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Introduction

Summary

Extensive studies on CD4" CD25" regulatory T (Treg) cells suggest that
they are important in regulating immune responses. However, mecha-
nisms of peripheral Treg cell homeostasis are unknown. We found that
stromal cells isolated from secondary lymphoid organs such as spleen and
lymph nodes could support the survival of Treg cells. This was dependent
on CD2 engagement and a direct interaction between Treg cells and stro-
mal cells. In the presence of stromal cells, Bim, a pro-apoptotic factor,
was partially decreased in Treg cells. This effect could be inhibited by
anti-CD2 blocking antibodies, indicating that stimulation through CD2
on Treg cells regulates Bim expression, which may be relevant to Treg cell
apoptosis. Therefore, Treg cell interactions with stromal cells through
CD2 may be essential for Treg cell survival. Surprisingly, the expression
of CD2 ligands on stromal cells was not detected. Hence, it is not clear
how CD2 on Treg cells contributes to a direct interaction with the stro-
mal cells and participates in survival support for Treg cells. Taken
together, CD2 stimuli were mandatory for Treg cell survival with reduced
Bim expression, but CD2 may not function as a direct receptor for mole-
cules on stromal cells.

Keywords: Bim; CD2; homeostasis; regulatory T cells; stromal cells.

IL-7 contributes to Treg cell survival in vitro.”*** There-
fore, the importance of IL-7 for Treg cell homeostasis is

CD4" CD25" Foxp3™ regulatory T (Treg) cells were origi-
nally identified as regulators of tissue-specific autoimmu-
nity.' > Now, it is widely accepted that Treg cells
contribute to the regulation of various immune responses,
including virus infections,*® parasite infections,””® and
graft rejection.”'® Despite extensive research on Treg cells,
many issues regarding Treg cells, such as recall-antigen
responses or peripheral homeostasis, are unclear.
Cytokines play a key role in lymphocyte homeostasis in
the central and peripheral immune organs.'"'? Especially,
interleukin-7 (IL-7) is an essential factor for T-cell
homeostasis.">'® However, Treg cells express lower levels
of IL-7 receptor o chain (CD127) than other CD4"
T cells, suggesting that Treg cells depend less on IL-7 for
homeostasis.'” !> Conversely, it has been reported that

still controversial. It is well accepted that other cytokines,
such as transforming growth factor-f (TGF-f),> >
IL-2*%® and CD28,°>*° a co-stimulatory molecule, play
an important role in Treg cell homeostasis.

Similar to CD28, CD2 is an activating signal transducer
for T cells.’® Interestingly, CD2 is a target gene for the
transcription factor Foxp3,”* a master regulator of Treg cell
development and function. CD2 signalling also induces
Foxp3.”® Therefore, it is likely that CD2 also serves as a
molecule for Treg cell development, function and homeo-
stasis. Indeed, inducible Treg cell development and effector
functions require CD2 signalling. Interestingly, the mor-
bidity or risk of multiple sclerosis® and rheumatoid arthri-
tis™* correlated with polymorphisms of CD58, a ligand of
human CD2. In addition, Treg cells from patients with

Abbreviations: CFSE, 5-(6)-carboxyfluorescein diacetate succinimidyl ester; ERK, extracellular signal-regulated kinase; GITR, glu-
cocorticoid-induced tumour necrosis factor receptor; IL-7, interleukin-7; mAb, monoclonal antibody; MLC, mixed lymphocyte
culture; PE-Cy5, phycoerythrin-Cychrome 5; TGF, transforming growth factor; TNFR, tumour necrosis factor receptor; Treg, reg-

ulatory T
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multiple sclerosis had defective CD2 signalling,” indicat-
ing that CD2 and its ligand are essential for Treg cell func-
tions and may also contribute to Treg cell homeostasis that
can prevent autoimmunity. However, the roles of CD2 in
Treg cell homeostasis have not been elucidated.

To understand the behaviour of Treg cells in the
periphery, including homeostasis, we attempted to estab-
lish allogeneic antigen-specific Treg cell lines or clones.
We observed that Treg cells were well maintained on a
layer of stromal cells, which were unexpected contami-
nants from the Treg cell purification. Hence, in this
study, we explored the role of Treg cell-stromal cell inter-
actions in Treg cell homeostasis.

