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Introduction

Inflammatory bowel disease (IBD) is an idiopathic inflam-
matory disease of the intestine that includes ulcerative colitis
(UC) and Crohn’s disease. The pathogenesis of IBD is poorly
understood. Because most IBD is located in the colon, where
the highest density of commensal microbe is situated, a plau-
sible aetiology of IBD is that the host immune system over-
responds to microbial stimuli that trigger the immune
effector cells to mistakenly attack the hosts” own cells, result-
ing in local inflammation [1]; however, the underlying

mechanism remains largely unknown.

Published data indicate that activated Toll-like receptor
(TLR)-bearing cells, such as dendritic cells (DC) and mac-
rophages, are associated with the pathogenesis of IBD [2].
Several TLRs have a close relationship with IBD that includes
TLR-2, TLR-3, TLR-4, TLR-5, TLR-7 and TLR-9 [3-5]. TLR-
bearing cells recognize microbes and their products that
elicit proper immune responses to prevent microbes from
invading into the body or their products injuring cells and
tissue in the body. However, abnormal expression of the
TLRs may elicit a skewed immune response that has been
proposed as one of the aetiologies inducing immune inflam-
mation in the body. An example is the flagellin-specific
immune response, which is involved in the pathogenesis of
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Summary

Interleukin (IL)-17 plays an important role in the pathogenesis in a number of
immune inflammatory disorders. This study aims to investigate the mecha-
nism by which microbial product flagellin is involved in the development of
T helper type (Th)17 cells. Serum levels of IL-17 and CXCL9-11 in patients
with ulcerative colitis (UC) were evaluated. The source and mechanism of
CXC11 release in intestinal mucosa were examined with colonic biopsies from
UC patients and a colitis mouse model. The role of flagellin in the develop-
ment of Th17 cells was studied with a cell co-culture system. High serum levels
of CXCL11 and IL-17 were observed in UC. Flagellin could induce the pro-
duction of CXCL11 in CD14" cells that facilitated the development of Th17
cells. In a skewed Thl response environment flagellin induces intestinal
inflammation, with IL-17 expression predominant. CXCR3/CXCL11 pathway
is involved in microbial product flagellin-induced intestinal inflammation in
which the Th17 response plays an important role.

Keywords: flagellin, inflammatory bowel disease, intestine, Th17 cells

immune disorders [6-8]. Flagellin is a component of the
flagella of a number of bacteria that is constantly shed off to
be released to their vicinity, and is a ubiquitous protein in the
intestinal lumen that may be absorbed into the subepithelial
regions to contact immune cells. However, the mechanism
by which flagellin is involved in the pathogenesis of immune
disorders needs to be understood further.

Interleukin (IL)-17 is involved in a number of immune
and autoimmune diseases such as IBD [9], rheumatoid
arthritis [10], systemic lupus erythematosus [11] and pso-
riasis [12]. T helper type 17 (Th17) cells are a subtype of
CD4" effector T cells that release the proinflammatory cytok-
ine IL-17 upon activation. Recent studies indicate that TLR
activation is associated with IL-17 production [13].
However, the mechanism in the development of Th17 cells is
not understood fully.

Chemokines are secreted by immune cells or epithelial
cells [14]. Apart from guiding the migration of immune
cells, the interaction of chemokines and their receptors also
modulates the cellular activities of target cells [15,16].
Unusually high levels of chemokines such as CXCL9, 10 and
11 have been noted in patients with immune disorders
[17,18]. The CXCL9-11/CXCR3 axis is involved in IL-6-
related immune inflammation [19,20]. Inhibition of CXCR3
reduces the expression of IL-6; the latter plays a critical role
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in the expression of IL-17 [19,20]. Thus, based on the
above information, we hypothesized that chemokines
may be important in microbial product-related intestinal
inflammation. In the present study, we observed the corre-
lation between the serum levels of CXCL9, 10 and 11 and
IL-17 in patients with IBD; examined the role of flagellin in
the expression of CXCL11 in CD14" cells; and with a cell
co-culture system, the role of flagellin in the development of
Th17 cells was investigated.

