletion, LP and submucosal
cellularity, edema, crypt abscesses, and ulcers) (Figure 1,
O and P), validating this more basic scoring system.
Moreover, H. hepaticuseinfected WT animals given
antieIL-22 showed no increase in pathology compared
with mice given H. hepaticuseinfected alone or with
uninfected controls (Figure 1, O and P). Together, our
findings suggest that although IL-17A has a disease-
protective role in the cecum, IL-22, similar to IFN-g,28 is
essential for maximal pathology in the colon in
H. hepaticuseinduced T-celledependent colitis.
Figure 4 AntieIL-22 monoclonal antibody (mAb) treatment reduces
RegIIIg accumulation in both the cecum and colon of Helicobacter hepaticus
(Hh)/antieIL-10 receptor (IL-10R)etreated wild-type (WT) mice. C57BL/6
WT mice were inoculated with H. hepaticus and treated with antieIL-10R
mAb plus neutralizing mAb to IL-17A, IL-17F, IL-17A þ IL-17F, IL-22, or
isotype control (Contr) on days 0 and 7 postinfection. One week later, large
intestines were collected for real-time RT-PCR analysis of RegIIIg in the
cecum (A) and ascending colon (B). Data represent means � SEM mRNA
levels relative to hypoxantine-guanine phosphoribosyltransferase (HPRT; A
and B). n Z 4 to 5 individual mice from one of the experiments shown in
Figure 1 (O and P; A and B). ***P < 0.001. Uninf., uninfected.
IL-17A and IL-22 Expression Is Higher in the Cecum
than in the Colon

To investigate if there were regional differences in IL-17A
and IL-22 expression in the large intestine after H. hepaticus
inoculation, we next analyzed mRNA levels of these cyto-
kines in the cecum and colon every other day during the first
8 days after bacterial challenge. This time period was chosen
to capture the early kinetics of H. hepaticuseinduced
typhlocolitis, where visible inflammation is detected by day 7
after H. hepaticus inoculation.29 Compared with uninfected
animals, WT mice given H. hepaticus alone showed minimal
induction of Il17a and Il22 transcripts in the large intestine
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(Figure 2A). In contrast, animals given H. hepaticus plus
antieIL-10R displayed enhanced mRNA accumulation of
Il17a and Il22 from day 6 and day 4 pi, respectively, in both
the cecum and colon, reaching significance by day 6 to 8 pi
(Figure 2A). Large intestinal Ifng transcript levels were also
enhanced from day 4 pi onwards in H. hepaticuseinfected
antieIL-10RetreatedWTmice, reaching significance by day
6 pi (Figure 2A). In general, mRNA accumulation of Il17a,
Il22, and Ifng was higher in the cecum than in the colon
of H. hepaticuseinfected antieIL-10Retreated WT mice
(Figure 2A), a pattern seen also at day 14 pi (Figure 2B) when
H. hepaticuseinduced inflammation and the number of
cytokine-secreting CD4þ T cells reach their peak in the large
intestine.29 Moreover, when examining cytokine expression
at the protein level, the proportion of total LP cells able to
secrete IL-17A, IL-22, and IFN-g in H. hepaticuseinfected
antieIL-10RetreatedWTmice was higher in the cecum than
in the colon at both days 14 and 21 pi (Figure 2C). The fre-
quency of LP cells producing these cytokines was higher in
the cecum than in the colon also in uninfected controls and in
WT mice given H. hepaticus alone, although the percentages
were lower in these groups than in inflamed hosts
(Figure 2C). When examining mRNA levels for Th1-/Th17-
polarizing cytokines, we noted no major changes in the
expression of Il23a transcripts in the cecum or colon over
the first 8 days after bacterial inoculation (Figure 2D).
However, Il12b mRNA levels were significantly enhanced
in H. hepaticuseinfected antieIL-10Retreated WT mice
from day 6 and 8 pi in the cecum and colon, respectively,
with higher levels in the cecum (Figure 2D). Finally, Il12a
transcripts did not change significantly during the course of
the experiment (Figure 2D).
We next examined Il17a and Il22 mRNA levels in the

