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RANK-RANKL Signaling Pathway Is Critically Involved in the
Function of CD4*CD25" Regulatory T Cells in Chronic Colitis

Teruji Totsuka,** Takanori Kanai,>** Yasuhiro Nemoto,* Takayuki Tomita,*
Ryuichi Okamoto,* Kiichiro Tsuchiya,* Tetsuya Nakamura,* Naoya Sakamoto,*
Hisaya Akiba,” Ko Okumura,” Hideo Yagita," and Mamoru Watanabe*

It is now clear that functional CD4*CD25% regulatory T (Ty) cells exist as part of the normal immune population and prevent
the development of intestinal inflammation. We have recently shown that CD4*CD25™ Ty, cells reside in the intestine and control
intestinal homeostasis in humans and mice. In this study, we demonstrate that the TNF family molecule RANKL and its receptor
RANK are critically involved in controlling the function of CD4*CD25™ Ty, cells in the intestine. We first found that RANKL was
preferentially expressed on both CD4*CD25™ Ty, cells and colitogenic CD4™ T cells, whereas RANK was expressed on dendritic
cells. Although neutralizing anti-RANKL mAb did not affect Ty activity of CD4"CD25"% Ty, cells to suppress the proliferation of
CD4* responder cells in vitro, in vivo administration of anti-RANKL mAb abrogated CD4" CD25™ Ty cell-mediated suppression
of colitis induced by adoptive transfer of CD4*CD45RB"'#" T cells into SCID mice. Interestingly, an adoptive transfer experiment
using Ly5.1YCD4* CD45RB"=" cells and Ly5.2" CD4*CD25" Ty cells revealed that the ratio of CD4*CD25% Ty cells in total
CD4* T cells in inflamed mucosa was significantly decreased by anti-RANKL mAb treatment. Consistent with this, the expression
of RANK on lamina propria CD1lc" cells from colitic mice was significantly increased as compared with that from normal mice,
and in vitro treatment with anti-RANKL mAb suppressed the expansion of CD4*Foxp3™ Ty cells in culture with colitic lamina
propria CD11c™ cells. Together, these results suggest that the RANK-RANKL signaling pathway is critically involved in regu-

lating the function of CD4*CD25% Ty, cells in colitis. The Journal of Immunology, 2009, 182: 6079-6087.

dietary and bacterial Ags (1-5). However, the gut-associated

immune system fences off harmful Ags from systemic circu-
lation and induces systemic tolerance against luminal Ags. In con-
trast, inflammatory bowel diseases (IBD)* and animal models of T
cell-mediated chronic colitis are associated with the activation of
intestinal and systemic immune responses (2, 3). In this regard,
CD4*CD25" regulatory T (Tg) cells play a central role in the
maintenance of immunological homeostasis (6, 7). CD47CD25"
Tg cells have been detected mainly in lymphoid sites, including
thymus, lymph nodes, and spleen. Because numerous studies have
demonstrated the capacity of CD47CD25™ Ty, cells to prevent the

I ntestinal mucosal surfaces are exposed to a large number of

#*Department of Gastroenterology and Hepatology, Graduate School, Tokyo Medical
and Dental University, Tokyo; and "Department of Immunology, Juntendo University
School of Medicine, Tokyo, Japan

Received for publication July 5, 2007. Accepted for publication March 13, 2009.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

! This study was supported in part by Grants-in-Aid for Scientific Research, Scientific
Research on Priority Areas, Exploratory Research and Creative Scientific Research
from the Japanese Ministry of Education, Culture, Sports, Science and Technology;
the Japanese Ministry of Health, Labor and Welfare, the Japan Medical Association,
and the Foundation for Advancement of International Science.

2T.T. and T.K. contributed equally to this work.

* Address correspondence to Dr. Takanori Kanai at the current address: Division of Gas-
troenterology and Hepatology, Department of Internal Medicine, Keio University School
of Medicine, Tokyo 160-8582, Japan. E-mail address: takagast@sc.itc.keio.ac jp

4 Abbreviations used in this paper: IBD, inflammatory bowel disease; LP, lamina
propria; MLN, mesenteric lymph node; RANK, receptor activator of NF-«B; SP,
spleen; RANKL, receptor activator of NF-«B ligand; Ty, regulatory T; IEL, intra-
epithelial lymphocyte; HPF, high-power field; Fwd, forward; Rev, reverse; MMC,
mitomycin C; DC, dendritic cell; RA, retinoic acid.

