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Summary

Our objective was to determine the role of the inflammatory cytokine

interleukin-23 (IL-23) in promoting neutrophil recruitment, inflammatory

cytokine expression and intestinal histopathology in response to Clostrid-

ium difficile infection. Wild-type (WT) and p19�/� (IL-23KO) mice were

pre-treated with cefoperazone in their drinking water for 5 days, and after

a 2-day recovery period were challenged with spores from C. difficile

strain VPI 10463. Interleukin-23 deficiency was associated with significant

defects in both the recruitment of CD11bHigh Ly6GHigh neutrophils to the

colon and the expression of neutrophil chemoattractants and stabilization

factors including Cxcl1, Cxcl2, Ccl3 and Csf3 within the colonic mucosa

as compared with WT animals. Furthermore, the expression of inflamma-

tory cytokines including Il33, Tnf and Il6 was significantly reduced in

IL-23-deficient animals. There was also a trend towards less severe colonic

histopathology in the absence of IL-23. The induction of Il17a and Il22

was also significantly abrogated in IL-23KO mice. Inflammatory cytokine

expression and neutrophilic inflammation were not reduced in IL-17a-

deficient mice or in mice treated with anti-IL-22 depleting monoclonal

antibody. However, induction of RegIIIg was significantly reduced in ani-

mals treated with anti-IL-22 antibody. Taken together, these data indicate

that IL-23, but not IL-17a or IL-22, promotes neutrophil recruitment and

inflammatory cytokine and chemokine expression in the colon in response

to C. difficile infection.

Keywords: Clostridium difficile; colitis; innate inflammation; mucosal

inflammation; neutrophils.

Introduction

Marked neutrophil recruitment is one of the most

prominent host responses to Clostridium difficile infec-

tion in antibiotic pre-treated mice.1–6 This neutrophil

recruitment appears to be protective to the host, as

numerous studies have demonstrated reduced survival

during C. difficile infection following interventions that

reduced neutrophil recruitment.1–3 Although recent

studies have demonstrated roles for Myeloid Differentia-

tion Primary Response 88,3 Apoptosis-Associated Speck-

Like Protein Containing a CARD,1 Nucleotide Binding

Oligomerization Domain 12 and interleukin-22 (IL-22)

and CD1606 in driving neutrophil recruitment to the

large bowel during C. difficile infection, our understand-

ing of the host signals promoting neutrophil recruit-

ment remains incomplete.

Neutrophil mobilization and recruitment are intimately

associated with C. difficile infection in humans as well.

Neutrophilic infiltration is prominent in large colon tis-

sue from patients with pseudomembranous colitis,7 and

increased neutrophilia in the bloodstream is common

during C. difficile colitis.8 Furthermore, the mobilization

of neutrophils may play a role in determining the out-

come of disease, as a recent study has reported a strong

association between increased neutrophil numbers in the

blood and increased risk of mortality.9

Neutrophil recruitment is a rapid and common host

response to insult at mucosal sites.2,4,5,10–13 Neutrophils are

myeloid cells that are rapidly recruited to sites of inflamma-
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tion,1–6,10 and are characterized by high levels of Ly6G and

CD11b expression.1–3,10,14 The influx of neutrophils into

peripheral tissues is often associated with expression or

production of two potent neutrophil chemokines, CXCL1

and CXCL2, which activate neutrophils and promote their

egress from the bone marrow.1,3–5,11,14–16

Interleukin-23 is a heterodimeric cytokine comprised of

a p19 and a p40 subunit,17 which promotes innate

inflammatory responses during mucosal inflammation at

numerous sites.10,11,18–20 Neutrophil recruitment

during both Pseudomonas aeruginosa18,19 and bleomycin-

mediated20 pulmonary inflammation is partially

dependent upon IL-23 signalling. Specific to intestinal

inflammation, IL-23 also promotes neutrophil recruit-

ment in response to Salmonella typhimurium typhlocoli-

tis11 and Dextran Sodium Sulphate-induced colitis.10

Interleukin-23 can also promote the development of sev-

ere intestinal histopathology in response to infectious

insult.21 Recent studies have also reported IL-23 secretion

by bone marrow-derived dendritic cells in response to

stimulation with a combination of microbial pathogen-

associated molecular patterns and C. difficile toxins,22 and

reduced mortality and morbidity following C. difficile

infection of IL-23-deficient mice.23 However, the role of

IL-23 in driving neutrophil recruitment during C. difficile

colitis has yet to be investigated.