epithelial fraction versus the nonepithelial tissue compart-
ment from the cecum and colon of uninfected controls and of
mice given H. hepaticus with or without antieIL-10R 7 days
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Difference in cytokine receptor mRNA
levels between steady-state cecum and colon of
wild-type (WT) mice. Ceca and colons were
collected from uninfected C57BL/6 WT mice, and
epithelial cells and the nonepithelial tissue
compartment were processed for real-time RT-PCR
analysis of cytokine receptor subunits. Transcript
levels of Il17ra (IL-17RA), Il17rc (IL-17RC), and
Ifngr2 (IFN-gR2; A) and Il10ra (IL-10RA), Il10rb
(IL-10RB), Il22ra1 (IL-22RA1), Il22ra2 [IL-22RA2/
IL-22 binding protein (IL-22BP)], and Il23r
(IL-23R; B) in the nonepithelial tissue compart-
ment and epithelial cells of cecum and colon. Data
represent means � SEM mRNA levels relative
to hypoxantine-guanine phosphoribosyltransferase
(HPRT; A and B). n Z 4 individual mice from one
experiment (A); n Z 8 individual mice from two
independent experiments, except for Il10ra, where
n Z 4 mice were analyzed (B). *P < 0.05 when
comparing cecum with colon.

Th17 Cytokines in H. hepaticus Colitis
earlier. As expected, the expression of these cytokines was
primarily detected in the nonepithelial tissue compartment in
all three groups of mice (Supplemental Figure S1). More-
over, when analyzing the nonepithelial tissue compartment,
Il17a and Il22 transcripts were significantly higher in the
cecum than in the colon, both at steady state, in mice given
H. hepaticus alone, and in mice inoculated with H. hepaticus
plus antieIL-10R mAb (Supplemental Figure S1). Together,
this reinforced a difference between these two tissues in
steady state and during the early stages of colitis induction. A
similar trend was observed for IFN-g with higher levels of
Ifng transcripts in the nonepithelial tissue compartment from
the cecum compared with the colon 7 days after H. hepaticus
inoculation with or without antieIL-10R treatment
(Supplemental Figure S1).

The observation of higher Il22 transcript levels and pro-
portions of LP cells able to secrete IL-22 in the cecum
compared with the colon raised the possibility that the
antieIL-22 treatment may have failed to block cecal
inflammation because of insufficient neutralization of the
cytokine in this tissue. We, however, believe this scenario to
be unlikely on the basis of additional experimental data.
First, no effect on H. hepaticus/antieIL-10Reinduced cecal
inflammation was seen when mice were given a higher dose
of antieIL-22 (2 instead of 1 mg/week) (Figure 3A) or
when mAb treatment was initiated 2 days before bacterial
inoculation (Figure 3B). Second, transcript levels for
Reg3g, an antimicrobial peptide known to be induced by
IL-22,36 were shown to be significantly lower in both the
cecum and colon of H. hepaticuseinfected antieIL-10R/
antieIL-22etreated WT mice compared with animals given
H. hepaticus plus antieIL-10R alone (approximately
The American Journal of Pathology - ajp.amjpathol.org
61-fold and approximately ninefold reduction in the cecum and
colon, respectively) (Figure 4, A and B). This demonstrated that
the antieIL-22 mAb was able to efficiently neutralize the anti-
microbial peptide-inducing effect of IL-22 in both tissues.
Together, these findings suggest mechanisms other than ineffi-
cient cytokine neutralization as being responsible for the
different effects seen onH. hepaticuseinduced pathology in the
cecum versus colon after antieIL-22 treatment.