Materials and methods

Mice

Balb/c mice were purchased from Charles River Canada (St
Constant, QC, Canada; Wansheng Experimental Animal
Company, Shanghai, China). The animal experimental pro-
cedures were approved by the Animal Study Ethics Commit-
tee at McMaster University and Tongji University.

Reagents. Antibodies against IL-17, IL-6, transforming
growth factor (TGF)-f, CD4, CD14, CD25, CXCL9-11,
CXCR3, CD11¢, immunoglobulin (Ig)G, TLR-5 and inter-
feron (IFN)-vy were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Magnetic cell-sorting reagents
were purchased from Miltenyi Biotec (Auburn, CA, USA).
All the fluorescently labelled antibodies for flow cytometry
assay and permeable reagent kits were purchased from BD
Bioscience (Mississauga, ON, Canada). Enzyme-linked
immunosorbent assay (ELISA) kits of IL-17, IL-6, CXCL9,
CXCL10, CXCL11, myeloperoxidase (MPO) and neutraliz-
ing anti-CXCL11 antibody were purchased from R&D
Systems (Burlington, ON, Canada). Trinitrobenzene sul-
phonic acid (TNBS) was purchased from Sigma Aldrich
(Oakville, ON, Canada). Flagellin was purchased from
Austral Biologicals (San Ramon, CA, USA). Anti-flagellin
antibody was purchased from Biodesign (Saco, ME, USA).
Lipopolysaccharide (LPS) levels in all reagents were detected
using the limulus assay (limulus amoebocyte lysate QCL
1000 was purchased from Bio Whittaker, Walkersville, MD,
USA). The reagents used in this study contained < 0-2U LPS/
10 pg reagents.

Collection of intestinal mucosal specimens and sera
from IBD patients

Diagnosis of IBD was made on the basis of the endoscopic,
radiological, histological and clinical criteria provided by the
World Health Organization (WHO) Council for Interna-
tional Organizations of Medical Sciences and the Interna-
tional Organization for the Study of Inflammatory Bowel
Disease [21,22]. Patients with indeterminate colitis were
excluded. The demographic data of IBD patients are pre-
sented in Table S1 (see Supporting Information at the end of
the paper). Informed consent was obtained from each
patient. The collection of colonic biopsy and sera followed
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routine procedures in our departments. Two pieces of colon
tissue were taken from the edge of ulcers: one for immuno-
histochemistry, one for Western blotting. The study using
human specimens was approved by the Human Study Ethic
Committees at Tongji University and Huazhong University
of Science and Technology.

Immunohistochemistry

Colonic biopsy tissue was snap-frozen and processed for
immune staining. Sections were incubated with primary
antibodies against IL-17 (1:100), CD14 (1:200), CXCL11
(1:50) or isotype IgG, used as control, overnight at 4°C. The
sections were washed with phosphate-buffered saline (PBS)
and incubated with fluorescence labelled second antibody
(1:300) and mixed with propidium iodide (10 pug/ml) for 1 h
at room temperature. The sections were then washed and
mounted with coverslips and observed with a confocal
microscope (LSM510). To avoid observer bias, all the slides
were coded. The observers were not aware of the codes.

Protein extraction

Tissue proteins were extracted from colonic biopsies or
mouse colon using Western blotting or ELISA. Tissue was
homogenized with a mini homogenizer in cell lysis buffer
(20 mM Tris-HCI, pH 7-5; 150 mM NaCl; 1 mM Na, ethyl-
enediamine tetraacetic acid (EDTA); 1 mM ethylene glycol
tetraacetic acid (EGTA); 1% Triton; 2-5 mM sodium pyro-
phosphate; 1 mM beta-glycerophosphate; 1 mM Na;VOy;
1 pg/mlleupeptin) in a ice water-bath. The extracts were then
centrifuged for 10 min at 14 000 g in a cold microfuge. The
supernatant was collected for further experiments.

