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Abstract

CD4" T cells play a central role in the development of inflammatory bowel disease (IBD) via high-level production of effector
cytokines such as IFN-y and TNF-o. To better characterize the colitogenic CD4" T cells, we examined their expression of
CXCR6, a chemokine receptor that is expressed by T cells upon activation and is upregulated in several inflammatory
diseases. We found that 80% of colonic lamina propria CD4" T cells expressed CXCR6 in the CD45RB™9" T cell-transferred
colitis model. CXCR6 expression was similarly upregulated in inflamed mucosa of patients with Crohn’s disease. Although
surface marker analysis demonstrated that both CXCR6* and CXCR6~ CD4" T-cell subsets consist of the cells with effector
and effector-memory cells, the more cells in the CXCR6" subset produced IFN-y and TNF-o. compared to CXCR6™ subset,
and only the CXCR6" subset produced IL-17A. Nevertheless, adoptive retransfer of lamina propria CXCR6" T cells into Rag1 "’
~ recipients failed to induce the disease due to limited expansion of the transferred cells. By contrast, retransfer of CXCR6 ™~
cells evoked colitis similar to that observed in CD4"CD45RB™" T cell-transferred mice, and resulted in their conversion into
CXCR6" cells. Collectively, these observations suggest that the CXCR6'CD4" T-cell subset consists of terminally
differentiated effector cells that serve as the major source of effector cytokines in the inflamed tissue, whereas
CXCR6™ CD4" T-cell subset serves as a colitogenic memory compartment that retains the ability to proliferate and
differentiate into CXCR6'CD4" T cells.
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Introduction by the fact that CD4" T cells isolated from peripheral blood of
colitic mice can transfer the disease to healthy recipients [3,4].
Although recirculating, these pathogenic effector memory CD4"
T cells reside preferentially in the bone marrow (BM) [5,6],
where IL-7 produced by stromal cells is considered a key
cytokine involved in promoting their survival for long periods
[7]. These colitogenic CD4" T cells in the BM may eventually
repopulate the intestine, where they give rise to effector CD4*
T cells after encountering intestinal antigens [7,8]. Based on this
model, colitogenic CD4" effector-memory T cells may be
divided into two distinct populations, i.e., cytokine-producing
effector cells and long-term surviving memory cells that are
quiescent but retain the ability to induce colitis upon activation.
However, the identity of these colitogenic CD4" effector and
effector-memory T cells remains to be fully characterized.

Inflammatory bowel disease (IBD), e.g., Crohn’s disease (CD)
and ulcerative colitis (UC), are chronic and relapsing inflam-
matory disorders of the gastrointestinal tract. The chronic
inflammation in the gut results from an excessive immune
response to commensal microbiota [l]. Although multiple
factors including genetic predisposition and environmental
factors such as gut microbial composition have been implicated
in the etiology of IBD, most of these factors converge on a
common effector pathway, the generation of effector CD4* T
cells accumulating in the gut that orchestrate a persistent
inflammatory response by producing inflammatory cytokines
[1,2]. The colitogenic CD4" effector memory T cells are most
likely generated during the onset of the inflammatory response,
and continuously circulate throughout the body, as evidenced
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Chemokines facilitate leukocyte migration and retention in
lymphoid and peripheral non-lymphoid tissues. More than 40
chemokines have been identified so far, and they are classified into
C, CC, CX(, and CX3C subfamilies based on the spacing of the
first two amino terminal cysteine residues. The expression of
several chemokines increases in the inflamed colon of patients with
IBD [9,10]. Recently, the expression of GXCL16, a CXC family
chemokine, has been reported to be upregulated in the colon of
CD patients and in mouse models of colitis [3,5]. Furthermore,
administration of an anti-CXCL16 mAb ameliorates inflamma-
tion in a chemically induced experimental colitis model. Thus,
multiple lines of evidence suggest that the CXCL16-CXCR6
system may play an important role in colonic inflammation and
could be a therapeutic target for CD [5], although the expression
profile of GCXCR6 on the colitogenic CD4" T cells remains to be
characterized.

We here report that CD4" T cells in the inflamed colon of
CD4*CD45RB"E" T cell-transferred colitis model can be divided
mnto two subpopulations according to the expression of CXCR6.
The colonic CXCR6" subset serves as a bona fide effector by
preferentially producing IFN-y, IL-17A and TNF-a.. On the other
hand, the CXCR6  subset possesses a more limited ability to
produce these cytokines but retains the capability to proliferate
and convert to CXCRG6" cells after activation. Given that only the
CXCR6  subset can transfer the disease to recipient mice, this
subset likely functions as the colitogenic CD4* memory T cells that
are responsible for the recurrence of inflammatory responses in
IBD.

Materials and Methods

Colonic Biopsy Specimens

Biopsy specimens were obtained by endoscopy from inflamed
areas of the colon of 6 patients with CD and 10 with UC, with the
patients’ informed consent. Samples of normal controls (NC) were
taken from 5 patients with colonic polyps and were free of
inflammation histopathologically. The mean = SEM (range) age
of the patients with CD was 27.3 £ 3.7 (29 — 42) years, while that
of UC was 36.6 £ 3.7 (24 — 61) years and that of NC was
55.8 = 7.0 (33 — 73) years. Clinical activity was evaluated by
serum concentration of C-reactive protein, CD Activity Index
(CDAI) for patients with CD, and Lichtiger index (UCAI) for UC.
Endoscopic activity was evaluated by Simple Endoscopic Score for
CD (SES-CD), and Matts classification score for UC patients,
respectively. The disease activity of the patients with CD was mild,
as the mean £ SEM (range) of CRP was 1.57 % 0.68 (0.4 — 4.8)
mg/L, CDAI was 144.0 = 45.6 (24.3 — 350.3), and SES-CD was
22.2 £ 6.2 (6 — 48). The activity of the UD patients ranged from
remission to severe, as the mean * SEM (range) of CRP was
2.12 = 0.85 (0.1 - 6.7) mg/mL, UCAI was 7.9 = 1.5 (2 — 15),
and Matts score was 2.9 = 0.2 (2 — 4). Two of the patients with
CD were receiving no treatment, and 4 were receiving 5-
aminosalicylic acid (5-ASA). Two of the patients with UC were
receiving no treatment, and 2 were receiving prednisolone, 6 were
receiving oral 5-ASA or sulfasalazine with or without 5-ASA
enema. The experimental protocol was reviewed and approved in
advance by the ethics committees of Chiba University (Permit
number: 697) and the RIKEN Yokohama Institute (Permit
number: H17-12).