Both IL-17 and IL-22 also promote neutrophil recruit-

ment to mucosal sites, and are induced in response to

mucosal inflammation. Interleukin-17 is known to promote

neutrophil recruitment and epithelial damage during

inflammatory responses in both the lung and the intes-

tine.12,13,24–26 Interleukin-22 signalling can promote neu-

trophil recruitment during pulmonary inflammation24 as

well as drive neutrophil-attractive chemokine expression

from colonic cells;27,28 IL-22 also protects against severe

histopathology during infectious murine colitis.29 Further-

more, IL-23 can drive the induction of both IL-22 and IL-17

in numerous models of mucosal inflammation.10,11,19,21,29

In the current study, our objective was to investigate the

role of IL-23 in driving neutrophil recruitment, inflamma-

tory cytokine expression and intestinal histopathology

during C. difficile colitis. If so, our objective was to investi-

gate the relative contributions of IL-17 and IL-22, two

cytokines whose induction at sites of mucosal inflamma-

tion is controlled by IL-23, in driving neutrophil recruit-

ment, colonic histopathology and inflammatory cytokine

expression in the colon in response to C. difficile infection.

Materials and methods

Animals and housing

Male C57BL/6 mice aged 5–11 weeks, and male and

female IL-17a�/� (IL-17KO) and p19�/� (IL-23KO) mice

aged 5–14 weeks were used in the current study. C57BL/6

mice were obtained from an in-house colony founded by

Jackson breeders, and IL-17a�/� (IL-17KO) and p19�/�

(IL-23KO) on a C57BL/6 background were likewise

obtained from a breeding colony maintained at the

University of Michigan. The breeding pairs of IL-23�/�

mice were a kind gift from Ben Segal at the University of

Michigan. Mice were maintained under specific patho-

gen-free conditions, and autoclaved food, water and bed-

ding were provided ad libitum. All animal manipulations

were carried out in a laminar flow hood. All experiments

were conducted in accordance with a protocol approved

by the University Committee on Use and Care of Animals

at the University of Michigan.

Clostridium difficile spore preparation

VPI 10463 spore stocks were generated by plating an ear-

lier spore preparation on taurocholate cefoxitin cycloser-

ine fructose agar (TCCFA) plates anaerobically. Single

colonies were isolated, and grown overnight in Columbia

broth. Two millilitres of the overnight culture was inocu-

lated into 40 ml of Clospore broth,30 and the culture was

allowed to grow for 7 days. Spores were collected by cen-

trifugation, and washed to remove vegetative cell debris.

All spore stocks were stored in water at 4° until used.

Clostridium difficile infection

Mice were given a 5-day course of cefoperazone (0�5 g/l) in

their drinking water to permit C. difficile infection as

described previously.31 After a 2-day recovery period, mice

were challenged via oral gavage with 5�70 � 0�25 log10
C. difficile spores from strain VPI 10463. Animals were fol-

lowed for an additional 2 days, and all samples were col-

lected at 2 days post infection. Inoculum dosage was

confirmed by serially diluting and plating an aliquot of the

inoculum on TCCFA plates anaerobically. Animals were

monitored following infection for signs of severe disease,

including lethargy, hunched posture and > 20% weight

loss. Any animals found moribund were humanely eutha-

nized. Untreated animals did not receive antibiotics or

C. difficile challenge.

Anti-IL-22 treatment

Animals were given two intraperitoneal injections of anti-

IL-22 monoclonal antibody (mAb; clone 8E11). Each

mouse received 150 lg antibody 1 day before and 1 day

after infection.29 The anti-IL-22 mAb was a kind gift

from Dr Wenjun Ouyang.

Histology

Colonic tissue was fixed in 10% formalin for at least

24 hr, and then transferred to 70% ethanol. Tissue was
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processed, paraffin embedded, sectioned and used to pre-

pare haematoxylin & eosin stained slides by McClinchey

Histology Labs Inc., Stockbridge, MI. Representative

images were acquired using an Olympus BX40 light

microscope (Olympus Corporation, Center Valley, PA)

and a QIMAGING MICROPUBLISHER RTV 5.0 5 megapixel

camera. All images were acquired at a total magnifica-

tion of 400 9. Panels were assembled in ADOBE PHOTO-

SHOP CS5, version 12.0. Image processing was restricted

to global adjustments of brightness, contrast and image

size.