Western blotting

To determine the levels of CXCL9, CXCL10 and CXCL11 in
colonic biopsies, Western blotting was performed. Tissue
protein extracts (50 pg/well) were separated by sodium
dodecyl sulphate (SDS)—polyacrylamide gels and trans-
ferred onto nitrocellulose membranes. The membranes
were then probed with the primary antibodies at concen-
trations of 1:1000-2000. Secondary antibodies were horse-
radish peroxidise (HRP)-conjugated goat anti-mouse IgG
(Fab). Signals were visualized using the ECL Western Blot-
ting Detection Kit.

Induction of inflammation in mouse colon

Under light general anaesthesia, C57/B6 mice (6—8 weeks of
age) were administered with 150 pl of trinitrobenzene sul-
phonic acid (TNBS, 2-5 mg/mouse in 50% ethanol) intrarec-
tally via a 3-5-French catheter. The treatment was repeated 3
days later. Mice were killed on day 7. The colon was collected
for further experiments. The assessment procedures for
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colitis are detailed in the Supporting Information (see the
end of the paper). Control groups included naive mice and
mice treated with ethanol alone.

The second colitis mouse model was also developed.
Ovalbumin-T cell receptor (OVA-TCR) transgenic DO11-10
mice were treated with OVA (10 mg/mouse) and flagellin
(100 ng/mouse) in 0-15 ml 50% ethanol via the intrarectal
route daily for 7 days using procedures similar to the TNBS
model.

Evaluation of colitis

Body weight was recorded before introduction of TNBS and
immediately before killing. A 0-4 grading system was
employed to evaluate the inflammatory scale of colitis with
haematoxylin and eosin (H&E)-stained histology sections:
grade 0, normal with no signs of inflammation; grade 1, very
low level of leucocyte infiltration; grade 2, low level of
mononuclear cell infiltration; grade 3, high level of infiltra-
tion of mononuclear cells, high vascular density and intesti-
nal wall thickening; and grade 4, transmural infiltrates with
loss of goblet cells, high vascular density, wall thickening and
disruption of normal intestinal structure.

Flow cytometry

Cells were collected and incubated with fluorescence labelled
antibodies (0-5-1 pg/ml, or using isotype IgG as control) on
ice for 30 min (for intracellular staining, cells were fixed with
1% paraformaldehyde on ice for 30 min and incubated with
permealization reagents for 30 min on ice). The stained cells
were analysed using a fluorescence activated cell sorter
(FACS) array (BD Bioscience, San Jose, CA, USA). Data were
analysed with FlowJo software.

ELISA

Levels of cytokines and MPO were measured by ELISA with
commercial reagent kits following the manufacturer’s
instructions.

Isolation of lamina propria mononuclear cells (LPMC)

The colon was excised from mice at the time of killing, cut
into small pieces and treated with predigestion solution [1 X
Hanks’s balanced salt solution (HBSS) containing 5 mM
EDTA and 1 mM dithiothreitol (DTT)] at 37°C for 30 min
under slow rotation. The tissue was collected by centrifuga-
tion (200 g, 10 min) and incubated in digestion solution
(dissolved in 0-05 g of collagenase D, 0-05 g of DNase I and
0-3 g of dispase II in 100 ml of 1 x PBS) at 37°C for 60 min
under slow rotation. Cells were filtered with a cell strainer.
Cells were cultured for further experiments.
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Isolation of CD4* CD25™ T cells

CD4* CD25™ T cells were isolated from LPMC with a com-
mercial cell sorting reagent kit following the manufacturer’s
instruction.

Generation of CD14* CXCL11* cells

The bone marrow was obtained from mouse femurs. After
lysis of red blood cells, the mononuclear cells were collected
and cultured in RPMI-1640 culture medium in the presence
of granulocyte-macrophage colony-stimulating factor
(20 ng/ml) and flagellin (20 ng/ml). On the seventh day, cells
were collected; the CD14* CXCLI11" cells were isolated by
magnetic affinity cell sorting (MACS) with a commercial
reagent kit for further experiments.

Histology

The colon segments were excised from experimental mice,
fixed with 4% paraformaldehyde overnight and processed
for paraffin embedding and H&E staining. Section slides
were coded. The observers were not aware of the codes to
avoid observer bias.