Materials and methods

Mice

BALB/c mice and C57BL/6 mice were purchased from
CLEA Japan, Inc. (Tokyo, Japan) or bred by ourselves.
Female 6- to 8-week-old mice were used in this study. Mice
were housed under specific pathogen-free conditions in our
Laboratory Animal Research Centre and were handled
according to the Guidelines for the Care and Use of Labora-
tory Animals, Dokkyo Medical University (protocol #0341).

Cell preparation and culture

Peripheral CD4" T cells or CD4" CD25" regulatory
T cells were purified as follows. A single cell suspension
prepared from spleens and lymph nodes was treated by
incubation in dishes coated with anti-CD45R (B220)
monoclonal antibodies (mAbs) for 20-30 min at 37°.
Using this procedure, many B cells and adhesive cells
were removed. Then, to remove cells other than CD4"
cells, the cell suspension was treated with a mAb cocktail,
including biotinylated mAbs specific for CD8a, CD11b,
CD45R, CD49b and Ter-119, followed by a depletion
procedure using a combination of streptavidin—conjugate
MicroBeads (Miltenyi Biotec, Cologne, Germany) and the
DEPLETES program of the AUTOMACS System (Miltenyi
Biotec). To obtain purified CD4" cells or CD25" cells, the
cells were further stained with FITC-conjugated anti-CD4
or anti-CD25 mAbs. Then, CD4" or CD25" cells were
purified using a combination of anti-FITC MicroBeads
(Miltenyi Biotec) and the posseLs program of the auto-
MACS System (Miltenyi Biotec). The purity of CD4" cells
or CD4" CD25" cells sorted by the auToOMACS system
were > 99% or > 95%, respectively. For all experiments,
except for those using purified Treg cells, one experiment
is representative for one mouse. Cells were prepared from
two mice as a source of purified Treg cells. Stromal cells
were established from unexpected contaminants, which
were obtained in the process of Treg cell enrichment
(purity > 86%) from BALB/c peripheral lymphoid organs.

© 2012 Blackwell Publishing Ltd, /mmunology, 139, 48-60

The phenotype of stromal cells was analysed by flow
cytometry or RT-PCR. Lymphocytes were cultured in
complete RPMI (RPMI-1640 supplemented with 5%
heat-inactivated fetal calf serum, 10 mm HEPES, 2 m™ L-
glutamine, 1 mm sodium pyruvate, 100 U/ml penicillin,
0-1 mg/ml streptomycin and 50 mm 2-mercaptoethanol).
CHO-K1 cells and HEK293 cells were used to obtain
CD48 transfectants and soluble CD2-Fc fusion proteins,
respectively. In some cultures, cell culture inserts (BD
Falcon, Franklin Lakes, NJ) were used to separate
cultures.

RT-PCR and ELISA

Total RNA samples from stromal cells were prepared
using a combination of QIAshredder and RNeasy Mini
Kit (Qiagen, Hilden, Germany) and used according to the
manufacturer’s instructions. Then, cDNA was synthesized
from RNA samples using a ReverTra Ace-a-kit (Toyobo
Co., Ltd., Osaka, Japan) according to the manufacturer’s
protocol. PCR primers were designed using the PRIMER3
program (http://frodo.wi.mit.edu/cgi-bin/primer3/pri-
mer3.cgi) and were synthesized by Sigma Genosys
(Tokyo, Japan). Primers for RT-PCR were as follows: f-
actin: (5'-TGTTACCAACTGGGACGACA-3" and 5'-GGG
GTGTTGAAGGTCTCAAA-3"); TGF-f;:  (5-TGGTGG
CTGTCTTTTGCG-3" and 5'-TCTCTGTGGAGCTGAAG-
CAA-3'); TGF-f,: (5-GACCCCACATCTCCTGCTAA-3'
and 5-TTCGATCTTGGGCGTATTTC-3'). Primer pairs
for IL-7 (5-ACATCATCTGAGTGCCACA-3" and 5'-CTC
TCAGTAGTCTCTTTAG-3") were described by Chen
et al.>® Primer pairs for Fspl (Atll): (5'-ACAGTTGGGG
TGGGTTTTCAG-3' and 5-GTCTAACTCAAAGGAATGG
TCGT-3') and CD248: (5-CAACGGGCTGCTATGG-
ATTG-3" and 5-GCAGAGGTAGCCATCGACAG-3') were
designed by privErBANK  (http://pga.mgh.harvard.edu/
primerbank/index.html). The PCR was performed as fol-
lows: 50° for 2 min, 95° for 10 min, and then the indi-
cated number of cycles of 95° for 15 seconds and 60° for
1 min. Tag DNA polymerase for PCR was purchased
from Sigma. ELISA kits for murine TGF-f and for mur-
ine IL-2 were purchased from Biosource International,
Inc., (Camarillo, CA) and Genzyme/Techne Corporation
(Minneapolis, MN), respectively. ELISA was performed
according to the manufacturer’s instructions.