Differences in IL-22R, IL-22BP, and IL-23R Expression
in Steady-State Cecum and Colon

We next characterized the steady-state expression of cyto-
kine receptors in the cecum and colon. Il17ra and Il17rc
(which encode the subunits of the receptor for IL-17A, IL-
17F, and IL-17A/F10) were expressed at similar levels in the
cecum and colon in both the nonepithelial tissue compart-
ment and the epithelial cell fraction (Figure 5A). Similarly,
no differences were observed in Ifngr2 transcripts between
the cecum and colon (Figure 5A). These results indicate that
differential cytokine receptor expression neither accounts
for the protective effect of IL-17A in the cecum (Figure 1, A
and E) nor the pathogenic role of IFN-g in the colon.28

When mRNA levels for other cytokine receptors were
examined, Il10rb2, the shared subunit between the receptors
for IL-10 and IL-22, was expressed ubiquitously and at
similar levels in the cecum and colon (Figure 5B). Il10ra1,
the IL-10especific subunit of the IL-10R, was primarily
found in the nonepithelial tissue compartment, with signif-
icantly higher levels in the cecum compared with the colon
(Figure 5B). In contrast, Il22ra1, the IL-22especific subunit
of the IL-22R, was expressed at significantly higher levels in
3297
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Figure 6 Cytokine receptor expression in the cecum (Cec) and colon (Col) after Helicobacter
hepaticus (Hh)einduced intestinal inflammation. C57BL/6 wild-type (WT) mice were inoculated
with H. hepaticus alone (gray bars) or H. hepaticus plus antieIL-10 receptor (IL-10R; black bars)
monoclonal antibody (mAb) on days (d) 0 and 7 postinfection (pi). One week after the last mAb
administration, ceca and colons were collected, and epithelial cells and the nonepithelial tissue
compartment (A) or whole tissue (B) were processed for real-time RT-PCR analysis of cytokine
receptor subunits. Uninfected mice were included as controls. A: Day 7 and 14 pi transcript
levels of Il22ra1 (IL-22RA1), Il22ra2 [IL-22RA2/IL-22 binding protein (IL-22BP)], and Il23r
(IL-23R) in the nonepithelial tissue compartment and epithelial cells of Cec and Col. B: Day 14 pi
transcript levels of Il23r in whole Cec and Col from two independent experiments (Exp.). Data
represent means � SEM mRNA levels relative to hypoxantine-guanine phosphoribosyltransferase
(HPRT; A and B). nZ 4 individual mice per group from one experiment (A); nZ 3 individual
mice per group [Uninfected (uninf.; white bars) and H. hepaticus alone] or nZ 4 individual
mice per group (H. hepaticus/antieIL-10R) per experiment (B). *P < 0.05 when comparing
Cec with Col; yP < 0.05, yyP < 0.01, and yyyP < 0.001 when compared with Cec or Col from
uninfected hosts.
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the colon compared with the cecum (Figure 5B). Of interest,
Il22ra2, the IL-22BP that acts as a naturally occurring IL-22
antagonist, and Il23r were expressed at significantly higher
levels in the cecal compared with the colonic nonepithelial
tissue compartment (Figure 5B). Together, these data indi-
cate that the colon may be more likely to respond to IL-22
because of higher expression of membrane-bound IL-22R
and lower abundance of the IL-22BP.

Differences in IL-22R, IL-22BP, and IL-23R Expression
in Inflamed Cecum and Colon