Statistics

All values were expressed as the means * standard deviation
(s.d.) of at least three independent experiments. The values
were analysed using the two-tailed unpaired Student’s t-test
when data consisted of two groups or by analysis of variance
(anova) when three or more groups were compared. The
correlation between variables was analysed using Pearson’s
correlation coefficient. P < 0-05 was accepted as statistically
significant.

Results

Serum levels of CXCL11 are increased in patients
with IBD

The CXCR3/CXCL11 axis is involved in the pathogenesis of
a number of immune diseases [17]. We predict that CXCL11
may also be involved in the intestinal immune inflammation
such as IBD. Thus, serum samples were collected from 26
patients with UC and 10 healthy subjects. As shown by
ELISA data, the levels of CXCL9 and CXCL10 were slightly
higher than the healthy control group, but did not reach the
significant criteria; the levels of CXCLI1 were significantly
higher in the IBD group than in healthy controls (Fig. 1a—c).
A correlation assay was performed between CXCL11 and
IBD disease activities. However, no significant correlation
was identified (P > 0-05). The data indicate that IBD patients
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have high serum levels of CXCLI11 that may be involved in
the pathogenesis of IBD.

Expression of CXCLI11 is correlated with IL-17 levels in
the colon of IBD patients

IL-17 is one of the proinflammatory cytokines in immune
disorders such as IBD. As we observed that serum levels of
CXCL11 were increased in IBD patients, we speculated as to
whether there is an association between CXCL11 and IL-17.
Therefore, we also measured the levels of IL-17 in collected
sera by ELISA. The results showed that the levels of IL-17
were significantly higher in IBD patients than in the healthy
control group (Fig. 1d). A correlation assay was performed
between the serum CXCL9-11 and IL-17. The results showed
a positive correlation existed between serum CXCL11 and
IL-17 (r=0-677; P=0-006), but were not in CXCL9 and
IL-17 (r=0-153, P = 0-363) or CXCL10 and IL-17 (r = 0-206,
P =0-188). The results show a positive correlation between
serum CXCL11 and IL-17 levels, implying that the increases
in CXCL11 may contribute to the increase in IL-17 produc-
tion in the body.

The increase in levels of CXCL11 and IL-17 in the serum
imply that these molecules may be also increased in the
colon of patients with IBD. To test the hypothesis, a piece of
colonic tissue was processed for assessing the frequency of
CXCL11* and IL-17* cells by immunohistochemistry. The
results showed that higher frequencies of CXCL11" and
IL-17* cells were observed in IBD colonic mucosa than in
non-IBD samples (Fig. 2a—c). To confirm the results further,
a piece of tissue was processed for Western blotting. The
immune blots showed that significantly higher levels of
CXCLI11 and IL-17 were detected in samples from IBD

© 2011 The Authors

colonic biopsies than those from non-IBD samples. The
levels of CXCL9 and CXCL10 in UC samples were similar to
those in non-IBD samples (Fig. 2d). The results show that
the levels of CXCL11 and IL-17 in the colon are consistent
with that in the serum.

CXCL11" cells are also CD14" in inflamed colon of
TNBS-induced colitic mice and IBD patients

To characterize further the CXCL11* cells we noted in IBD
colonic mucosa, we developed a mouse colitis model with
TNBS. CXCLI11" cells were isolated from the colon of colitic
mice and examined by flow cytometry. The results showed
that more than 10% CXCL11* CD14" cells were detected in
LPMCs from colitic mice, while only a few more than 2%
CXCL11* CDI14" cells were found in control mice
(Fig. 3a—d). The data imply that a subset of CD14" cell
expresses CXCL11 in immune inflammation such as IBD. To
confirm if this phenomenon also existed in IBD patients, we
examined CXCL11* CD14" cells in human colonic tissue
with immunohistochemistry. Indeed, abundant CXCL11*
CD14" cells were observed in colonic samples from IBD
patients while it was scarce in non-IBD colonic samples

(Fig. 3e—g).