Histological scoring

Light microscopic evaluation of haematoxylin & eosin

stained colonic sections was performed by a board-certi-

fied veterinary pathologist. The pathologist was blinded

to experimental groupings at the time of the evaluation,

and sections were scored using a previously established

system,32,33 Oedema: 0 no oedema, 1 mild, focal or

multifocal oedema with minimal submucosal expansion

(< 29), 2 moderate multifocal oedema with moderate

submucosal expansion (2–3 9), 3 severe multifocal to

coalescing oedema with severe submucosal expansion

(> 3 9), 4 same as 3 with diffuse submucosal expan-

sion. Inflammation: 0 no inflammation, 1 minimal,

multifocal neutrophilic infiltration, 2 moderate, multifo-

cal neutrophilic infiltration (greater submucosal involve-

ment), 3 severe multifocal to coalescing neutrophilic

infiltration (greater submucosal � mural involvement),

4 same as 3 with abscesses or extensive transmural

involvement. Epithelial damage: 0 no epithelial damage,

1 mild multifocal, superficial damage (vacuolation,

increased apoptosis, villus tip attenuation/necrosis), 2

moderate, multifocal superficial damage (same qualita-

tive changes as above), 3 severe multifocal to coalescing

mucosal damage � pseudomembrane formation (intra-

luminal aggregate of neutrophils and sloughed epithe-

lium in a fibrinous matrix covering eroded or ulcerated

mucosa), 4 same as 3 with extensive pseudomembrane

or ulcer formation.

RNA isolation and expression analysis

Colonic tissue samples (~ 1 cm2) were collected from

the centre of the colon and stored in RNAlater

(Ambion, Austin, TX). RNA isolation and purification

from colonic tissue was performed as described previ-

ously.4–6,31 Tissue was homogenized in TRIzol reagent

(Life Technologies, Carlsbad, CA) and the resulting

RNA was purified using the RNeasy Mini kit (Qiagen,

Hilden, Germany) according to the manufacturer’s

instructions. The concentration of the purified RNA was

determined using a Nanodrop instrument (Thermo

Fisher, Waltham, MA). Synthesis of cDNA, using the

purified RNA as a template, was performed using the

RT2 First Strand kit (Qiagen), and colonic gene expres-

sion was assessed using RT2 Profiler PCR arrays (Qia-

gen). All reactions were run on a Roche Lightcycler 480.

To correct for variation between RT2 Profiler PCR

arrays, cross card normalization was performed as

described previously.5,34 DCt (dCt) values were calculated

by subtracting the geometric mean of two internal con-

trol genes from the Ct value of the gene of interest.35

The 2�ddCt method was used to calculate fold change

gene expression in treatment groups compared with

untreated animals for all comparisons.36

Leucocyte isolation

Leucocytes were isolated from colonic tissue as described

previously.4 Isolated colonic tissue was minced with ser-

rated scissors to physically disrupt the tissue, and was

subsequently incubated in 20 ml Hanks’ balanced salt

solution (HBSS) supplemented with 2�5% fetal bovine

serum, 5 mM EDTA and 1 mM dithiothreitol for 20 min

at 37°. Tissue was then incubated in 20 ml of a digest

solution consisting of HBSS supplemented with 2�5%
fetal bovine serum, 400 U/ml collagenase type 3 (Wor-

thington Biochemical, Lakewood, NJ) and 0�5 mg/ml

DNAse I (Roche, Basel, Switzerland) for 60 min at 37°.
Samples were then resuspended in 20% Percoll (Sigma,

St Louis, MO) in PBS, and centrifuged at 900 g for

30 min at room temperature without brake. The result-

ing single cell suspensions were stained for flow cytomet-

ric analysis.