Copyright © 2009 by The American Association of Immunologists, Inc. 0022-1767/09/$2.00

www .jimmunol.org/cgi/doi/10.4049/jimmunol.0711823

induction of immune responses and this suppression requires direct
cell-cell contact with responder T cells or APCs, it is conceivable
that CD4¥CD25" Ty cells act as a central regulator within lym-
phoid tissues (6—38).

The GALT can be divided into effector sites, which consist of
lymphocytes scattered throughout the lamina propria (LP) of the
intestinal mucosa and organized lymphoid tissues (inductive sites)
such as mesenteric lymph nodes (MLNs) and Peyer’s patches,
which are responsible for the induction phase of immune responses
(2, 9). It is thought that presentation of Ags to naive, effector, and
memory T cells is concentrated at these inductive sites of orga-
nized mucosal lymphoid follicles, and thus APCs finely tune the
balance between intestinal immune tolerance and inflammation.

In addition to the inductive sites, however, it remains unclear
where CD47CD25™ Ty cells suppress the development of colitis.
Although it is reasonable to hypothesize that mechanisms for the
induction, maintenance, and suppression of colitis would be cen-
trally controlled in the inductive sites by CD4"CD25" Ty cells,
two-thirds of which constitutively express the lymph node-homing
receptor CD62L (10), we previously demonstrated that human in-
testinal LP CD47CD258" T cells obtained from normal indi-
viduals possess Ty activity in vitro and therefore questioned
whether these inductive sites alone were involved in the induction
and suppression of intestinal inflammation (11). We also reported
that peripheral CD4"CD25" Ty cells actually migrated to the
intestine and suppressed the development of colitis in the
CD4*CD45RB"™#" cell transfer model of colitis without the in-
volvement of lymph nodes in lymph node-null LT/~ X RAG-
27/ recipient mice (12). Consistent with our previous reports, it
has recently been reported that CD4*CD25™ Ty cells were de-
tected in peripheral tissues and at sites of ongoing immune re-
sponses, such as synovial fluid from rheumatoid arthritis patients
(13), tumors (14), transplants (15), skin lesions in mice infected
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with Leishmania major (16), lungs from mice infected with Pneu-
mocystis carinii (17), and diseased lesions in delayed-type hyper-
sensitivity models (18), as well as in inflamed mucosa of colitic
mice (8, 19).

However, it remains largely unknown which molecular mecha-
nisms actually control the function of CD4"CD25™" Ty, cells in the
intestine to suppress intestinal inflammation. In the present study,
we show that both CD4+*CD25" Ty cells and colitogenic CD4™ T
cells preferentially express a TNF family member, receptor acti-
vator of NF-«B ligand (RANKL), and that blockade of the signal-
ing pathway via RANKL and its receptor activator of NF-«B
(RANK) (20) by administering neutralizing anti-RANKL mAb ab-
rogates the CD47CD25™ Ty cell-mediated suppression of colitis
induced by adoptive transfer of CD4"CD45SRB"2" T cells into
SCID mice, indicating a critical role for the RANKL/RANK sig-
naling pathway in the function of intestinal CD4"CD25™ Ty cells
in attenuating colitis.

Materials and Methods

Animals

Female BALB/c, CB-17 SCID, and C57BL/6-Ly5.2 mice were purchased
from Japan Clea. CS7BL/6-Ly5.1 mice and C57BL/6-Ly5.2 RAG-2-defi-
cient (RAG-27'") mice were obtained from Taconic Farms and Central
Laboratories for Experimeatal Animals. Mice were maintained under spe-
cific pathogen-free conditions in the animal care facility of Tokyo Medical
and Dental University. Mice were used at 7-12 wk of age. All experiments
were approved by the regional animal study committees.