To examine whether the expression of IL-22R, IL-22BP, and
IL-23R changed after bacterial challenge and/or during
inflammation, we next analyzed Il22ra1, Il22ra2, and Il23r
mRNA levels in the cecal and colonic nonepithelial tissue
compartment, and Il22ra1 mRNA levels in cecal and colonic
epithelial cells from 7- and 14-dayH. hepaticuseinfectedmice
with and without antieIL-10R treatment. We compared the
pattern of expression between cecum and colon at each time
point, and also whether there was a change in expression levels
compared with tissues from uninfected mice. Inoculation with
H. hepaticus alone did not significantly alter the mRNA
accumulation of the three cytokine receptor subunits. Thus, as
in uninfected mice, Il22ra1 levels were higher in the colon,
whereas Il22ra2 and Il23r levels were higher in the cecum, of
mice given H. hepaticus alone, and there was no change in
expression levels compared with uninfected controls
(Figure 6A). When examining mice with H. hepaticus/
antieIL-10Reinduced intestinal inflammation, Il22ra1 levels
were generally higher in the colon, and Il22ra2 and Il23r levels
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were generally higher in the cecum also in these hosts; how-
ever, the expression patterns for two of the receptor subunits
were altered in colitic mice compared with uninfected controls.
First, although not reaching statistical significance, Il22ra2
accumulation in the nonepithelial tissue compartment was
lower in both the cecum and colon of 7- and 14-day
H. hepaticuseinfected antieIL-10Retreated mice compared
with uninfected controls (Figure 6A). Second, Il23r transcript
levels in the cecal nonepithelial tissue compartment were
significantly higher in 14-day H. hepaticuseinfected antieIL-
10Retreated mice compared with uninfected animals
(Figure 6A). Moreover, when analyzing whole tissue samples
from 14-day H. hepaticuseinfected antieIL-10Retreated
mice, Il23r transcript levels were significantly higher in
inflamed cecum compared with inflamed colon (Figure 6B),
and the accumulation of Il23r in both these tissues was signifi-
cantly higher than that found in uninfected controls (Figure 6B),
suggesting that IL-23R is up-regulated in both tissues during
inflammation. Whether this up-regulation represents an
increased expression per cell and/or an increase in the actual
number of IL-23Rþ cells still remains to be determined.

Differential Expression of Cytokine Receptor
Transcripts in Different Regions of the Healthy
Human Intestine

To examine whether regional variations in cytokine receptor
expression were seen also in the healthy human gut, we
mined microarray data from a study by Wolff et al34 in
which biopsy specimens had been collected from four
different parts of the intestine of healthy individuals,
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Differential cytokine receptor expres-
sion in different regions of the healthy human in-
testine. Microarray data from biopsy specimens of the
terminal ileum (TI), ileocecal valve (ICV), appendiceal
orifice (AO), and sigmoid colon (SC) from five healthy
human subjects (http://www.ncbi.nlm.nih.gov/geo;
accession number GSE55258; Wolff et al34) were
analyzed as described in Materials and Methods.
Normalized expression of IL17RA, IL17RC, and inter-
feron g receptor 2 (IFNGR2; A) and IL10RA, IL10RB,
Il22RA1, Il22RA2 [IL-22 binding protein (IL-22BP)],
and IL23R (B). Box-and-whisker plots represent me-
dian log 2 expression levels with boxes showing data
between the 25th and 75th percentiles, whiskers
extending to 1.5� the interquartile range, and out-
liers being>1.5� the interquartile range. *P< 0.05,
***P < 0.001.
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followed by transcriptional profiling analysis. We chose to
focus on this study, because it had been designed to
compare gene expression in different regions of the gut in
the same individual (rather than collecting a single biopsy
specimen per patient). The regions that underwent biopsy in
the study by Wolff et al34 were the TI, ICV, AO, and SC,
with the TI representing the small intestine, the ICV and AO
corresponding to the most proximal part of the large intes-
tine (ie, the cecum), and the SC defined as 20 cm from the
anal verge.34 Samples from five of the six individuals in the
study were included in the analysis, because microarray data
were available from all four regions of the gut for these
subjects.

We first analyzed normalized expression values for the
cytokine receptor transcripts we had previously examined in
the mouse (Figure 5). Significant differences were observed
between the small (TI) and large (ICV, AO, and SC) in-
testine for IL17RC, IL22RA1, and IL23R. Thus, the TI
displayed higher levels of IL17RC and IL22RA1, but lower
levels of IL23R than those found in the ICV, AO, and SC
(Figure 7, A and B). Moreover, there were differences in
transcript accumulation also within the large intestine itself,
with SC expressing significantly lower levels of IFNGR2 and
IL10RB than those detected in ICV and AO (Figure 7A) and
ICV (Figure 7B), respectively. Moreover, analysis of mRNA
accumulation for other cytokine receptors revealed additional
differences in expression levels between different regions of
the gut, including those of IL1R2, IL17RD, IL13RA1,
IL20RA, IL28RA, and IL3RA (Supplemental Table S1).
The American Journal of Pathology - ajp.amjpathol.org
Together, these findings indicate that, similar to the mouse
intestine, regional variations in cytokine receptor expression
exist also in the healthy human gut.
Discussion