Flow staining and analysis

Single-cell suspensions were plated at a concentration of

approximately 106 cells per well in a 96-well plate. Cells

were blocked with unlabelled FC RIII/II, and then stained

with fluorescently labelled antibodies for 30 min. Cells

were washed to remove excess antibody, and resuspended

in stabilizing fixative (BD Biosciences, Franklin Lakes,

CA). Data were collected on a three-laser Canto II using

FACSDIVA software (BD Biosciences). All data analysis

was performed in FLOWJO (Treestar, Ashland, OR). Iso-

lated colonic cells were stained with the following anti-

bodies: CD45 (clone 30-F11), CD11b (clone M1/70) and

Ly6G (clone IA8) as well as Fc RIII/II (clone 2�4G2). All
antibodies were purchased from eBioscience (San Diego,

CA), BD Pharmingen (Franklin Lakes, CA) and Biolegend

(San Diego, CA).

Total number of neutrophils per colon was calculated

by multiplying the frequency of CD45High CD11bHigh

Ly6GHigh neutrophils as defined by flow cytometry by the

total number of cells in the colon in question. For all ani-

mals, the entirety of the colon was taken and processed

for leucocyte isolation and analysis by FACS.
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Statistical analysis

Statistically significant differences in gene expression were

determined using a one-way analysis of variance with

Tukey’s post hoc test for multiple comparisons. For all

quantitative PCR data, statistical tests were performed on

normalized dCt values.
4,31 A one-way analysis of variance

with Tukey’s post hoc test was also used to identify signif-

icant differences in the number of neutrophils per colon.

Significant differences in histopathological scoring were

determined using the Kruskal–Wallis test followed by

Dunn’s multiple comparisons test. For all analyses, signif-

icance was set at P ≤ 0�05.

Results

Effect of IL-23 deficiency on colonic neutrophil
recruitment

For these studies, WT and p19�/� (IL-23KO) mice were

given cefoperazone (0�5 g/l) in their drinking water for

5 days as described previously.6,31 Following a 2-day

recovery period on regular water, mice were challenged

with 5�70 � 0�25log10 C. difficile spores (strain VPI

10463). Animals were followed for an additional 2 days,

and all samples were collected at 2 days post-infection.

All infected groups had a mean C. difficile colonization

level of ≥ 105 CFU/g host tissue (data now shown).

To determine the role of IL-23 in driving neutrophil

recruitment in response to C. difficile colitis, flow cytom-

etry was used to identify recruited leucocytes. Analysis

of colonic leucocytes isolated from WT animals revealed

a drastic influx of CD11bHigh Ly6GHigh neutrophils

following C. difficile infection (Fig. 1a). In contrast, the

frequency of the CD11bHigh Ly6GHigh neutrophil popula-

tion was markedly reduced in IL-23KO animals

(Fig. 1a). Further quantification of the total number of

CD11bHigh Ly6GHigh neutrophils per colon revealed a

statistically significant reduction in the total number of

neutrophils recruited to the colons of IL-23KO animals

compared with WT (Fig. 1b). These data demonstrate a

significant reduction in neutrophil recruitment to the

colon in response to C. difficile colitis in the absence of

IL-23.

To investigate the effect of IL-23 in driving chemokine

and granulocyte colony-stimulating factor (CSF3) expres-

sion during C. difficile colitis, quantitative RT-PCR was

used to examine colonic cytokine expression at 2 days

post infection. Clostridium difficile infection was associ-

ated with increased expression of the neutrophil chemoki-

nes Cxcl1, Cxcl2 and Ccl3, as well as the neutrophil

stabilization factor Csf3 within the colonic mucosa

(Fig. 1c). Consistent with the reduced neutrophilic influx

observed in response to C. difficile infection in IL-23KO

mice (Fig. 1a,b), Cxcl1, Cxcl2, Ccl3 and Csf3 expression

levels were significantly reduced in IL-23KO animals

compared with WT (Fig. 1c). There was no defect in the

expression of the eosinophil chemokine Ccl11, or the
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Figure 1. Colonic neutrophil recruitment and neutrophil chemokine