Flow cytometry and monoclonal antibodies

Single-cell suspensions were prepared and cells were
stained with mAbs labelled with FITC, phycoerythrin (PE)
and phycoerythrin—Cychrome 5 (PE-Cy5). Dye-conjugated
mAbs used in this study were as follows: FITC-conjugated
anti-CD25 mAb was purchased from Imgenex Corpora-
tion, San Diego, CA. The PE-conjugated anti-Bim mAb
(clone Ham151-149) was purchased from two companies:
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AbD Serotec, Oxford, UK and Santa Cruz Biotechnology
Inc., Santa Cruz, CA. Isotype controls, PE-conjugated rat
IgG2a (for anti-Foxp3 mAb) and PE-conjugated Armenian
hamster IgG (for anti-Bim mAb) were purchased from
eBioscience Inc. (San Diego, CA) and Biolegend (San
Diego, CA), respectively. The FITC-conjugated anti-CD48
mAb was purchased from AbD Serotec. All other dye-con-
jugated mAbs used in this study were purchased from
eBioscience, Inc. For detection of CD2 ligands, cells were
treated with 5 ug CD2-Fc before staining with a combina-
tion of biotin-SP-conjugated goat antibodies specific for
anti-human IgG (Fcy) (Jackson ImmunoResearch Labora-
tories, Inc., West Grove, PA) and streptavidin-PE (BD
Biosciences, Franklin Lakes, NJ). As a control for CD2-Fc
fusion protein, recombinant human IgG1 Fc (Sino Biolog-
ical Inc., Beijing, China) was used. Culture supernatant
from an anti-CD16/CD32 (FcyR) mAb producing hybrid-
oma, clone 2.4G2, was prepared in our laboratory to block
non-specific binding of antibodies to FcyR. Flow cytome-
try data acquisition and analysis were performed using
FACSCalibur and ceLLQUEST software (Becton Dickinson,
Franklin Lakes, NJ). The TGF-f-neutralizing mAb, clone
1D11, was purchased from R&D Systems, Inc. (Minneapo-
lis, MN). Anti-CD2 blocking mAbs, clone 12-15 and
RM2-5, were purchased from Novus Biologicals, LLC (Lit-
tleton, CO) and eBioscience, respectively. Isotype controls
for anti-CD2 mAbs (rat IgG1 and IgG2b) were purchased
from Biolegend, Inc. Blocking mAbs for CD29, CD51 and
CD61 were purchased from BD Biosciences. The mAbs
were added into the culture at a final concentration of
10 pg/ml.

Annexin V staining and carboxyfluorescein succinimidyl
ester labelling

To detect apoptotic cells, PE-labelled annexin V (BD
Biosciences) staining was performed. Cells stained with
FITC-conjugated anti-CD25 mAb and PE-Cy5-conjugated
anti-CD4 mAb were stained with PE-conjugated annexin
V. For in vitro cell proliferation assays, lymphocytes from
BALB/c mice were labelled with 5-(6)-carboxyfluorescein
diacetate succinimidyl ester (CFSE; Molecular Probes,
Eugene, OR) by incubating 1 x 107 cells/ml in PBS with
0-5 mm CFSE for 8 min at room temperature. The CFSE-
labelled cells were used for further experiments.