Animals

BALB/cA and Ragl ™'~ mice were obtained from CLEA Japan
(Tokyo, Japan). The mice were maintained under specific
pathogen-free conditions in RIKEN animal facilities until use in
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experiments at 8 to 12 weeks old. All animal experiments were
approved by the Animal Research Committee of RIKEN
Yokohama Research Institute (Permit number: 24-005).

T cell Preparation

Colonic lamina propria (LP) lymphocytes were prepared as
described previously. Briefly, colonic tissues were treated with
Hanks® Balanced Salt Solutions (Wako Pure Chemical Industries)
containing 1 mM dithiothreitol and 5 mM EDTA at 37°C for 20
minutes to remove epithelial cells. The tissues were then minced
and dissociated with collagenase solution containing 0.5 mg/mL
collagenase (Wako Pure Chemical Industries), 1 U/mL dispase
(BD Biosciences), 0.5 mg/mL DNase I (Roche Diagnostics), 2%
FCS, 100 U/mL  penicillin, 100 pg/mL streptomycin, and
12.5 mM HEPES (pH 7.2) in RPMI 1640 medium (Sigma-
Aldrich) at 37°C for 30 minutes to obtain single-cell suspensions.
After filtering, the single-cell suspensions were washed with 2%
FCS/RPMI 1640, and subjected to Percoll gradient separation.
Spleen and mesenteric lymph nodes (MLNs) were mechanically
disrupted into single-cell suspensions.

Induction of Colitis by Adoptive Transfer of
CD4"CD45RB"9" T cells and by Retransfer of Colitogenic
CD4" T cells

Colitis was induced in Rag! /7 mice by adoptive transfer of
CD4"CD45RB"" T cells as described previously [11]. Briefly,
CD4" T cells were enriched from splenocytes from BALB/c mice
by the MACS system (Miltenyi Biotec) with biotin-conjugated
anti-CD4 monoclonal antibody (RM4-5; BD Biosciences) and
anti-biotin microbeads (Miltenyi Biotec). Enriched CD4" T cells
were labeled with FI'TC-conjugated anti-mouse CD3¢ (145-2C11),
APC-conjugated anti-mouse CD25 (PC61), and PE-conjugated
anti-mouse  CD45RB (16A) (all from BD Biosciences), and
CD3&*CD4"CD25 CD45RB"E" cells were isolated by cell sorting
using FACSAria I1 flow cytometer (BD Biosciences). The Ragl ™~
recipients were each given 1x10° CD4*CD45RB™" T cells via
the tail vein and were sacrificed at 8 weeks after transfer. In
retransfer ~ experiments, CD3g"CD4*CD25  CXCR6~  and
CD3e*'CD4"CD25 CXCR6" cells were isolated from colonic
lamina propria of Ragl -/ recipients at 8 weeks after adoptive
transfer of CD4"CD45RB™E" T cells by cell sorting using a
FACSAria II flow cytometer. CXCL16-Fc fusion protein was used
to detect CXCR6-expressing cells. These two populations were
retransferred into untreated Rag]f/ " recipients.

Flow Cytometric Analysis

Lymphocytes were incubated with a mouse CXCL16-human
IgG Fey fusion protein or control human IgG Fcy, and specific
binding was detected with biotinylated anti-human IgG Fcy
(eBioscience) in combination with streptavidin-APC-Cy7 (BD
Biosciences). To characterize cell populations, lymphocytes were
incubated with FcyR (CD16/CD32)-blocking mAb  (93;
eBioscience), and further stained with the following mAbs:
FITC-conjugated anti-mouse CD62L (MELI14; BD Biosciences);
V500-conjugated anti-mouse CD3e (500A2; BD Biosciences);
Pacific Blue-conjugated anti-mouse CD4 (RM4-5; BD Biosci-
ences); PE-conjugated anti-mouse CD27 (LG.3A10; BD Biosci-
ences); PE-Cy7-conjugated anti-mouse CD44 (IM7; eBioscience);
FITC-conjugated anti-mouse CD43 (S7; BD Biosciences) and
Alexa Fluor 700-conjugated CDI127 (A7R34;
eBioscience). Flow cytometric analysis was performed for the
stained cells using a FACSAria II flow cytometer with DIVA
software (BD Biosciences). To analyze intracellular cytokiness,

anti-mouse
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cells were fixed and permeabilized using Cytofix/Cytoperm
solution (BD Biosciences) and stained with FITC-conjugated
anti-mouse IFN-y (XMG1.2: eBioscience), PE-conjugated anti-
mouse IL-17A (TC11-18H10; BD Biosciences). For transcription
factors, Foxp3/transcription factor staining buffer set
(eBioscience), respectively. The cells were then and T-bet
(4B10; eBioscience), and Alexa Fluor 647-labeled RORyt
(Q31-378; BD Biosciences).

Q-PCR

Total RNA was isolated using an RNeasy Mini Kit (Qiagen),
and aliquots of 1 pg of extracted RNA were subjected to reverse
transcription (RT) reaction using ReverTra Ace-o (TOYOBO).
Real-time PCR analysis was performed to quantify the Cxc//6 and
Cxer6 mRNA expression levels using the SYBR Green PCR assay
on a Thermal Cycler Dice Realtime System (TAKARA BIO). The
expression of the target gene determined by RT-PCR was
presented as a ratio, normalized to an endogenous reference
(Gapdh). The specific primers were: 5'-GGC TTT GGA CCC
TTG TCT CTT G-3' (forward) and 5'-TTG CGC TCA AAG
CAG TCC ACT-3' (reverse) for mouse Cxcll6; 5'-AGA ATT
TCT TCC GAC TCC CCG -3’ (forward) and 5'-CAG CTC
ATC AAT TCC TGA ACC C-3' (reverse) for human CXCLI6;,
and 5'-GGA CAT TGG TTG CCT CCC TTA-3’ (forward) and
5"-AAA CAA AGC CTG CCT CAC CAC-3' (reverse) for human
CXCRo.