expression in response to Clostridium difficile infection in the

absence of interleukin-23 (IL-23) signalling. (a) Analysis of CD11b

and Ly6G expression profiles of CD45+ colonic leucocytes. The num-

ber in bold type represents the percentage of total CD45+ leucocytes

contained within the indicated gate. (b) Total number of recruited

CD11bHigh Ly6GHigh neutrophils as defined in (a). Bars represent

mean � SEM number of recruited neutrophils for the indicated

group. n = 8 per group. For all animals, the entire colon was taken

for FACS analysis. (c) Colonic gene expression was assessed using

quantitative PCR as outlined in the Materials and methods. n ≥ 6

per group. Data are shown as mean � SEM fold change gene expres-

sion of wild-type (WT) C. difficile-infected (black bars) and IL-

23KO C. difficile-infected (grey bars) animals compared with

untreated WT mice. CDI = C. difficile infected. For all analyses,

*P < 0�05 compared with untreated WT animals and brackets indi-

cate P < 0�05 for the differences between indicated groups.
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T-cell chemokines Cxcl9 and Cxcl10 in IL-23-deficient

animals (Fig. 2a). Furthermore, Ccl24 expression was sig-

nificantly increased in the absence of IL-23 (Fig. 2a).

Taken together, these data demonstrate that IL-23 defi-

ciency is associated with significant defects in both the

recruitment of neutrophils to the colon and the

expression of neutrophil chemoattractants within the

colonic mucosa during C. difficile colitis.

Effect of IL-23 deficiency on colonic inflammatory
cytokine expression

Analysis by RT-PCR was also used to determine the role

of IL-23 in promoting inflammatory cytokine expression

in response to C. difficile infection. Expression of the

antimicrobial C-type lectin RegIIIg was significantly

increased in response to C. difficile infection, and this

induction was significantly reduced in IL-23KO mice

(Fig. 2d). Interleukin-23-deficient animals displayed no

reduction in Il1b or Ifng expression levels in response to

C. difficile infection (Fig. 2b). However, expression levels

of the inflammatory cytokines Il6, Il33 and Tnf were all

significantly reduced in the absence of IL-23 (Fig. 2b,c).

Additionally, the increased expression of Il17a and Il22

seen in WT animals was completely abrogated in

IL-23KO mice (Fig. 2d,e). Hence, these data indicate that

IL-23 promotes the induction of numerous inflammatory

cytokines including Il6, Il17a and Tnf, as well as the

pleiotropic cytokine Il22, in response to C. difficile colitis.

To assess the contribution of IL-23 signalling towards

the development of intestinal inflammation and epithelial

destruction during C. difficile colitis, sections of the colo-

nic mucosa were examined for histopathological evidence

of severe inflammation. In addition to significant neu-

trophilic influx (Fig. 1a,b), C. difficile infection was asso-

ciated with significant epithelial damage and oedema,

indicative of severe intestinal inflammation (Fig. 3).

Interestingly, although the absence of IL-23 had no

impact on the development of colonic epithelial damage

(Fig. 3c), there was a trend towards reduced oedema in

IL-23KO mice (Fig. 3b). Neutrophilic inflammation was

also reduced in IL-23KO mice (data not shown). These

data suggest that IL-23 also promotes the development of

colonic oedema, but not epithelial damage, during C. dif-

ficile colitis.

The role of IL-17 during C. difficile colitis

To investigate the contribution of IL-17 in supporting

neutrophil recruitment and mucosal inflammatory

responses during C. difficile colitis, IL-17a�/� (IL-17KO)

mice were infected with C. difficile. As in previous experi-

ments, all samples were collected at 2 days post infection.

Compared with C. difficile infection in WT animals, there

was no reduction in expression of the neutrophil

chemokines Cxcl1, Cxcl2 and Ccl3 within the colonic

mucosa of IL-17KO mice (Fig. 4c). Consistently, cellular

infiltrates were apparent in colonic sections from

IL-17KO mice (Fig. 5a) and the levels of colonic neu-

trophilic inflammation were equivalent between IL-17KO

and WT animals infected with C. difficile (Fig. 5b). These
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Figure 2. Effect of interleukin-23 (IL-23) deficiency on colonic (a)

chemokine and (b–e) inflammatory cytokine expression during

Clostridium difficile colitis. Host gene expression was measured as

outlined in the methods. n ≥ 6 per group. Data are shown as

mean � SEM fold change gene expression of wild-type (WT) C. dif-

ficile-infected (black bars) and IL-23KO C. difficile-infected (grey

bars) animals compared with untreated WT mice. CDI = C. difficile

infected. *P < 0�05 compared with untreated WT animals. Brackets

indicate P < 0�05 for the differences between indicated groups.
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data suggest that IL-17 signalling is not required for the

expression of neutrophil chemokines or the development

of neutrophilic inflammation in response to C. difficile

colitis.