¢DNA cloning

The ¢DNAs for murine CD48 and the extracellular
domain of murine CD2 were generated by RT-PCR. Total
RNA was isolated from the spleen cells of BALB/c mice
using an RNAeasy Plus Mini Kit (Qiagen). Then, the
RNA was converted to cDNA using the total RNA and
the ReverTra Ase o (Toyobo) with dT primer. To clone
cDNAs, PCR amplifications were employed using the
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KOD-Plus-Neo (Toyobo) with primer pairs specific for
full-sized murine CD48 (5-ATGTGCTTCATAAAACAG
GG-3', 5'-CTTGTCAGGTTAACAGGATCC-3')** or the
extracellular portion of murine CD2 (5-CACAAGCTTAA
GATGAAATGTAAATTCCTGG-3', 5-CATGTCGACTGG
ACAGTTAACAACTTCC-3').”” The cloned cDNAs were
sequenced with s prisM® 377-XL DNA  sequencer
(Applied Biosystems, Foster City, CA). A cDNA fragment
for the human Fc portion was obtained from a construct
containing soluble Fas-human Fc fusion protein, pcD-
NAI-sFas-hlgG, a kind gift from Dr Lixin Zheng (Labora-
tory of Immunology, NIAID, NIH, Bethesda, MD). The
experimental design for using human-origin samples was
approved by the Ethics Committee in Dokkyo Medical
University (approval #23005).

Establishment of a stable CD48-expressing CHO-KI
clone, CHO-K1/Cd48

A CD48 expression vector, pcDNA3.1-Cd48, was con-
structed by the insertion of murine CD48 cDNA into a
pcDNA3.1(+) expression vector (Invitrogen, Carlsbad,
CA). The linearized pcDNA3.1-Cd48 was introduced into
CHO-K1 cells, which were grown in Ham’s F-12 supple-
mented with 10% fetal bovine serum to 80% confluency,
using FuGENE 6 (Roche Diagnostics GmbH, Mannheim,
Germany) according to the manufacturer’s instructions.
Two days after transfection, G418 (Enzo Life Sciences
Ltd., Exeter, UK) was added to the culture at a final con-
centration of 600 pg/ml for drug selection. Ten days after
the addition of G418, the G418-resistant cells were cloned
by limiting dilution. The expression levels of CD48 on
the G418-resistant CHO-K1 clones were assessed by flow

cytometry.

Generation of a CD2-Fc fusion protein

The chimeric ¢cDNA, which consisted of the extracellular
portion of murine CD2 ¢cDNA and human Fcy c¢DNA,
was inserted into the expression vector pcDNA3.1 to
obtain CD2-Fc, a fusion protein of the extracellular
domain of murine CD2 and human Fc. CD2-Fc was
produced in HEK293 cells transfected with the CD2-Fc
expression vector. HEK293 cells were grown in Dul-
becco’s modified Eagle’s medium with 10% fetal bovine
serum to 80% confluency before transfection. Transfec-
tion and drug-selection procedures were performed as
for the establishment of CHO-K1/Cd48 cells. To obtain
CD2-Fc fusion protein, CD2-Fc producing HEK293 cells
were cultured in serum-free medium HyQ SFM4
HEK293 (Thermo Fisher Scientific Inc., Waltham, MA).
CD2-Fc proteins were purified from the supernatant
by a column operation using Protein G Sepharose 4
fast flow (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden).

© 2012 Blackwell Publishing Ltd, Immunology, 139, 48-60
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Statistical analysis

The two-tailed paired Student’s t-test was used to deter-
mine the statistical significance. Values of P < 0-05 were
considered statistically significant.

Results

Stromal cells preferentially support functional
CD4" CD25" regulatory T cells

To elucidate the nature of Treg cells, we attempted to
generate Treg cell lines. We observed that Treg cells were
well maintained when cultured with stromal cells, which
had a fibroblast-like shape, and expressed a number of
immune molecules on their surface (Table 1).

As summarized in Table 2, numbers of CD4* CD25~
cells and CD4" CD25" cells cultured with stromal cells in
the absence of exogenous cytokines were increased com-
pared with cells cultured without stromal cells. The index
of cell number of CD25" cells was greater than that of
CD25" cells, suggesting that the stromal cells preferen-
tially support CD25" Treg cells.

This was further confirmed by the following experi-
ments. Lymph node cells from BALB/c mice were cul-
tured with or without stromal cells in the absence of
exogenous cytokines. Five days after culture, cells were
harvested and the expression levels of CD4, CD25 and
Foxp3 were analysed. As shown in Fig. 1(a,b), even in
the absence of exogenous IL-2, greater numbers of
Foxp3-expressing CD4" CD25" cells were observed in the
culture with stromal cells than in the control culture
without stromal cells. Similar results were observed from
co-cultures of purified CD4" CD25" cells with stromal

Table 1. Summary of phenotypic analysis of stromal cells

Expression levels' Molecules

Negative CD2, CDl1a, CD19, CD21,
CD23, CD31, CD40,
CD45(B220), CD48?, CD69,
CD102, CD122, DX-5,
OX40L
Positive
+) CD44, CD248°, Fsp1®
(++) CD11b, CD51, CD61, CD71,
CD98, podoplanin (gp38), Sca-1
(+++) CD29
Inducible* MHC dlass II, CD54

(+), (++) and (+++) indicate the strength of immunostaining.
Roughly, (+): <10-fold, (++): 10-100-fold, (+++): >100-fold, of
intensity compared with control staining.