Immunohistochemistry

For immunohistochemical analysis of human CXCL16 and
CXCRS6, the biopsy samples were fixed in 1% zinc sulfate/4%
formalin (Richard-Allan Scientific). Sections of human mucosa
5-um thick were deparaffinized, rehydrated, and treated with
0.3% HyO, in PBS for 20 min at room temperature to block
endogenous peroxidase activity. The sections were incubated
with 5% bovine serum albumin in PBS for 30 min at room
temperature and then with goat anti-human CXCLI6 poly-
clonal Ab (R&D Systems), mouse anti-human CXCR6 mono-
clonal Ab (R&D Systems), or an identical concentration of
control goat or mouse IgG, overnight at 4°C. The binding of
primary Ab was detected with biotinylated donkey anti-goat or
mouse IgG (DAKO) followed by streptavidin-horseradish
peroxidase (ABC Elite; Vector Laboratories), visualized with
3,3'-diaminobenzidine (DAKO), and counterstained with hema-
toxylin (DAKO). Immunostaining of mouse CXCL16 was
described previously [12].

Microarray Data Collection and Analysis

Total RNA were prepared from CXCR6'CD4" T cells and
CXCR6-CD4" T cells in the colon of colitic mice, and
CD45RB""CD4" naive T cells in the spleen of BALB/c mice
using a RNeasy Plus Mini kit (Qiagen). RNA was amplified and
hybridized on the GeneChip Mouse Genome 430 2.0 Array
(Affymetrix), according to the manufacture’s procedure. Expres-
sion values were determined with Gene Spring version 11.5 (Tomy
Digital Biology). The data has also been submitted to GEO
database (accession# GSE45881).

Statistical Analysis

Differences between two groups were analyzed by the Student’s
¢ test, unless otherwise specifically noted. When variances were
unequal, the data were analyzed by Mann-Whitney U test. In all
analyses, P < 0.05 was taken to indicate significance.
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Results

Expression of CXCL16 and CXCR6 is Upregulated in the
Inflamed Colon of CD Patients and a Mouse Model of CD
Colitis

To gain insight into the pathological relevance of the CXCLI16-
CXCR6 system, we first investigated the expression of these
molecules in inflamed colonic mucosa of patients with IBD.
Quantitative PCR (Q-PCR) analysis showed that the expression
level of the genes encoding CXCLI6 and CXCR6 was significantly
increased in the mucosa of CD patients compared to healthy
subjects and UC patients (Fig. 1A, 1B). The upregulation of
CXCL16 was also confirmed at the protein level by Western blot
analysis (data not shown). Furthermore, there was a significant
correlation between CXCLI6 and CXCR6 expression in CD
patients (Fig. 1C). By contrast, there were no statistically significant
differences in the expression of these genes between UC patients
and healthy subjects (Fig. 1A, 1B). Immunohistochemical studies
confirmed that CXCL16 was highly expressed by a fraction of LP
cells, most likely myeloid cells such as dendritic cells and/or
macrophages because of their polymorphic cell shape with
relatively large cytoplasm, in the inflamed mucosa of CD patients
(Fig. 1D). In addition, colonic epithelium exhibited moderate
CXCLI16 expression. On the other hand, CXCR6 expression was
observed on small round cells with the appearance of infiltrating
lymphocytes in the colon of CD patients but not healthy controls
(Fig. 1E).

We further examined CXCL16 expression in a well-character-
ized mouse model of CD colitis induced by adoptive transfer with
CD45RB™" naive CD4" T cells into immunodeficient Ragl ™/~
mice. Similar to the situation in CD patients, Cxc//6 mRNA levels
were upregulated in colonic epithelial cells (CEC) and whole colon
tissue from the colitic mice compared to healthy Rag/ /" mice
(Fig. 2A). Immunohistochemical staining also demonstrated that
CXCLL16 protein was expressed by CECs, endothelial cells, and a
subpopulation of immune cells in the inflamed colon tissue
(Fig. 2B).

We subsequently analyzed distribution of CXCR6-expressing
cells using a mouse CXCLI16-human IgG-Fc fusion protein [13].
Although splenic CD4*CD45RB™" naive T cells before the
adoptive transfer lacked CXCR6 expression, 10.9% of
CD4*CD45RB™ T cells expressed CXCR6 at intermediate
levels (Fig. S1). Those CD4"CD45RB""YCXCR6™ T cells had a
CD44"CD62L" effector memory phenotype. On the other hand,
CD4*CD45RB CXCR6 ™ T cells were a heterogeneous popu-
lation that included cells of both CD44~ CD62L" naive and
CD44"CD62L," effector memory phenotypes (Fig. S1C, S1D).

Most CD4" T cells in colonic LP strongly expressed CXCR6 in
colitis model mice at 8 weeks after adoptive transfer (Fig. 2C, 2D).
Splenic and MLN CD4" T cells expressed CXCR6 to a lesser
extent, and only a small portion of BM CD4" T were are positive

for CXCRS6 (Fig. 2C, 2D).

CXCR6~ and CXCR'CD4" T cells Subsets in the Inflamed
Colon both Contain Effector and Effector-memory Cells
To further characterize CXCR6-expressing CD4™ T cells in the
inflamed colon, we analyzed their expression of the activation and
the memory markers: CD27, CD43, CD44, CD62L, and CD127.
Colonic LP CXCR6™ and CXCR6" subsets equally contained
effector cells of the phenotype
CD27~ CD44"CD43"CD62L~CD127~ (Fig. 3A-C). Further-
more, there was no difference in the proportion of CD44*CD127*
effector-memory cells between the two groups (Fig. 3D).
CD44*CD127" effector-memory CD4" T cell population can be
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Figure 1. CXCL16 and CXCR6 are upregulated in colonic mucosa of CD patients. (A, B) mRNA expression of CXCL16 (A) and CXCR6 (B) was
evaluated by Q-PCR. The expression of CXCL16 and CXCR6 is higher in colonic mucosa of patients with Crohn’s disease (CD) compared with patients
with ulcerative colitis (UC) and healthy controls. Data were normalized to expression of GAPDH mRNA. (n =5-10; mean and s.e.m.). *, P < 0.05. (C)
Correlation between CXCL16 and CXCR6 mRNA expression in the colonic mucosa of CD patients. Statistical analysis was performed by Spearman'’s
correlation; correlation coefficient=0.76, P=0.024. (D, E) Immunohistochemistry of CXCL16 (D) and CXCL16 (E) was performed on colonic mucosa of
patients with CD and healthy controls. CXCL16 positive staining was observed on epithelial cells and a subset of colonic LP cells in CD patients (D).
CXCR6 was strongly expressed by small round cells in CD mucosa (E). Scale bars, 50 um, IgG indicates a control antibody. Representative
photomicrographs obtained from the analysis of five or six specimens per group are shown.