Activation of TLR-5 is involved in the up-regulation of
CXCLI11 in CD14* cells

Based on published data that the production of CXCL11 can
be induced by flagellin-induced TLR-5 activation [21], that
also plays a role in the pathogenesis of intestinal immune
inflammation [5,6,22], we next investigated the mechanism
by which the expression of CXCL11 was increased in colonic
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Fig. 2. CXCLI11 is correlated with the increase in interleukin (IL)-17 in inflammatory bowel disease (IBD) patients. Colonic biopsies were obtained

from the 16 ulcerative colitis (UC) patients (a) as described in the text. Six non-IBD samples (b) were obtained from the marginal tissue of

surgically removed colonic cancer (proved by a pathologist). (a—c) Cryosections were prepared with the colonic samples and stained with

anti-CXCL11 and anti-IL-17 antibodies. The sections were observed under a confocal microscope. The representative confocal images show

CXCL11" cells (in blue) and IL-17" cells (in green) in colonic tissue. The positive cell counts were presented in (c) as cells per mm?

(mean * standard deviation; averaged from 20 fields of each subject). *P < 0-05, compared with non-IBD group. (d) A piece of colonic tissue from
biopsies [as described in (a—c)] was processed for Western blotting to determine the protein levels of CXCL9, CXCL10, CXCL11 and IL-17. The
representative immune blots show the levels of CXCL9, CXCL10, CXCLI11 and IL-17 in colonic tissue of non-IBD subjects and UC patients. B-actin

was used as internal control.

CD14* cells in mice with colitis. Initially we isolated LPMCs
from naive mice to be stimulated by flagellin; however, it did
not induce the expected production of CXCLI11 by these cells
(Fig. 4al). We then isolated LPMCs from colitic mice; the
levels of CXCLI11 were slightly higher than naive controls,
but did not reach the significance criteria (data not shown).
We then exposed the LPMCs from colitic mice and exposed
them to flagellin; the CXCL11-expressing CD14" cell number
increased significantly (Fig. 4a2). Considering that colitic
mice-derived LPMCs might have been conditioned by IFN-y
(TNBS-induced colitis has high levels of IFN-y), IFN-y is
involved in the production of CXCL11; as mentioned previ-
ously [23], we exposed LPMCs from naive mice to both
flagellin and IFN-y. Indeed, marked increase in CXCL11 was
observed in CD14" cells (Fig. 4a4) that was abolished by
pretreating the LPMCs with neutralizing TLR-5 antibody
(Figs 4 and 5). The individual data are presented in Fig. 4b.
In addition, we also measured the levels of CXCL11 in
culture supernatant. The results showed that the CXCL11
levels in supernatant were in parallel to the frequency of
CD14" CXCLI11" cells (Fig. 4c). The results imply that in the
Th1 polarization environment, flagellin is capable of induc-
ing the production of CXCL11 by CD14* cells in the
intestine.

400

CXCL11 triggers Thl cells to produce IL-6

IL-6 is involved in the pathogenesis of IBD [24]. However,
over-production of IL-6 in the body needs to be understood
further. Because Th1 cells express the receptor of CXCL11
(CXCR3) [25], we speculated as to whether CD14" CXCL11*
cell-released CXC11 can bind CXCR3 on Th1 cells to activate
them to release IL-6. To this end, we first generated a batch of
Th1 cells. Mononuclear cells were isolated from DO11-10
mouse spleen by MACS. The cells were cultured under a Thl
polarization condition in the presence of specific antigen
OVA peptide (323-339), IFN-y and anti-IL-4 antibody for
96 h. As shown by flow cytometry, more than 90% of the
gated CD4" T cells were IFN-y" T cells (Fig. 5a). The cells
(mixed cells) were washed by fresh culture medium and
co-cultured with flagellin-primed CD14" cells (more than
90% cells express CXCL11 as evaluated by flow cytometry)
for 72 h. As shown by ELISA (Fig. 5b) and flow cytometry
(Fig. 5¢), the levels of IL-6 in culture supernatant increased
markedly compared with those co-cultured with naive
mononuclear cells (Fig. 5b and c) that could be blocked by
pretreatment with neutralizing anti-CXCL11 antibody
(Fig. 5b and c). The results indicate that CD14* CXCL11*
cells can trigger Th1 cells to produce IL-6.
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e Th17 is not yet understood fully. Because CD14* CXCL11*
CXCLI facilitates the development of Th17 cells cells can trigger polarized Thl cells to produce IL-6 (Fig. 5)