IL-23 plays an essential role in intestinal inflammation, with
IL-23einduced Th17-type cytokines being implicated in
disease pathogenesis, but so far no information is available
regarding the contribution of specific Th17-type cytokines
to pathology in different regions of the gut. By using the
H. hepaticus typhlocolitis model, we herein show that IL-
17A and IL-22 play distinct roles in different anatomical
locations of the intestine. Thus, IL-17A was found to play a
disease-protective role in the cecum, whereas IL-22 was
shown to be pathogenic in the colon, together demonstrating
that different Th17-type cytokines may have proin-
flammatory or anti-inflammatory effects in different regions
of the gut during H. hepaticuseinduced pathology. We
further provide evidence that cytokine receptor expression
may help explain the difference in IL-22 dependence of the
inflammation in these two tissues.

Many autoimmune and chronic inflammatory conditions in
both humans and rodents are associated with elevated expres-
sion of Th17-type cytokines.37 This is particularly true for in-
flammatory disorders at mucosal sites and in the skin.38 Despite
increased levels of Th17-associated cytokines in various dis-
eases, a consensus view of whether these molecules are
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pathogenic or protective has not yet been reached, most
likely because of the pleiotropic effects of cytokines and
the fact that inflammation occurs in different tissues with
distinct cellular compositions at steady state. With respect
to the gastrointestinal tract, elevated levels of IL-17A, IL-
17F, IL-21, and IL-22 have been found in both the inflamed
intestine of humans with IBD and in experimental models
of the disease.8 Although IL-17A can promote proin-
flammatory responses through the induction of neutrophil-
attracting chemokines and matrix metalloproteinases,9 we
herein demonstrate that H. hepaticuseinduced typhlitis is
exacerbated when IL-17A is neutralized, suggesting an
anti-inflammatory role for this cytokine in T-celledriven
bacteria-induced intestinal inflammation. Consistent with
our findings, previous studies have reported exacerbation
of dextran sulphate sodium colitis in the absence of IL-
17A, through either antieIL-17A mAb treatment or the
use of IL-17A�/� mice.39,40 IL-17A has been reported to
induce the expression of claudins in intestinal epithelial
cells and promote mucin production,20,21 effects known to
increase barrier function. Thus, IL-17A may exert its
tissue-protective role through fortification of the epithelial
barrier. The reason for the different responses to antieIL-
17A treatment in the cecum versus colon in our study is
less clear. Both tissues expressed similar levels of Il17ra
and Il17rc transcripts; however, mRNA levels for IL-17A
(and IL-22 and IFN-g) were higher in the cecum than the
colon, possibly affecting responses down-stream of the
receptor. Moreover, differences in H. hepaticus loads41

and/or microflora composition between the cecum and
colon are two additional factors that may influence the role
of IL-17A in these tissues in theH. hepaticus colitis model.
Although IL-17A neutralization exacerbated typhlitis in
H. hepaticuseinfected antieIL-10Retreated WT mice,
preliminary data from our laboratory indicate that WT
and IL-17Aedeficient animals given H. hepaticus plus
antieIL-10R display similar pathology (P.J.M. and
M.C.K., unpublished data). These findings emphasize that
experiments using genetic ablation of a cytokine may not
necessarily yield the same result as mAb neutralization in a
cytokine-sufficient setting. As such, the use of mAb
neutralization may reveal proinflammatory or anti-
inflammatory effects of a cytokine that are not observed
when using cytokine-deficient mice where compensatory
mechanisms have been allowed to emerge.