doi:10.1371/journal.pone.0065488.g001

subdivided into late and early effector-memory populations based
on CD27 and CD62 expression, CD27'CD62L~ and
CD27 CDG62L" cells representing early and late effector-memory
populations, respectively [14,15]. Colonic LP CXCR6 and
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CXCR6" subsets predominantly contain late rather than early
effector memory cells (Fig. 3D-F). These data together demon-
strate that the two subsets are composed of an almost identical
proportion of effector and late effector-memory cell types (Fig. 3G).
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doi:10.1371/journal.pone.0065488.9g002

However, this was not the case in the spleen, where the SP enced and highly differentiated than the CXCR6 ™ subset in SP
CXCR6™ subset contained fewer effector and late effector and MLN.

memory cells but more early effector memory cells as well as

central memory cells (CD44"CDI127°CD27°CD62L'CD43%)  CXCR6'CD4™ T cells are Responsible for the Production of
compared with the CXCR6" subset. MLN cells also showed a Inflammatory Cytokines

similar phenotype (Fig. S2). Asequential pathway of CD4* T-cell In order to determine whether CXCR6 expression on CD4* T
differentiation, from central memory to early effector-memory and
then late effector-men?ory cells has been proposed based on cytokine staining on SP, MLN and colonic LP cells from colitis
Surfz}ce marker expression and the length of telomeres [15-17]. model mice at 8 week post-transfer. In the colonic LP, the
During this process, a high antigen load woulc! enhance generation proportions of IFN-y* cells and IL-2*TFN-y* cells were higher in
of late effector-memory cells. These observations suggest that the the CXCR6" subset than in the CXCR6™ subset (Fig. 4A).
CXCR6-expressing CD4™ T cells may be more antigen-experi- Considering that the majority of colonic CD4" T cells expressed

cells relates to an effector function, we performed intracellular
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CXCRG6 (Fig. 2C), the source of IL-2 and IFN-y in the inflamed
colon was mainly the CXCR6" subset (Fig. 4B). An in vitro Thl
differentiation assay with CFSE-labeled CD4" naive T cells
showed that CFSE~CXCRG6" cells preferentially produced IFN-y
compared with CFSE*CXCR6" cells and CXCR6™ cells (Fig. S3).
Additionally, IL-17A-producing cells (IL-17A* and 1L-17A"TNF-
o) were predominantly a CXCR6" subset (Fig. 4C, 4D).
Immunohistochemical studies also confirmed expression of IL-
17A by CXCR6" cells in colonic mucosa of CD patients (Fig. S4).
Thus, even though surface markers other than CXCR6 were quite
similar between the CXCR6" and CXCR6™ subsets, the cytokine
production profile clearly distinguished the two populations.
Together, the highly expanded CXCR6" subset seems to mediate
chronic inflammatory responses in the effector site by producing
abundant Th1 and Th17 effector cytokines.

In SP and MLN, the CXCR6" CD4" T subset contained a
greater proportion of IL-2*TFN-y* double-producing cells (Fig. 4A,
4B). Furthermore, the proportion and number of IL-17A"TNF-o.*
double-producing cells was much higher in the CXCR6" subset
than in the CXCR6 ™ subset (Fig. 4C, 4D). Of note, more than
half of the IL-17A-producing CXCR6" cells co-expressed IFN-y
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(Fig. 4E). Intracellular staining of T-bet and RORyt also
supported the observation that CXCR6" subset is composed
mainly of Thl (T-bet") and Th17 (RORy") cells (Fig. 4F).
Consistent with the co-expression of IL-17A and IFN-v, the half of
RORYt"CXCR6" subset co-expressed T-bet.

CXCR6 Expression on CD4™ T cells is not Required for the
Accumulation of Colitogenic T cells

Given the upregulation of CXCLI16 in the inflamed colon as
well as the active role of CD4"CXCR6" T cells in cytokine
production, the CXCL16-CXCR6 system may be important for
the development and persistence of the colonic inflammation. This
possibility was directly assessed by the adoptive transfer of
CD45RB™" naive CD4" cells isolated from CXCR6-deficient
mice (Cxer6™#/%¢P mice) into Ragl ™'~ recipients. CXCR6-EGFP
heterozygous mice (Cxer6* /ng;) were used as positive control
donor. The adoptive transfer of the CXCRG6-deficient T cells
induced a wasting disease associated with increased colon weight
to a similar extent the control cells (Fig. 5A, 5B). Histopathological
analysis of the distal colon confirmed the development of chronic
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Figure 4. CXCR6 expression is related to the production of Th1 and Th17 cytokines. Intracellular staining for cytokine and transcription
factors in CD4™ T cells was performed 8 weeks after naive CD4" T-cell transfer. (A, B) The frequency of IL-2* cells and IFN-y* cells was analyzed in the
CXCR6~ (upper) and CXCR6" (lower) subsets (A) and the absolute number of T cells were graphed on the basis of the flow cytometric analysis (B). (C,
D) The frequency of IL-17A* cells and TNF-o* cells was analyzed in CXCR6™~ (upper) and CXCR6" (lower) subset (C) and the numbers were graphed on
the basis of flow cytometric analysis (D). (E) The frequency of IFN-y" cells and IL-17A" cells was analyzed. (F) The frequency of T-bet" cells and RORyt*
cells was analyzed. All data are representative from four independent experiments (mean and s.d.). *, P < 0.05 **, P < 0.01 *** P < 0.001.

doi:10.1371/journal.pone.0065488.g004

inflammation in both groups (Fig. 5C). The absence of CXCR6
expression by LP CD4" T cells isolated from recipients of
Cxer6™P % CD4* cells was confirmed by flow cytometry
(Fig. 5D). This observation raises the possibility that colitogenic
CD4" T cells may redundantly express other chemokine receptors
to migrate into colonic lamina propria. In gene expression
profiling, colitogenic CD4* T cells displayed upregulation of 8
chemokine receptors including CXCRG6 (Table S1).