Th17 cells play an important role in IBD [26]. Although we and TGF-f and IL-6 up-regulated the IL17 gene transcrip-
have known that IL-6 and TGF-f} acting in concert trigger tion factor retinoid-related orphan receptor-yt (RORyt)
Th17 cell lineage commitment [27], the development of [28], we postulate that CXCL11 may facilitate the develop-
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(Ig)G did not show positive staining (data not shown). (b) Scatter dot-plots show individual datum in (a). (c) The scatter dot-plots show CXCL11
levels in culture supernatant that were measured by enzyme-linked immunosorbent assay. *P < 0-01.
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histograms show the levels of IL-6.

ment of Th17 cells under the Thl environment. To test this
hypothesis, we treated DO11-10 mice with OVA daily for 7
days. After killing, we isolated LPMCs and examined by flow
cytometry for the phenotypes of CD4* CD25" T cells. The
results showed that the gated CD4" T cells consisted of IL-4*
T cells (27-:8% = 2:3%), IEN-y" T cells (24-8% = 4:6%),
forkhead box P3 (FoxP3") T cells (14-8% =+ 3-2%) and IL-17
T cells (4-8% = 1-5%), respectively (Fig. 6a). The results
indicate that the OVA-specific immune response can activate
the ‘pan’ T cells in the intestine of DO11-10 mice. We then
isolated CD4* CD25 T cells from the spleen of naive
DO11-10 mice by MACS and co-cultured with flagellin-
primed CD14" cells in the presence of OVA peptide (323-
339) for 96 h. The cells were then analysed by flow
cytometry. The results showed that a significant increase in
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the frequency of IL-17 cells was induced that was abolished
by pretreatment with neutralizing anti-CXCL11 antibody
(Fig. 6b). The results indicate that CXCL11 plays a critical
role in converting CD4* CD25™ T cells to Th17 cells.

CXCL11 plays a critical role in the induction of
inflammation in the intestine

Next, we developed a mouse model to test the hypothesis
that microbial product flagellin plays a role in the induction
of intestinal inflammation. DO11-10 mice were treated with
OVA plus flagellin via the intrarectal route with or without
pretreatment with anti-CXCL11 antibody. As depicted in
Fig. 7, the results showed that exposure to OVA and flagellin
concurrently induced modest to severe colitis that could be

© 2011 The Authors
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Fig. 6. CXCL11 plays a critical role in the induction of T helper type 17 (Th17) cells. (a) Ovalbumin-T cell receptor (OVA-TCR) gene transgenic
mice (DO11-10 mice) were gavage-fed with OVA (10 mg/mouse) daily for 7 days. Lamina propria mononuclear cells (LPMCs) were isolated by
magnetic affinity cell sorter (MACS), stained with indicated antibodies and analysed by flow cytometry. A1, dot-plots show the frequency of CD4*

T cells in LPMCs. A2, dot-plots show isotype immunoglobulin (Ig)G staining used as a negative control. (b1—4) Histograms show frequencies of

positively stained cells of indicated markers (annotated below each histogram). Histograms with broken lines show results of mice treated with
saline (control group). Histograms with continuous lines show results of mice treated with OVA. The gated area indicates positive cell population in
the OVA-treated group (also numerated inside histograms). (c) CD4* CD25™ T cells from the spleen of naive DO11-10 mice were isolated by MACS
and co-cultured with flagellin-primed CD14" cells (more than 90% cells express CXCL11 as checked by flow cytometry) at a ratio of 10:1

(T cell : CD14 CXCL11 cells) in the presence of OVA peptide (323—-339; 20 ng/ml) for 96 h. Cells were collected, stained with anti-interleukin
(IL)-17 antibody and analysed by flow cytometry. The histograms show the frequencies of IL-17* cells (the gated area). C1, cells stained with isotype
IgG used as a negative control. C2-4, cells were stained with anti-IL-17 antibody. C2, naive CD4* CD25 T cells. C3, CD4* CD25 T cells were
co-cultured with flagellin-primed CD14" cells. C4, pretreated with anti-CXCL11 antibody, CD4™ CD25™ T cells were then co-cultured with

flagellin-primed CD14" cells.

blocked by pretreatment with anti-CXCL11 antibody. The
data indicate that, under certain conditions such as under
skewed immune response, the microbial product flagellin
can initiate intestinal inflammation; CXCLI1 plays an
important role in the process. For comparison, we also
applied anti-CXCL11 antibody to C57/B6 mice treated with
TNBS. As predicted, the intestinal inflammation was also
blocked.