Although antieIL-17A treatment revealed a disease-
protective role of this cytokine in the cecum, blockade of IL-
17F had no effect on either cecal or colonic inflammation in the
H. hepaticus colitis model. Although IL-17A and IL-17F signal
through the same IL-17RA/IL-17RC complex and are thought
to have proinflammatory functions, such as expression of che-
mokines by epithelial cells and fibroblasts with subsequent
neutrophil recruitment, in common,10 distinct biological effects
have also been reported. Thus, IL-17A appears more efficient
than IL-17F in inducing antimicrobial peptides by primary
human keratinocytes and proinflammatory mediators from
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mouse embryonic fibroblasts in vitro.33,40 Moreover, the use of
gene-knockout animals has revealed that these two cytokines
can have distinct functions in inflammatory responses in the gut.
Thus, although IL-17A�/� animals develop exacerbated
dextran sulphate sodium colitis compared with WT controls,
IL-17F�/� mice display reduced disease with greatly dimin-
ished cell infiltrates in the LP.40 Besides IL-17A and IL-17F
homodimers, there are also reports of IL-17F/A hetero-
dimers,32,42,43 adding to the complexity by which these cyto-
kines exert their effects on target cells. Assuming complete
in vivo neutralization by the antieIL-17A and antieIL-17F
mAbs used in the present study, one may deduce from our
findings that the tissue-protective effect revealed by the
antieIL-17A mAb is because of homodimeric IL-17A, and not
IL-17F/A heterodimers.
Unlike IL-17A, IL-22 was shown to be proinflammatory in

H. hepaticuseinduced intestinal inflammation. The literature
has revealed both protective and pathogenic roles for IL-22 in
the intestine. Thus, IL-22 has been reported to have
protective effects against Citrobacter rodentiumeinduced
inflammation,36 in the spontaneous colitis arising in T-cell
receptor-a�/� mice,44 and in colitis induced by dextran sul-
phate sodium or by transfer to Rag�/� mice of CD45RBhigh

CD4þ T cells.45 Conversely, IL-22 has been demonstrated to
contribute to the colitic response in Rag�/� mice given T-
regulatory celledepleted CD45RBlow CD4þ T cells,46 in
antieCD40-induced colitis,47 and in the inflammatory
response in the small intestine after Toxoplasma gondii
infection.48,49 Thus, IL-22 may have either beneficial or
pathological roles in the intestine, depending on the nature of
the immune insult.25 Interestingly and more important, we
observed that IL-22 neutralization prevented the develop-
ment of inflammation in the colon, but not the cecum, of
H. hepaticuseinfected antieIL-10Retreated WT mice. This
finding is similar to our previous observation that IFN-g is
needed for maximal pathology in the colon, but not the
cecum, in the H. hepaticus colitis model.28 Thus, IL-22
and IFN-g display similar region-specific effects in
H. hepaticusetriggered disease pathogenesis.
In an attempt to understand the difference in IL-22

dependence in cecal versus colonic inflammation, we
examined IL-22 and IL-22R expression in the two tissues.
Although Il22 transcript levels were higher in the cecum
compared with the colon, both at steady state and after
H. hepaticus inoculation, we believe we have ruled out the
possibility that incomplete neutralization of cecal IL-22 by the
antieIL-22 mAb is the reason for the lack of an effect in this
tissue. This conclusion is on the basis of no change in cecal
histology scores when increasing the dose of antieIL-22 or
when starting mAb treatment 2 days before H. hepaticus
inoculation, and an even larger reduction in the accumulation of
RegIIIg in the cecum compared with the colon after antieIL-22
treatment, suggesting efficient neutralization of IL-22 activity at
the former site. Interestingly, analysis of various IL-22R sub-
units in the large intestine indicated that the cecum and colon
may exhibit different sensitivities to IL-22 signaling. Thus, the
ajp.amjpathol.org - The American Journal of Pathology
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steady-state cecum had significantly higher levels of Il22ra2
transcripts, which encode the soluble IL-22BP that antagonizes
IL-22 signaling through its 20- to 1000-fold higher affinity for
the cytokine compared with that of the membrane-bound IL-
22Ra1.15e17,50,51 Moreover, the colon displayed higher levels
of Il22ra1 transcripts compared with the cecum, both at steady
state and in inflammation. Thus, one explanation for the dif-
ferential effect of antieIL-22 treatment on cecal versus colonic
inflammation could be that IL-22 is less involved in cecal
inflammation because of it being sequestered by IL-22BP in
this tissue, whereas the colon is more sensitive to IL-22
signaling owing to the higher levels of membrane-bound IL-
22R. Further studies are required to examine this possibility.