We also examined whether CXCL16-CXCR6 axis is involved
in the signal transduction for proinflammatory cytokine produc-
tion. The expression levels of effector cytokine transcripts in the

PLOS ONE | www.plosone.org

inflamed colon tissues were comparable regardless of CXCR6
expression on the adoptively transferred CD4" T cells (Fig. 5E).
Consistently, the production of IL-2 and IFN-y by CXCR6"CD4*
T cells were comparable when the cells were cultured in Thl-
conditioned medium with and without supplementation of
recombinant mouse CXCL16 or CXCL16-Fc. (Fig. S5). Taken
together, these data imply that the CXCL16-CXCR6 system
appears to be dispensable for the migration and function of
colitogenic T cells.
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Figure 5. CXCR6 expression is not required for development of transfer colitis. (A) Body weight of Rag? ™"~ recipients of i.v. injected
purified CD45RB™"CD4* T cells form Cxcr6*/E9% or Cxcr6t9%P/ES™ (CXCR6-deficient) mice on day 0, presented as percent of original weight. (B) Colon
weight of the mice in (A) on week 7. Data are representative of two independent experiments (mean and s.d.). (C) Histology of colon tissues from the
mice in B. (D) CXCR6 expression by LP CD4™ T cells was analyzed by flow cytometry using CXCL16-hFc at 7-week post transfer. (E) Expression levels of
indicated cytokines in distal colon were analyzed by Q-PCR at 7 weeks after the transfer. Data were normalized to expression of Gapdh. (n=4 or 5;

mean and s.d.).
doi:10.1371/journal.pone.0065488.g005

CXCR6™CD4" T cells but not CXCR6'CD4™ T cells can
Transfer Colitis

To further assess the roles of CXCR6" and CXCR6™ T cells in
the pathogenesis of colitis, we next performed adoptive retransfer
of LP CXCR6" and CXCR6™ CD4" T cells recovered from the
inflamed colon. To avoid carry over of regulatory T cells into the
recipient mice, we eliminated the CD25"8" population from the
donor cells (Fig. 6A). Unexpectedly, Ragl/~’~ recipients of the

PLOS ONE | www.plosone.org

CXCR6  subset exhibited progressive body weight loss with
clinical symptoms of colitis to a similar extent as the recipients of
splenic CD45RB"#" naive CD4" T cells. On the other hand, the
recipients of the CXCR6" subset exhibited mild body weight loss
at 1 week post-transfer; however, they recovered quickly and
remained healthy for the 8-week duration of the study (Fig. 6B).
The colon/body weight ratio of the recipients of the CXCR6 ™
subset was significantly higher than the CXCR6" subset at 8 weeks
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(data not shown). Histopathological analysis of the distal colon
tissues from the two groups indicated that the transfer of the
CXCR6™ but not CXCR6" subset induced chronic inflammation
similar to that observed in CD45RB™® -transferred Ragl™’~
recipients (Fig. 6C). These observations indicate that only the
CXCR6  subset retains the ability to transfer the disease. Rag]f/
~ recipients reconstituted with CXCR6" cells contained a limited
number of CD4* T cells in SP, MLN, and colon LP that retained
CXCRG6 expression (Fig. 6D, 6E). In sharp contrast, the CXCR6 ™
cells retransferred into Ragl ™/~ recipients vigorously expanded
and the majority of them upregulated CXCR6 expression. The
conversion of retransferred CXCR6™ into CXCR6" cells was
most prominent in LP among the tissues tested (Fig. 6E). The
CD4" T cells that acquired CXCR6 expression predominantly
produced effector cytokines such as IFN-y and IL-17A (Fig. 6F),
suggesting that CXCR6" cells generated in situ from CXCR6™
cells mediate the colonic inflammation.

The fact that recipients of retransferred CXCR6" cells failed to
develop the disease raised the possibility that this could be a
population of terminally differentiated effector cells with little
proliferative activity. Indeed, the CXCR6" subset was less
proliferative compared to the CXCR6 ™ counterpart upon i vitro
restimulation (Fig. 6G). Collectively, these observations indicate
that the CXCR6™ cells actively expand, giving rise to CXC6*
effector T cells that are responsible for the persistence of the
chronic colitis.