Analysis by RT-PCR was also used to investigate the

role of IL-17 in promoting inflammatory cytokine expres-

sion in response to C. difficile infection. Interestingly, the

absence of IL-17 was not associated with any reduction in

inflammatory cytokines, including Ifng, Il1b, Il6, Il33 and

Tnf (Fig. 4b,d). Additionally, Ccl24, Cxcl9 and Cxcl10

expression levels were unchanged in IL-17KO mice

(Fig. 4a). Consistent with the unaltered induction of

inflammatory cytokines seen in these animals, IL-17KO

mice were not protected against the development of sig-

nificant colonic epithelial damage and oedema during

C. difficile infection (Fig. 5c,d). Taken together, these data

support the hypothesis that neutrophil recruitment,

inflammatory cytokine expression, and the development

of colonic histopathology during C. difficile colitis are

independent of IL-17 signalling.

The role of IL-22 during C. difficile colitis

To determine the role of IL-22 in supporting mucosal

inflammatory responses to C. difficile infection, mice were

treated with an anti-IL-22 mAb (clone 8E11) 1 day before

and 1 day after C. difficile infection. Animals were fol-

lowed for 2 days post infection at which point all samples

were collected. Colonic sections from anti-IL-22-treated

mice were examined for signs of marked histopathology.

Anti-IL-22 treatment was associated with no reduction in

epithelial damage or oedema compared with WT C. diffi-

cile-infected animals (Fig. 5c,d). In agreement with these

findings, colonic expression of numerous pro-inflamma-

tory cytokines including Il1b, Il6 and Il33 were unchanged

in anti-IL-22-treated mice (Fig. 4b,d). Interestingly, the

expression levels of other inflammatory cytokines, most

notably Tnf and Ifng as well as Cxcl10, were significantly

increased following anti-IL-22 treatment (Fig. 4a,b,d,).

RegIIIg expression was significantly reduced in anti-IL-22-

treated mice (Fig. 4e), indicating that the anti-IL-22 mAb
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Figure 3. Colonic histopathology during

Clostridium difficile infection in the absence of

interleukin-23 (IL-23). (a) Representative pho-

tomicrographs of haematoxylin & eosin-stained

colonic sections from wild-type (WT) C. diffi-

cile-infected and IL-23KO C. difficile-infected

animals. Cross-sections of colonic crypts (up-

per images) and longitudinal sections of the

epithelial–luminal interface (lower images) are

shown for each genotype. Black arrowheads

highlight cellular infiltrate, whereas grey arrow-

heads highlight epithelial damage. Total mag-

nification for all images is 4009. (b, c)

Histopathological scoring of colonic sections

from Untreated, WT CDI, and IL-23KO CDI

mice. Slides were scored for oedema (b) and

epithelial damage (c) as described in the Mate-

rials and methods. Data are shown as

mean � SEM. n ≥ 6 per group. CDI = C. dif-

ficile infected. Brackets indicate P < 0�05 for

the differences between indicated groups.
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treatment was sufficient to ablate IL-22 signalling in vivo.

Colonic sections from anti-IL-22-treated mice were

scored for neutrophilic inflammation. Anti-IL-22 treat-

ment was not associated with any reduction in neu-

trophilic inflammation (Fig. 5a,b), and consistently, the

expression levels of Cxcl1, Cxcl2 and Ccl3 were unchanged

following anti-IL-22 treatment (Fig. 4c). Taken together,

these data suggest that IL-22 does promote the induction

of RegIIIg, but does not promote neutrophil recruitment

or affect histopathology during the response to C. difficile

colitis.

Discussion

In the current study, we reported decreased neutrophil

recruitment in IL-23-deficient animals in response to

C. difficile colitis. This decrease in neutrophil recruitment

was associated with decreases in Cxcl1 and Cxcl2 expres-

sion, as well as with reduced expression of Il-17a and

Il-22. However, neither Cxcl1 and Cxcl2 expression nor

neutrophilic inflammation was reduced in either

IL-17-deficient mice or mice treated with a depleting

anti-IL-22 mAb. Hence, our data strongly suggest that

IL-23, independent of IL-17 or IL-22, drives neutrophil

recruitment and innate inflammatory responses during

C. difficile colitis.

In the absence of IL-23, neutrophil recruitment was

significantly reduced in response to C. difficile colitis.