'Assessed by flow cytometry (except CD248 and Fspl).

“Details are described in the text.

*Assessed by RT-PCR.

“Expression was detected after co-culture with lymphocytes.

© 2012 Blackwell Publishing Ltd, /Immunology, 139, 48-60

Table 2. Index of cell number after co-culture’

Index
Cell fraction Exp.1 Exp.2 Exp.3 Exp.4 Exp.5
CD4" CD25™ cells  1:6 3-0 0-4 1.7 91
CD4" CD25" cells 2-8 51 2:6 36 16-6

Exp, experiment.

T cells were cultured with stromal cells and the cell number index of
CD4" CD25~ or CD4" CD25" cells was calculated.

"Index of cell numbers was calculated compared with the control
culture (without stromal cells).

cells. Compared with the control culture without stromal
cells, more living cells were found in the co-culture with
stromal cells, suggesting that Treg cells receive direct sup-
port from stromal cells (Fig. 1c).

To assess the regulatory functions of CD4" CD25" cells
from stromal cell co-culture, CD4" T cells from a mixture
of lymph node cells and splenocytes were cultured with
the stromal cells for 14 days without exogenous cytokines
and their suppressive activity against T-cell division was
measured in a mixed lymphocyte culture. Fourteen days
later, CD4" CD25" Foxp3™" cells were present in the cul-
ture with the stromal cells, and there were virtually no
Treg cells in the control culture (Fig. 1d). Then, the
CD25" cells were isolated and were added into a mixed
lymphocyte culture, in which CFSE labelled-responders
were used. As the added CD4" CD25" cells were CFSE
negative, cell division (as measured by CFSE intensity of
CD8" cells) was assessed to rule out the contamination of
these cells in the analysis. The addition of CD25" cells
from co-culture with stromal cells inhibited CD8" T-cell
division in the mixed lymphocyte culture (Fig. le), indi-
cating that CD4" CD25" Foxp3™ cells had regulatory
functions. Taken together, these data indicate that stromal
cells support functional Treg cell homeostasis in vitro.

Stromal cells inhibit Treg cell apoptosis but do not
induce proliferation or Treg cell conversion

To investigate how stromal cells assist Treg cells, we first
tested the possibility that stromal cells promote Treg cell
proliferation. CFSE-labelled CD4" cells were co-cultured
with stromal cells. Five days later the CFSE intensity of
CD4" CD25" cells was assessed. CD4" CD25" cell divi-
sion was not observed in the co-culture with stromal cells
(Fig. 2a).

Next, we determined whether stromal cells promoted
the conversion of CD4" CD25~ conventional T cells to
CD4" CD25" Treg cells. CD4" CD25~ T cells were co-
cultured with stromal cells. After 5 days of culture,
we observed no cells with a Treg phenotype
(CD4" CD25" Foxp3"), suggesting that the stromal cells
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Figure 1. Stromal cells from peripheral lymphoid tissues support functional regulatory T (Treg) cells in vitro. (a, b) Lymph node cells were co-
cultured with or without stromal cells in the absence of exogenous cytokines. Five days after culture, cells were harvested and expression levels of
CD4, CD25 (a) and Foxp3 (b) were assessed. Index of proportion of CD4" CD25" cells are summarized by bar graphs (*P < 0-01, n = 8).
(c) CD4" CD25" cells purified from lymph nodes and spleens were co-cultured with or without stromal cells in the absence of exogenous cyto-
kines. Five days after culture, the numbers of live cells were counted. The index of live cell numbers was calculated. Cell numbers from control
culture (without stromal cells) were assigned a value of one (*P < 0-01, n = 3). (d) CD4" cells from spleen and lymph nodes were co-cultured
with or without stromal cells. Fourteen days later, cells were harvested and expression levels of CD4, CD25 and Foxp3 were assessed. Expression
levels of Foxp3 in CD4" CD25" T cells are depicted as histograms. (e) CD25" cells were sorted from the co-culture with stromal cells depicted in
(d). These CD25" cells were added into mixed lymphocyte cultures (MLC), in which carboxyfluorescein succinimidyl ester (CFSE) -labelled
responders were used. ‘Control’: CFSE-labelled cells were cultured without stimulators. “+ stimulation’> MLC where CFSE-labelled responders
were used. ‘“+ CD4"CD25" cells: MLC including sorted CD25" cells. Geometric MFI (Geo MFI) in each panel is indicated. Five days after the
MLC, the intensity of CFSE in CD8" T cells was analysed. The data shown represent one of two separate experiments. Proportions of designated

areas of dot-plots and MFI of histograms are indicated.