An alternative explanation for the differential role of IL-22 in
cecal versus colonic inflammation relates to the context in
which IL-22 is expressed and how that regulates the functional
consequences of its production. For example, IL-22 can act in a
synergistic manner with cytokines, such as IL-1a and tumor
necrosis factor-a, to promote inflammation in the skin.52

Furthermore, in bleomycin-induced airway inflammation,
IL-22 has been reported to be pathogenic in the presence of
IL-17A, but tissue protective in the absence of this cytokine.53

With our finding of IL-17A being more highly expressed in
the cecum than in the colon, it is possible that IL-17A expres-
sion may influence the outcome of IL-22 signaling in
H. hepaticuseinduced disease. However, our finding of more
severe cecal inflammation in H. hepaticuseinfected antieIL-
10Retreated WT mice co-administered antieIL-17A seems
contradictory to IL-22 being tissue protective in the absence of
IL-17A in the H. hepaticus colitis model.

IL-23, which is crucial for driving both cecal and colonic
inflammation in H. hepaticuseinfected hosts,28 has multiple
functions in the immune system, including promoting Th17-
type cytokine secretion by T- and noneT-cell sources,
inhibiting the differentiation of induced T-regulatory cells,
and indirectly restraining IL-10 production by CD4þ T cells.8

As such, IL-23 may be an additional driver of pathology in
the cecum that overrides the effect of IL-22 blockade.
Although we did not find any difference in Il23a transcript
levels between the cecum and colon, we observed enhanced
mRNA levels of both Il12b and Il23r in the cecum compared
with the colon, suggesting that the former tissue may be more
responsive to IL-23. Thus, it is possible that more overt IL-23
signaling in the cecum may prevent antieIL-22 treatment
from reducing H. hepaticuseinduced pathology.

Taken together, our study provides novel insights into
the roles of IL-17A and IL-22 in bacterial-induced
T-celledependent intestinal inflammation. We demonstrate
that individual Th17-type cytokines act in a region-specific
manner in the gastrointestinal tract, providing either tissue-
protective or proinflammatory effects. Although the definite
mechanism is still unknown, these findings may potentially be
explained partly by underlying differences in the expression of
cytokine receptors in different anatomical locations of the in-
testine. The relevance of these findings to humans is highlighted
by the fact that regional variations in cytokine receptor
The American Journal of Pathology - ajp.amjpathol.org
transcripts were observed also in the healthy human gut. Our
data further indicate that IL-17A is not an attractive target for
therapeutic intervention in intestinal inflammation. Indeed,
antieIL-17A treatment has been found to have insufficient
therapeutic effect and may even increase the risk of serious
adverse events in patients with severe Crohn disease.54Whether
targeting of IL-22 could have beneficial effects in patients with
IBD is still unknown.26 Preliminary data from our laboratory,
however, indicate that although IL-22 neutralization was able to
prevent colonic inflammation when treatment was delayed to 7
days after H. hepaticus/antieIL-10R inoculation, antieIL-22
had no effect on pathology when treatment was initiated 14
days afterH. hepaticus challenge (data not shown). Thus, in the
case of already established disease, resolution of intestinal
inflammation may depend on blocking additional proin-
flammatory pathways in addition to that down-stream of IL-22.
In this regard, we previously demonstrated that antieIL-12p40
mAb was able to reverseH. hepaticuseinduced large intestinal
inflammation in Il10�/� mice,55 a treatment likely to affect
multiple pathways down-stream of IL-12 and/or IL-23. It is
also plausible that IL-22 may display proinflammatory and/or
tissue-protective effects at different phases of the inflammatory
response. With increased IL-22 levels in active lesions of IBD
patients,18,19 and increased serum levels of IL-22 correlating
with disease activity in Crohn disease,56 additional research is
required to establish what factors control the outcome of IL-22
signaling in the intestine. Such information will be essential to
help establish whether this cytokine can be exploited for clinical
benefit.
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