Discussion

The present study has provided further evidence that a
chemokine, CXCL11, was increased in IBD intestinal
CD14" cells as well as in sera. The production of CXCLI11

© 2011 The Authors

by CD14" cells could be up-regulated by exposure to
microbial stimuli. In co-operation with Thl cytokine
IFN-y, CXCL11 acted on CD4" T cells to induce the pro-
duction of IL-6 that is involved in induction of immune
inflammation in the intestine. The present study has
revealed a novel pathway by which microbial stimuli facili-
tate the development of Th17 cells.

The main function of chemokines is to direct immune cell
movement. However, chemokines also bind their receptors
on target cells to activate a series of signal transduction path-
ways; some of them are the same as those activated in inflam-
matory responses such as p38 mitogen-activated protein
kinases and phosphatidylinositol-3-kinase signalling path-
ways [29]. The present data indicate that CXCL11 has a close
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Fig. 7. Flagellin induces intestinal inflammation. To determine the role of flagellin and CXCL11 in the pathogenesis of intestinal inflammation,
mouse intestinal inflammation model was developed by treating C57/B6 mice with trinitrobenzene sulphonic acid (TNBS) in 50% ethanol or
treating DO11-10 mice with ovalbumin (OVA) plus flagellin (in 50% ethanol) as detailed in the text. After killing, the indicated parameters in (a—e)
were evaluated. Each group consisted of six mice. (a) The inflammatory condition of mouse colon was assessed by a semi-quantification scoring
system as detailed in the text. The dot-plots indicate colon inflammatory score; each dot represents the score from one mouse (a—d). (b) Colon
proteins were extracted and analysed by enzyme-linked immunosorbent assay (ELISA) to determine the levels of interleukin (IL)-17. The dot-plots
show protein levels of IL-17 in colon protein extracts. (c¢) Mouse body weight was recorded before treatment (day 0) and immediately before killing
(day 7); body weight was calculated and expressed as the reduction rate of body weight. The dot-plots show the body weight reduction rate after
treatment. (d) The levels of myeloperoxidase (MPO) in colon tissue protein extracts were measured by ELISA. The dot-plots show MPO levels in
the colon. (e) Representative photomicrographs show colonic histology of experimental mice. Original magnification: x 100. Naive, naive control
mice; OVA, DO11-10 mice were treated with OVA (10 mg/mouse) daily for 7 days; OVA/F, DO11-10 mice were treated with OVA (10 mg/mouse)
and flagellin (100 ng/mouse) daily for 7 days; OVA/F/Abl, the ‘Ab1” indicates that the mice were treated with anti-CXCL11 antibody (300 ng/mouse,
intraperitoneally) daily for 7 days; TNBS/Ab1, mice were treated with TNBS via the intrarectal route as well as with anti-CXCL11 antibody; ethanol,
mice were treated with vehicle ethanol used as controls; TNBS/Ab2, mice were treated with TNBS via the intrarectal route as well as with
anti-Toll-like receptor-5 antibody (to avoid redundant datum presentation, we do not show the results from mice treated with TNBS/ethanol alone).

relation with the intestinal immune disorder IBD. Published as IBD. Others also propose that CXCL11 is involved in
studies also demonstrate that the activities of some chemok- autoimmune disorders and creates local amplification loops
ines are associated with the induction of proinflammatory of inflammation in target organs [17].