did not promote conversion of conventional T cells to
CD4" CD25" Foxp3" Treg cells (Fig. 2b).

Finally, the effect of stromal cells on Treg cell survival
and apoptosis was assessed. CD4" cells isolated from
spleens and lymph nodes were cultured with or without
stromal cells in the absence of exogenous cytokines. Two
days later, apoptotic cells were assessed by annexin V
staining. Only a few apoptotic cells were observed in the
CD25~ conventional CD4" T-cell fraction in either the
control or stromal cell culture (Fig. 2¢). In contrast,
43-8% of cells among the CD4" CD25" fraction were
annexin V positive in the control culture without stromal
cells. However, only 6-2% of the CD4" CD25" fraction
were annexin V positive in the culture with the stromal
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cells (Fig. 2c). Collectively, these data indicate that the
stromal cells prevented cell death or supported survival of
Treg cell homeostasis in vitro.

Soluble factors, such as IL-7 and TGF-p, are not
mandatory for stromal cell-induced survival of Treg
cells

Recently, Simonetta et al.”® reported that IL-7 contributed
to Treg cell homeostasis in the periphery, similar to
conventional T cells. We observed IL-7 expression at the
RNA level in the stromal cells used for co-culture
(Fig. 3a). Stromal cells also produced TGF-f, which plays
a key role in Treg cell homeostasis, similar to ST-2 cells,

© 2012 Blackwell Publishing Ltd, Immunology, 139, 48-60
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Figure 2. Stromal cells support regulatory T (Treg) cells by preventing cell death, but not by enhancement of proliferation or conversion from
conventional T cells. (a) Carboxyfluorescein succinimidyl ester (CFSE) -labelled splenocytes or lymph node cells were co-cultured with or without
stromal cells. Five days after culture, the CFSE intensity of CD4" CD25" cells was assessed. (b) CD4" CD25 cells were sorted and co-cultured
with stromal cells for 5 days. Then, expression levels of CD25 and Foxp3 were analysed. (c) CD4" cells from lymph nodes and spleens were co-

cultured with stromal cells. As a control culture, CD4" cells were cultured alone. Two days later, apoptotic cells from the fractions of

CD4" CD25~ and CD4" CD25" cells were assessed by annexin V staining. The data shown represent one of two (a and b) or three (c) experi-

ments. Proportions of designated areas are indicated.

bone marrow-derived stromal cells® (Fig. 3b,c). Impor-
tantly, although IL-7 expression in stromal cells and ST-2
cells was detected by RT-PCR, IL-7 protein was not
detected by ELISA, suggesting that the stromal cells pro-
duced very low levels of IL-7 or that they did not produce
IL-7 protein (data not shown). To examine the impor-
tance of these cytokines in stromal cell support for Treg
cells, we used ST-2, which produce both IL-7 and TGEF-f
in greater quantities than the stromal cells used in the
present system (Fig. 3a—c). The proportion of cells with a
CD4" CD25" Foxp3" Treg phenotype in the culture of
lymph node cells with ST-2 cells was reduced compared
with those in the culture with stromal cells (Fig. 3d). Fur-
thermore, the addition of anti-TGF-f neutralizing mAb
into the co-culture of lymph node cells with the stromal
cells  did not  affect the composition  of
CD4" CD25" Foxp3™" cells (Fig. 3d). Taken together, these
data suggest that IL-7 and TGF-f are unlikely to contrib-
ute towards the stromal cell support for Treg cells. It was
previously reported that IL-7 and IL-2 support T-cell sur-
vival both in vivo and in vitro.'** Therefore, IL-2 pro-
duction from stromal cells was assessed. As shown in
Fig. 3(e), IL-2 was detected in culture supernatants from
co-cultures of the stromal cells with CD4" T cells at both
day 2 and day 5. To examine the effects of these culture
supernatants, including IL-2, on Treg cell support, culture
supernatants from the stromal cell cultures or co-cultures
of the stromal cells with CD4" cells were supplemented at
a final concentration of 50% in CD4" T-cell cultures.