Discussion

The CXCL16-CXCRG6 system is involved in the pathogenesis of
several inflammatory disorders including rheumatoid arthritis and
chronic liver inflammation by recruiting CD4" and CD8* T cells
[18-21]. More recently, two groups have demonstrated that
CXCLI16 is upregulated in the inflamed colonic tissue and serum
of CD patients [3,5]. We here demonstrate that CXCR6"
lymphocytes accumulated within the inflammatory lesions in CD
patients. In accordance with this observation, the majority of LP
CD4" T cells expressed CXCR6 in the mouse model of colitis
induced by adoptive transfer of CD4*CD45RB™" T cells. The
frequency of CXCR6"CD4" T cells was much higher in the colon
than in the SP and MLN of these mice. Both the major CXCR6*
and minor CXCR6~ CD4" T-cell subsets were mainly composed
of effector (CD62L~CDI127 CD27 CD44*CD43") and late
effector memory (CD62L~CD1277CD27~ CD44") cells [14,15].
Nevertheless, the two subsets were functionally distinct; only the
LP CXCR6" subset recovered from the inflamed tissue abun-
dantly produced inflammatory effector cytokines such as TNF-a,
IFN-y and IL-17A. Retransfer of the LP CXCR6" cells, however,
failed to induce colitis. This unexpected result is ascribed to the
lack of proliferative activity in the GXCR6" subset, suggesting that
this cell population consists of the short-lived, finally differentiated
effector cells. By contrast, much fewer cells in the CXCR6 ™~ subset
produce effector cytokines but the cells nonetheless retain the
ability to proliferate and differentiate into CXCR6" effector cells in
situ after retransfer. We and others have reported that CD4" T
cells upregulate CXCR6 upon stimulation with anti-CD3e and
CD28 mAbs [12,20,22]. Therefore, it is plausible that retrans-
ferred CXCR6™ cells undergo homeostatic proliferation in the
Ragl™’~ host and some of them migrate into the gut, where they
are activated by, most likely, microbial antigens, and fully
differentiate into cytokine-producing CXCR6" effector cells.
Studies of both CD8" and CD4" T-cell memory in chronic viral
or parasitic infection have correlated the memory phenotype with
the level and duration of antigen stimulation; a low level chronic
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infection would lead to maintenance of early effector memory
cells, whereas a high level infection would enhance late effector-
memory cells [15,23]. In addition to such a parallel differentiation
pathway, a linear pathway of CD4" T-cell differentiation has been
proposed; namely, early effector memory cells could differentiate
mto late effector memory cells, and eventually to effector cells
[14,15,23]. In the CD4*CD45RB™# - transfer model, CD4" T cells
should be exposed to a large amount of antigens derived from the
commensal microbiota in the gut. It is thus reasonable that the
majority of colonic CD4" T cells in this model indeed display late
effector-memory and effector phenotypes. The differentiation
from CXCR6™ to CXCR6" cells must be an ongoing process
during the course of chronic inflammation, given the abundance of
CXCR6" cells in the inflamed colon despite their being short-
lived. Therefore, the CXCR6 ™ subset is most likely responsible for
the persistence of chronic inflammation in the gut.

Previous studies indicated that CXCLI16 is induced on the
surface of myeloid cells such as macrophages and dendritic cells
upon activation [18,24], and is also constitutively expressed by
follicle-associated epithelium, which is immunologically activated
by stimuli from the underlying lymphoid follicles in the Peyer’s
patch [12,25]. Inflammatory cytokines such as TNF-or and INF-y
synergize to induce CXCL16 in the intestinal epithelial cells [26].
In accordance with these reports, we also observed that myeloid
and epithelial cells express this chemokine in the inflamed colon
where TNF-o and INF-y are abundantly expressed. Although the
CXCL16-CXCR6 system seems to be dispensable for the
development of chronic colitis in the CD4"CD45RB™"-trans-
ferred model as described here, another group has suggested that
gene-targeting deletion or neutralization of CXCL16 ameliorates
colonic inflammation in experimental colitis induced by dextran
sulfate sodium or trinitrobenzene sulfonic acid [5]. This response is
at least partly due to downregulation of the inflammatory response
in CXCL16-deficient macrophages [5]. These data imply that the
CXCL16-CXCR6 system plays a role in certain aspects of the
inflammatory response in the gut. Similarly, colitogenic invariant
natural killer (iNKT) cells also accumulate in colonic LP in a
CXCLI16-dependent manner and increase morbidity in oxazo-
lone-induced experimental colitis under germ-free conditions [27].
However, in the CD45RB"" T-cell-transfer colitis model, we
show that CXCRG6-deficient CD4" T cells retain the ability to
induce wasting and colitis. The numbers of CD4* T cells
infiltrating into the colonic tissue were comparable in mice
transferred with CXCRG6-deficient or control CD4*CD45RB""
cells (data not shown). This result indicates that CXCR6 is
dispensable for recruiting CD4" T cells to the colonic LP. CXCR6
deficiency seems to be compensated by other chemokine receptors
in this experimental colitis model. Indeed, multiple chemokine
receptors are reported to recruit colitigenic CD4" T cells into the
site of inflammation in CD patients [9,10].

Previous studies have linked CXCR6 expression by CD4* and
CD8" T cells to IFN-y but not IL-4 expression in graft-versus-host-
induced hepatitis and rheumatoid arthritis [20,28]. Our data also
demonstrate that the frequency of IFN-y-producing cells is higher
in the CXCR6'CD4" subset compared to its CXCR6™ counter-
part in the inflamed colon. However, the most striking difference
was observed in the I1.-17A expression profiles. Colonic CXCR6*
cells preferentially expressed IL-17A, whereas very few CXCR6™
cells produced this cytokine. This observation raises the possibility
that the CXCL16-CXCR6 axis may play a significant role in the
recruitment of Thl7 cells to the colonic mucosa. The
CD4*CD45RB"#" cell-induced colitis is mainly mediated by a
Thl-dominant inflammatory response [29] and contribution of
the Thl7-response in this model is relatively minor. Therefore,
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Figure 6. LP CXCR6~ but not CXCR6" cells can transfer wasting and colitis upon retransfer into Rag7

CXCR6 Expression Discriminates Colitogenic T Cells

~/~ recipients. (A) Schematic

transfer protocol. An equal number of CD25~CXCR6 ™ cells or CD25~ CXCR6"CD4" T cell isolated from colon LP of colitic mice was retransferred into
Rag1™’~ mice. (B) Time course of changes in body weight after retransfer of the two subsets or transfer of CD45RB"9" naive T cells.
CXCRé6 transferred Rag1~’~ mice manifested progressive body weight loss to a similar extent to CD45RB"9"-transferred Rag? ™~ mice, whereas the
cohort that received CXCR6"cells did not show wasting. Data are expressed as the mean and s.e.m of two independent experiments. *, P < 0.05 ***,
P < 0.001 versus CXCR6"-transferred animals. (C) Histopathological analysis of distal colon tissue at 8 weeks post transfer. The transfer of
CXCR6~CD4" T cells alone induced intestinal inflammation. Scale bars, 50 um. (D) Number of CD4* T cells in each group were calculated based on
the flow cytometric analysis. (E) CXCR6 expression on CD4" T cells in each group was analyzed by flow cytometry using CXCL16-hFc at 8-week post
transfer. CXCR6™~CD4" T cells express CXCR6 upon retransfer. (F) Intracellular cytokine staining was performed in LP CD4" T cells in recipients of
CXCR6CD4* T cells at 8 weeks after transfer. The CXCR6~ subset produced IFN-y and IL-17A coincident with the expression of CXCR6 upon
retransfer. (G) LP CXCR6~ and CXCR6" subsets were purified from CD45RB"9"-transferred Rag?’/f mice at 8-week post transfer, labeled with CFSE
and cultured with LP MHC class II"CD11¢* cells at a 5:1 ratio in the presence of 5 pug/ml anti-CD3¢ Abs and 20 ng/ml IL-23 for 3 days. Proliferation was
measured by CFSE dilution. Proliferation by CXCR6~ and CXCR6" cells is depicted in the right columns. All data are representative from four