Recent studies have demonstrated increased levels of IL-

23 in colonic biopsies from C. difficile-infected patients,23

as well as increased levels of IL-23 production from mye-

loid cells stimulated with C. difficile toxins in vitro.22

However, the role of IL-23 in supporting innate inflam-

matory responses, including neutrophil recruitment,

remains poorly understood. In the current study, we

observed reduced neutrophil recruitment in association

with decreased expression of neutrophil chemotactic fac-

tors in the absence of IL-23. Previous studies have

reported a role for IL-23 in supporting neutrophil

recruitment and neutrophil chemokine production in

other models of mucosal inflammation.10,11,18–20,37,38

Interleukin-23 is required for the full recruitment of

neutrophils to the large intestine in response to both

S. typhimurium typhlocolitis,11 as well as dextran

sodium sulphate-induced colitis.10 Additionally, neu-

trophil recruitment during pulmonary inflammation in

response to both chemical20 and microbial18,19,38 chal-
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Figure 4. Effect of anti-interleukin-22 (IL-22) treatment or IL-17

deficiency on colonic (a, c) chemokine and (b, d, e) inflammatory

cytokine expression during Clostridium difficile colitis. Colonic gene

expression was assessed via quantitative PCR as outlined in the

Materials and methods. n ≥ 6 per group. Data are shown as

mean � SEM fold change gene expression of wild-type (WT) C. dif-

ficile-infected (black bars), C. difficile-infected and anti-IL-22-treated

(grey bars), and IL-17KO C. difficile-infected (white bars) animals

compared with untreated WT mice. CDI = C. difficile infected.

*P < 0�05 compared with untreated WT animals. Brackets indicate

P < 0�05 for the differences in expression levels between indicated
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lenges is supported by IL-23. We observed a significant

defect in the recruitment of CD11bHigh Ly6GHigh neu-

trophils, as well as the induction of the neutrophil

chemokines Cxcl1 and Cxcl2, in IL-23-deficient mice

infected with C. difficile. Taken together, these data

strongly suggest that IL-23 promotes neutrophil chemo-

kine expression and neutrophil recruitment to the colon

during C. difficile colitis.

Despite the robust increase in Il22 expression within

the colonic mucosa during C. difficile colitis, we observed

no decrease in inflammatory cytokine and chemokine

expression following anti-IL-22 treatment. Interleukin-22

promotes CXCL1 production from mouse tracheal epithe-

lial cells,39 and also supports neutrophil recruitment in

response to chemical pulmonary challenge.24 Additionally,

IL-22 is capable of stimulating neutrophil chemokine

expression from both colonic epithelial cells28 and subep-

ithelial myofibroblasts27 in vitro. However, in agreement

with a recent study by Hasegawa et al.,14 we observed no

decrease in expression of the neutrophil chemokines

Cxcl1 or Cxcl2, or reduced expression of the inflamma-

tory cytokines Il1b, Il6 or Il33 following anti-IL-22 treat-

ment. Neutrophilic inflammation, oedema, and epithelial

damage levels were also unchanged following the admin-

istration of anti-IL-22. Furthermore, anti-IL-22 treatment

was associated with increased expression of Cxcl10, Ifng
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and Tnf. Hence, these data strongly suggest that IL-22 is

not a major driver of neutrophil chemokine or inflamma-

tory cytokine expression in response to C. difficile colitis.

Likewise, we observed no significant change in the

severity of intestinal histopathology following anti-IL-22

treatment. The role of IL-22 during mucosal inflamma-

tion is pleiotropic: although IL-22 is protective against

severe colonic histopathology and mortality during

Citrobacter rodentium infection,29 IL-22 drives severe

intestinal histopathology and necrosis during Toxoplasma

gondii infection.21 Recent studies have reported no change

in the severity of intestinal histopathology in IL-22KO

animals14 or following anti-IL-22 treatment6 during C. dif-

ficile infection. Consistently, we found that anti-IL-22

treatment was not associated with a significant increase or

amelioration of neutrophilic inflammation, colonic epithe-

lial damage or oedema during C. difficile colitis. Hence,

the data presented here indicate that the development of

colonic histopathology is independent of IL-22.