Antibodies

The following mAbs except anti-CCR9 mAb (R&D Systems) and reagents
were purchased from BD Pharmingen: RM4-5-, PE-, or PerCP-conjugated
anti-mouse CD4 (rat IgG2a); 7D4, FITC-conjugated anti-mouse CD25 (rat
IgM); PC61, PE-conjugated anti-mouse CD25 (rat IgG1); H1.3F3, FITC-
conjugated anti-CD69 (Ham IgG1); FIK-16s, allophycocyanin-conjugated
anti-mouse Foxp3 (rat IgG2a); DATK32, PE-conjugated anti-integrin a8,
(rat IgG2a); M290, PE-conjugated anti-integrin ayf3; (rat IgG2a); 242503,
PE-conjugated anti-CCR9 (rat IgG2b); isotype control Abs, biotin-conju-
gated rat IgG2, FITC-conjugated rat IgM, PE-conjugated rat IgG2a, and
PE-conjugated mouse IgG2a; PE-conjugated streptavidin; and CyChrome-
conjugated streptavidin. The neutralizing anti-mouse RANKL mAb
(IK22-5, rat IgG2a), and anti-mouse RANK mAb (12-31, rat IgG2a) were
prepared as described previously (21).

Purification of T cell subsets

CD4™ T cells were isolated from spleen cells of BALB/c mice using the
anti-CD4 (L.3T4) MACS system (Miltenyi Biotec) according to the man-
ufacturer’s instructions. Enriched CD4" T cells (96-97% pure, as esti-
mated by FACSCalibur; BD Biosciences) were then labeled with PE-con-
jugated anti-mouse CD4 (RM4-5), FITC-conjugated anti-CD45RB (16A),
FITC-conjugated anti-CD25 (7D4), and streptavidin-PE. Subpopulations
of CD4* cells were isolated by two-color sorting on a FACSVantage (BD
Biosciences). All populations were >98.0% pure on reanalysis.

In vivo adoptive transfer experiments

A series of in vivo experiments was conducted to investigate the role of the
RANK/RANKL pathway in the expansion and function of CD4*CD25*
Ty cells in the suppression of murine chronic colitis. In experiment 1,
chronic colitis was induced by adoptive transfer of CD4*CD45RB"&" T
cells into SCID mice (22). CB-17 SCID mice were injected i.p. with one
or two subpopulations of sorted CD4™ T cells in PBS and then adminis-
tered 250 pg of anti-RANKL mAb or control rat IgG in 250 pl of PBS
three times per week for 6 wk as follows: 1) CD4*"CD45RB"2" alone (3 X
105/mouse) plus control IgG (n = 8), 2) CD4*CD45RB"=" alone (3 X 10°)
plus anti-RANKL mAb (n = 8), 3) CD4"CD45RB"" (3 X 10°) plus
CD4*CD25% (1 X 10%) plus control IgG (n = 8), or 4) CD4*CD45RB"e"
(3 X 10°) plus CD4*CD25" (1 X 10°) plus anti-RANKL mAb (n = 8).
Mice were sacrificed at 6 wk after T cell transfer. For experiment 2, to
further assess the localization of effector T cells and Ty cells in the recip-
ients, we used Ly5.1*CD4+CD45RBME" cells and Ly5.2*CD4*CD25%
cells as donors and CS7BL/6 RAG-2"'~ mice as recipients in the same
treatment setting as experiment 1 (12). In experiment 3, to more properly
assess the effect of anti-RANKL mAb on the trafficking of Ty cells to
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inflamed mucosa of colitic mice, we conducted another in vivo setting.
First, RAG-2"/" mice were transferred with CD4TCD45RB"" T cells
and, 4 wk after transfer, these colitic mice were treated with 250 ug of
anti-RANKL mAb or control IgG two times within 1 day. Then they were
retransferred with splenic Ly5.1CD4™ T cells from normal mice, and we
evaluated the cell number of LyS.1"CD4*Foxp3* and Foxp3™~ cells re-
covered from LP, spleen (SP), and MLNs at 24 h after the retransfer.

Disease monitoring and clinical scoring

The recipient SCID mice after T cell transfer were weighed initially, then
three times per week thereafter. They were observed for clinical signs of
illness: hunched over appearance, piloerection of the coat, diarrhea, and
blood in the stool. Mice were sacrificed and assessed for a clinical score as
the sum of four parameters: hunching and wasting, 0 or 1; colon thicken-
ing, 0-3 (0, no colon thickening; 1, mild thickening; 2, moderate thicken-
ing; 3, extensive thickening); and stool consistency, 0-3 (0, normal beaded
stool; 1, soft stool; 2, diarrhea; and an additional point was added if gross
blood was noted) (12).