independent experiments (mean and s.d.).
doi:10.1371/journal.pone.0065488.g006

CXCR6 could well be a functional marker for the Thl7-type
effector, but that CXCR6 deficiency would not affect the
development of colitis in a Thl-dominant model such as the
CD4*CD45RB"8" cell-transferred model. Further studies using a
Th17-dependent colitis model will be required to address this
issue. Because CXCR6-CD4" T cells are responsible for
recurrent inflammatory responses, this cell population could be a
potential therapeutic target for the chronic inflammation in CD.

Supporting Information

Figure S1 CD45RB'“CD4 T' cells express CXCR6. (A,
B) Splenic CD4" T cells were recovered from BALB/c mice,
divided into CD45RB™¢" naive cells and CD45RB"™" cells (A), and
the expression of CXCR6 was analyzed using CXCL16-hIgG Fcg
fusion protein (CXCL16-hFc). Solid line, hlgG-Fcy (B). (G, D)
The expressions of CD44, CD62L and CD25 were compared
among ~ CD45RB™"  naive, CD45RB°YCXCR6~  and
CD45RB“CXCR6™ CD4* T cells. Data are representative of
three independent experiments.

(PPTX)

Figure $2 SP and MLN CXCR6 and CXCR6'CD4" T-
cell subsets were analyzed for expression of activation
and memory markers on week 8 post-transfer of naive
CD4" T cells. (A-C) The each subset was gated into
CD127 CD62L™ CD27~ CD43"CD44" to measure the propor-
tion of effector T cells (a). (D-G) Memory population
(CD44"CD127") was subdivided using CD62L, CD27 and

CD43 to  measure late effector ~ memory  cells
(CD62L."CD27 CD43", b) carly effector memory cells
(CD62L.-CD27°CD43", () and central memory cells

(CD62L"CD27", d). Data are representative of three independent
experiments. (H) The relative percentages of effector, early effector
memory and late effector memory cells in each subset are shown in
a pie chart based on (A-G).

(PPTX)

References

1. Sartor RB (2008) Microbial influences in inflammatory bowel diseases.
Gastroenterology 134: 577-594. doi:10.1053/j.gastro.2007.11.059.

2. Franke A, McGovern DPB, Barrett JC, Wang K, Radford-Smith GL, et al.
(2010) Genome-wide meta-analysis increases to 71 the number of confirmed
Crohn’s disease susceptibility loci. Nat Genet 42: 1118-1125. doi:10.1038/
ng.717.

3. Diegelmann J, Seiderer J, Niess J-H, Haller D, Goke B, et al. (2010) Expression
and regulation of the chemokine CXCL16 in Crohn’s disease and models of
intestinal inflammation. Inflamm Bowel Dis 16: 1871-1881. doi:10.1002/
ibd.21306.

4. Tomita T, Kanai T, Nemoto Y, Fujii T, Nozaki K, et al. (2008) Colitogenic
CD4+effector-memory T cells actively recirculate in chronic colitic mice.
Inflamm Bowel Dis 14: 1630-1640. doi:10.1002/ibd.20636.

PLOS ONE | www.plosone.org

11

Figure S3 Well-proliferated CD4" T cells express
CXCR6, and their CXCR6 expression is correlated with
IFN-g and IL-2 productions. CFSE-labeled naive CD4" T
cells were differentiated under Thl condition. On the 6 days of
culture, the CXCR6 expression and cytokine production were

determined by flow cytometry.
(PPTX)

Figure S4 CXCR6" cells express IL-17A in CD colitis.
Immunohistochemistry of CXCR6 (left) and IL-17A (right) was
performed on serial paraffin sections of colonic mucosa from
patients with CD.

(PPTX)

Figure S5 CXCL16 stimulation does not enhance effec-
tor cytokine production. Naive CD4" T cells were differen-
tiated under Thl condition with or without soluble CXCL16 or
plate-bound CXCL16-human IgG-Fc fusion protein (CXCLI16-
hFc). Human IgG-Fc (hFc) was used as a control for CXCL16-Fe.
After 6 days of culture, cytokine production in CXCR6" subset
was examined by flow cytometry.

(PPTX)

Table S1
(PPTX)

Acknowledgments

We would like to thank Drs. Shin Yonehara for providing an expression
vector for the mouse CXCL16-human IgG-Fc fusion protein. We also
thank Masumi Ohmae and Yumiko Fujimura for technical support,
Shunsuke Kimura, Takashi Kanaya, Shinji Fukuda and Gaku Nakato for
pertinent advice and discussion, and Dr. Peter D. Burrows for critical
reading of the manuscript.

Author Contributions

Conceived and designed the experiments: HO KH. Performed the
experiments: YM DT KH YO YF ME TN T. Sato TK YS OY. Analyzed
the data: YM DT YO YF. Contributed reagents/materials/analysis tools:
T. Shimaoka KY. Wrote the paper: YM DT KH HO.

o

. Uza N, Nakase H, Yamamoto S, Yoshino T, Takeda Y, et al. (2011) SR-PSOX/
CXCLI16 plays a critical role in the progression of colonic inflammation. Gut 60:
1494-1505. doi:10.1136/gut.2010.221879.

6. Nemoto Y, Kanai T, Makita S, Okamoto R, Totsuka T, et al. (2007) Bone
marrow retaining colitogenic CD4+ T cells may be a pathogenic reservoir for
chronic colitis. Gastroenterology 132: 176-189. doi:10.1053/j.gas-
r0.2006.10.035.

7. Totsuka T, Kanai T, Nemoto Y, Makita S, Okamoto R, et al. (2007) IL-7 Is
essential for the development and the persistence of chronic colitis. J Immunol
178: 4737-4748.