genes, such as TNF, IL-1fB, IL-6 and IL-1f [30]. The data The endogenous sources of CXCLI11 include fibroblasts
imply that some chemokines such as CXCL11 may be [23], dendritic cells [31] and macrophages [32,33]. The
involved in the pathogenesis of immune inflammation such present data show that CD14" cells are one of the major
404 © 2011 The Authors
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sources of CXCL11 in inflamed intestinal tissue. The results
are in line with the published data, as CD14 is expressed
mainly by macrophages and a subset of dendritic cells.
CXCL11 is not expressed constitutively in these cells. They
can be up-regulated by inflammatory stimuli. The present
data provide information not described previously on this
point, that activation of TLR-5 can facilitate the expression
of CXCL11 in CD14" cells. The data thus link microbial
stimuli to strengthening the expression of CXCLI11 in
inflammatory cell (such as macrophages). Others also have
noted that the skewed CD14 gene expression in IBD patients
is associated with an increased susceptibility to developing
IBD comparing with healthy subjects [34].

Thl inflammation is featured as high levels of IFN-yin the
serum and local tissue. Our data are in line with these
observations. One of the functions of IFN-y s to increase the
expression of CXCL11 in other cells, such as in human gin-
gival fibroblasts, as described in a recent report [23]. Our
data expand this notion by showing that IFN-y is also
required in the expression of CXCL11 in CD14" cells. The
data imply that under a skewed Thl polarization environ-
ment, the high levels of IFN-y may be a trigger to increase
CXCL11 production by CD14" cells. As Thl cells express
CXCR3, the receptor of CXCL11, the CD14" cell-derived
CXCLI1 can then bind CXCR3 on Thl cells that have the
potential to activate Th1 cells. Indeed, our data show that the
interaction of CXCL11 and CXCR3 increases the production
of IL-6 by Thl cells.

Previous studies have recognized that IL-6 is an impor-
tant mediator of gut dysfunction in IBD. Antibody neutra-
lization of IL-6 improves gut function and lessens
the severity of patient symptoms [35,36]. In recent years
it has been recognized that the major role of IL-6 in IBD
is required in the development of Th17 cells; the process
requires IL-6 and TGF-f acting in concert [28]. The source
of IL-6 in the intestine is therefore of significance. Our
data provide important information about the sources
of IL-6 in the intestine. The intestinal tract is full of micro-
bial products. Disturbance of epithelial barrier integrity
(such as by psychological stress) may cause absorption
of microbial products into the subepithelial region [37]
to trigger immune cells to produce CXCL11, as shown by
the present data; the latter induces Thl cells to produce
IL-6.

Regulatory T cell (T.g)-derived TGF-B is crucial in
immune regulation; however, TGF-J is also involved in the
induction of proinflammatory cytokine IL-17 [28]. Higher
T, frequency is recognized in the normal intestine com-
pared to other organs in the body, serving as one of the
major cellular components of oral tolerance; the latter is
usually suppressed in most immune disorders. However,
the frequency of CD4" FoxP3* T cells may not always be
reduced in IBD patients, as we have observed recently
(unpublished data); the phenomenon has also been men-
tioned by others [38]. Therefore, these CD4" FoxP3" T cells

© 2011 The Authors
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can be an important source of TGF-f to facilitate the devel-
opment of Th17 cells.

Skewed Th1 polarization plays an important role in intes-
tinal inflammation of most IBD cases. IL-17 is a critical
cytokine in the pathogenesis of IBD. Our data have bridged
these two phenomena by showing the production of
CXCL11 by CDI14" cells that requires a skewed Thl
environment. Thus, if this ‘bridge’ is broken, the over-
expression of IL-17 may be abrogated. Indeed, our further
results support the hypothesis that pretreatment with anti-
CXCLI11 antibody abolishes the development of IL-17* cells,
as well as the induction of intestinal inflammation. The data
suggest that CXCL11 has the potential to be a novel thera-
peutic target in the treatment of IBD.

In summary, the present study shows that high serum
levels of CXCL11 in IBD patients that correlate with the
serum levels of IL-7. Microbial product flagellin plays a criti-
cal role in the induction of CXCL11 in CD14" cells. The
stimulation of CXCL11 induces Thl cells to express IL-6
that, in co-operation with co-existing TGF-, facilitates the
development of Th17 cells.
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