The expression of the antimicrobial-peptide RegIIIc
was significantly decreased in both IL-23KO and anti-IL-

22-treated IL-23-sufficient mice. RegIIIg induction during

Citrobacter rodentium colitis is induced by IL-22 sig-

nalling, which is in turn induced by IL-23.29 Marked

induction of RegIIIg transcript has previously been

reported in response to C. difficile infection of the large

bowel.5,6,31 Additionally, a recent study from our labora-

tory has demonstrated a significant reduction in RegIIIg

expression during C. difficile colitis following neutraliza-

tion of IL-22.6 In addition to reduced RegIIIg expression

following anti-IL-22 treatment, in the current study, we

also observed a concomitant reduction in both Il22 and

RegIIIg expression in IL-23-deficient mice infected with

C. difficile. Hence, these data strongly suggest that IL-23-

dependent IL-22 signalling is required for full induction

of RegIIIg expression during C. difficile colitis.

Interleukin-17 deficiency was not associated with any

reduction in expression of inflammatory cytokines or

neutrophil-attracting chemokines, including Cxcl1 and

Cxcl2 within the colonic mucosal following C. difficile

infection. Interleukin-17 has a well-documented role sup-

porting neutrophil recruitment during inflammatory

responses at mucosal sites.12,13,24–26,40 Specific to the gut,

IL-17 promotes CXCL1 expression in response to S. ty-

phimurium typhlocolitis,25 as well as supporting neu-

trophil recruitment during both dextran sodium

sulphate-induced12 and 2,4,6-trinitrobenzenesulphonic

acid-induced13 colitis. However, we observed no reduc-

tion in expression of the neutrophil chemoattractants

Cxcl1, Cxcl2 or Ccl3 in the absence of IL-17. In agreement

with the unaltered levels of chemokine expression, as well

as the unaltered expression of the inflammatory cytokines

Il1b, Il6, Il33 and Tnf, IL-17 deficiency was not associated

with a reduction in the severity of colonic histopathology.

Taken together, our data support the hypothesis that

IL-17 is dispensable for the recruitment of neutrophils,

the induction of inflammatory cytokines, and the devel-

opment of intestinal histopathology during C. difficile

colitis.

In addition to decreased neutrophil recruitment, IL-23

deficiency was associated with decreased expression of the

inflammatory cytokines Il6, Il33 and Tnf as well as a

trend towards decreased colonic oedema. Interleukin-23

contributes to IL-6 production in response to Pseu-

domonas aeruginosa pulmonary infection,18 and IL-6 and

IL-1b expression in response to Toxoplasma gondii ileitis

is partially dependent upon IL-23.21 Furthermore, inter-

ference with IL-23 signalling has been shown to reduce

the severity of intestinal histopathology in both infec-

tious21 and chemical10 models of gastrointestinal inflam-

mation. In the current study, we report decreased colonic

oedema in association with reduced inflammatory cyto-

kine expression in IL-23-deficient animals. These data

suggest that IL-23 contributes to the development of sev-

ere intestinal histopathology and drives the induction of

inflammatory cytokines including Il6 and Il33 during

C. difficile colitis.

The data presented in the current study suggest a clear

role for IL-23 in supporting neutrophil recruitment, the

induction of inflammatory cytokines, and the develop-

ment of severe colonic histopathology during C. difficile

infection. One possible model that could explain these

phenomena is that neutrophils, recruited in part by IL-23

signalling, contribute to colonic histopathology and severe

disease outcomes. Indeed, a recent study has demon-

strated reduced morbidity and mortality in IL-23-defi-

cient mice infected with C. difficile.23 However, numerous

previous studies have reported increased mortality during

C. difficile infection following interventions that reduced

neutrophilic influx,1–3 suggesting a protective role for

neutrophil recruitment. Furthermore, a recent study from

our laboratory found no reduction in the severity of colo-

nic histopathology during C. difficile colitis following

anti-Gr-1 treatment.4 Taken together these studies suggest

that IL-23 signalling may ultimately play a dual role dur-

ing C. difficile colitis by both promoting neutrophil

recruitment as well as other innate responses that con-

tribute to morbidity and intestinal histopathology during

infection.
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