8. Kanai T, Nemoto Y, Tomita T, Totsuka T, Watanabe M, et al. (2009) Persistent

retention of colitogenic CD4+ memory T cells causes inflammatory bowel

June 2013 | Volume 8 | Issue 6 | 65488



diseases to become intractable. Inflamm Bowel Dis 15: 926-934. doi:10.1002/
ibd.20738.

. Papadakis KA (2004) Chemokines in inflammatory bowel disease. 4: 83-89.

Available: http://www.springerlink.com/index/10.1007/511882-004-0048-7.

. Atreya R, Neurath MF (2010) Chemokines in Inflammatory Bowel Diseases.

Digestive Diseases 28: 386-394.

. Powrie F, Leach MW, Mauze S, Caddie LB, Coffman RL (1993) Phenotypically

distinct subsets of CD4+T cells induce or protect from chronic intestinal
inflammation in C. B-17 scidmice. Int Immunol 5: 1461-1471. doi:10.1093/
intimm/5.11.1461.

. Hase K, Murakami T, Takatsu H, Shimaoka T, Iimura M, et al. (2006) The

membrane-bound chemokine CXCLI16 expressed on follicle-associated epithe-
lium and M cells mediates lympho-epithelial interaction in GALT. J Immunol
176: 43-51.

Shimaoka T, Nakayama T, Fukumoto N, Kume N, Takahashi S, et al. (2004)
Cell surface-anchored SR-PSOX/CXC chemokine ligand 16 mediates firm
adhesion of CXC chemokine receptor 6-expressing cells. J Leukocyte Biol 75:
267-274. doi:10.1189/jlb.1003465.

Swain SL, Agrewala JN, Brown DM, Jelley-Gibbs DM, Golech S, et al. (2006)
CD4+ T-cell memory: generation and multi-faceted roles for CD4+ T cells in
protective immunity to influenza. Immunol Rev 211: 8-22. doi:10.1111/;.0105-
2896.2006.00388.x.

Stephens R, Langhorne ] (2010) Effector Memory Thl CD4 T Cells Are
Maintained in a Mouse Model of Chronic Malaria. Plos Pathog 6:
doi:10.1371/journal.ppat.1001208.

. Weng NP, Levine BL, June CH, Hodes R]J (1995) Human naive and memory T

lymphocytes differ in telomeric length and replicative potential. Proc Natl Acad
Sci USA 92: 11091-11094.

. Fritsch RD, Shen X, Sims GP, Hathcock KS, Hodes R]J, et al. (2005) Stepwise

differentiation of CD4 memory T cells defined by expression of CCR7 and
CD27. J Immunol 175: 6489-6497.

. Van Der Voort R, Van Lieshout AWT, Toonen LW]J, Sloetjes AW, Van Den

Berg WB, et al. (2005) Elevated CXCLI6 expression by synovial macrophages
recruits memory T cells into rheumatoid joints. Arthritis Rheum 52: 1381-1391.
doi:10.1002/art.21004.

. Ruth JH, Haas CS, Park CC, Amin MA, Martinez R], et al. (2006) CXCL16-

mediated cell recruitment to rheumatoid arthritis synovial tissue and murine

PLOS ONE | www.plosone.org

12

20.

21.

22.

23.

24.

25.

26.

27.

29.

CXCR6 Expression Discriminates Colitogenic T Cells

lymph nodes is dependent upon the MAPK pathway. Arthritis Rheum 54: 765
778. doi:10.1002/art.21662.

Kim CH, Kunkel EJ, Boisvert J, Johnston B, Campbell JJ, et al. (2001) Bonzo/
CXCR6 expression defines type 1-polarized T-cell subsets with extralymphoid
tissue homing potential. J Clin Invest 107: 595-601. doi:10.1172/JCI11902.
Sato T, Thorlacius H, Johnston B, Staton TL, Xiang W, et al. (2005) Role for
CXCR6 in recruitment of activated CD8+ lymphocytes to inflamed liver.
J Immunol 174: 277-283.

Matloubian M, David A, Engel S, Ryan JE, Cyster JG (2000) A transmembrane
CXC chemokine is a ligand for HIV-coreceptor Bonzo. Nat Immunol 1: 298
304. doi:10.1038/79738.

Appay V, Dunbar PR, Callan M, Klenerman P, Gillespic GMA, et al. (2002)
Memory CD8+ T cells vary in differentiation phenotype in different persistent
virus infections. Nat Med 8: 379-385. doi:10.1038/nm0402-379.

Shimaoka T, Nakayama T, Kume N, Takahashi S, Yamaguchi J, et al. (2003)
Cutting edge: SR-PSOX/CXC chemokine ligand 16 mediates bacterial
phagocytosis by APCs through its chemokine domain. J] Immunol 171: 1647
1651.

Hase K (2005) Distinct Gene Expression Profiles Characterize Cellular
Phenotypes of Follicle-Associated Epithelium and M Cells. DNA Research 12:
127-137. doi:10.1093/dnares/12.2.127.

Abel S, Hundhausen C, Mentlein R, Schulte A, Berkhout TA, et al. (2004) The
transmembrane CXC-chemokine ligand 16 is induced by IFN-gamma and
TNF-alpha and shed by the activity of the disintegrin-like metalloproteinase
ADAMI0. J Immunol 172: 6362-6372.

Olszak T, An D, Zeissig S, Vera MP, Richter J, et al. (2012) Microbial Exposure
During Early Life Has Persistent Effects on Natural Killer T Cell Function.
Science 336: 489-493. doi:10.1126/science.1219328.

. Unutmaz D, Xiang W, Sunshine M, Campbell J, Butcher E, et al. (2000) The

primate lentiviral receptor Bonzo/STRL33 is coordinately regulated with
CCR5 and its expression pattern is conserved between human and mouse.
J Immunol 165: 3284-3292.

O’Connor W Jr, Kamanaka M, Booth CJ, Town T, Nakae S, et al. (2009) A
protective function for interleukin 17A in T cell-mediated intestinal inflamma-
tion. Nat Immunol 10: 603-609. doi:10.1038/ni.1736.

June 2013 | Volume 8 | Issue 6 | 65488