Histological examination

Tissue samples were fixed in PBS containing 6% neutral-buffered formalin.
Paraffin-embedded sections (5 pm) were stained with H&E. Three tissue
samples from the proximal, middle, and distal parts of the colon were
prepared. The sections were analyzed without prior knowledge of the type
of T cell reconstitution or treatment. The area most affected was graded by
the number and severity of lesions. The mean degree of inflammation in the
colon was calculated using a modification of a previously described scoring
system (12), as follows: mucosal damage, 0; normal, 1; 3-10 intraepithelial
lymphocytes (IEL)/high-power field (HPF) and focal damage, 2; >10 IEL/
HPF and rare crypt abscesses, 3; and >10 IEL/HPF, multiple crypt ab-
scesses and erosion/ulceration, submucosal damage, 0; normal or widely
scattered leukocytes, 1; focal aggregates of leukocytes, 2; diffuse leukocyte
infiltration with expansion of submucosa, 3; diffuse leukocyte infiltration,
muscularis damage, 0; normal or widely scattered leukocytes, 1; widely
scattered leukocyte aggregates between muscle layers, 2; leukocyte infil-
tration with focal effacement of the muscularis, and 3; extensive leukocyte
infiltration with transmural effacement of the muscularis.

Preparation of mucosal LP mononuclear cells

Colonic LP mononuclear cells were isolated using a method described
previously (22). In brief, the entire length of intestine was opened longi-
tudinally, washed with PBS, and cut into small (~5-mm) pieces. To re-
move epithelium including IEL, the dissected mucosa was incubated two
times with Ca>*Mg?*-free HBSS containing 1 mM DTT (Sigma-Aldrich)
for 30 min and then serially incubated two times in medium containing
0.75 mM EDTA (Sigma-Aldrich) for 60 min at 37°C under gentle shaking,
The supernatants from these incubations, which included the epithelium
and IEL, were deserted, and the residual fragments were pooled and treated
with 2 mg/ml collagenase A (Worthington Biomedical) and 0.01% DNase
(Worthington Biochemical) in 5% CO, humidified air at 37°C for 2 h. The
cells were then pelleted two times through a 40% isotonic Percoil solution
and further purified by Ficoll-Hypaque (Pharmacia) density gradient cen-
trifugation (40%/75%). Enriched CD4™ LP T cells were obtained by pos-
itive selection using an anti-CD4 (L3T4) MACS magnetic separation sys-
tem. The resultant cells when analyzed by FACSCalibur contained >96%
CD4* cells,

RT-PCR

Total cellular RNA was extracted from 7 X 10° cells using a RNeasy Mini
Kit (Qiagen). Five micrograms of total RNA was reverse-transcribed using
the Superscript II Reverse Transcriptase (Invitrogen), RANK and RANKL
levels were measured with a QuantiTect SYBER green PCR kit using
Applied Biosytems 17500 real-time PCR system and 7500 system SDS
software with the following primers: RANK: forward (Fwd), 5'-GGT CTG
CAG CTC TTC CAT GAC-3’ and reverse (Rev) 5'-TGA GAC TGG GCA
GGT AAG CC-3'; RANKL: Fwd, 5'-TTG CAC ACC TCA CCA TCA
ATG-3' and Rev, 5'-TTA GAG ATC TTG GCC CAG CCT-3’; and
G3PDH: Fwd, 5'-CTA CTG GCG CTG CCA AGG CAG T-3' and Rev,
5'-GCC ATG AGG TCC ACC ACC CTG-3'. PCR cycling conditions
consisted of 95°C for 15 min, followed by 45 cycles of 95°C for 15 s, 60°C
for 30 s, and 72°C for 40 s. Data are expressed as the relative amount of
indicated mRNA as normalized against G3PDH.

Flow cytometry

To detect the surface expression of various molecules, isolated splenocytes
or LP mononuclear cells were preincubated with a FcyR-blocking mAb