© 2012 Blackwell Publishing Ltd, /mmunology, 139, 48-60

Supernatant supplementation did not affect CD4* CD25"
cells, suggesting that humoral factors in supernatant from
stromal cells did not contribute to Treg cell survival
(Fig. 3f). To confirm this possibility, peripheral lympho-
cytes (a mixture of lymph node cells and spleen cells) and
stromal cells were co-cultured separately using a cell cul-
ture-insert system. In the control culture, 2-:6% of cells
had a Treg phenotype (CD4" Foxp3") (Fig. 3g). When
lymphocytes were in contact with the stromal layer, 7-9%
of cells had a CD4" Foxp3" phenotype. However, if direct
interactions between lymphocytes and stromal cells were
prevented using cell-culture inserts, the proportion of
Treg cells was significantly decreased (3-5%) (Fig. 3g).
The proportions of CD4" CD25" T cells in these cultures
were consistent with those of CD4" Foxp3" T cells
(Fig. 3g). In addition, neither interferon-o nor interferon-
B was detected by ELISA in the supernatants from the
stromal cell culture (data not shown). Taken together,
these results suggested that direct interactions between
stromal cells and Treg cells, rather than indirect mecha-
nisms by soluble factors such as cytokines, are mandatory
for Treg cell support by stromal cells.

CD2-mediated direct interactions play a key role in
stromal cell support for Treg cells

According to the above data, it is possible that molecule(s)
contributing to the stromal cell-Treg cell direct interac-
tion play a key role in Treg cell survival exerted by the
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for 5 days. Expression levels of CD4 and CD25 were assessed by flow cytometry. TGF-f neutralizing monoclonal antibody (mAb), clone 1D11,
was added into the co-culture of lymphocytes and stromal cells. Proportions of CD4" CD25" cells and CD4" CD25™ cells are indicated. (e) Cul-
ture supernatants of stromal cells, CD4" T cells, and CD4" T cells with stromal cells (stromal cells: 5 x 10°, CD4" T cells: 5 x 10, for 5 days
culture) were harvested. IL-2 concentrations in the supernatants were measured by ELISA. ND, not detected. (f) Supernatants from stromal cell
culture or co-culture of stromal cells with CD4" T cells were added into CD4" T-cell culture at a final concentration of 50%. Five days later, pro-
portions of CD4"CD25" cells among the cultures were assessed. Indexes of proportions of CD4" CD25" cells are indicated. (NS indicates ‘not
significant’, n = 4). (g) Lymphocytes, prepared from lymph nodes and spleens, and stromal cells were co-cultured in the same culture well. Lym-
phocytes were allowed to interact with the stromal cells directly (middle panel) or they were co-cultured separately using a cell culture insert sys-
tem (bottom panels). As a control culture, lymphocytes were cultured alone (top panels). Five days after culture, expression levels of CD4, CD25
and Foxp3 were assessed. Indexes of proportions of CD4" CD25" cells in the cultures are summarized by bar graphs. (*P < 0-0001, **P < 0. 01,
NS indicates ‘not significant’, n = 5) The data shown represent one of two (a—c) or three (e) experiments.

stromal cells. To explore the critical molecule(s) contrib- added into the co-culture of CD4" T cells and stromal
uted to Treg cell survival by the stromal cells, several cells. As stromal cells highly express CD51, CD61 and
function-blocking mAbs to cell surface molecules were CD29 (Table 1), mAbs against these molecules were
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tested. The addition of these mAbs did not affect Treg
cell numbers in the co-culture (Fig. 4a).

Recently, it was shown that CD2 plays a critical role in
Treg type 1 cell differentiation,”® and that CD2 engage-
ment enhanced Treg cell functions.*' Hence, we examined
the role of CD2 in Treg cell survival supported by stro-
mal cells. Two individual anti-CD2 mAbs, RM2-5 and
12-25, and their isotype-matched control antibodies were
used. The inhibition of CD2 engagement by anti-CD2
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mAbs, not by their isotype-matched control antibodies,
dramatically decreased the Treg cell fraction in the co-
culture (Fig. 4a). This was further confirmed by an exper-
iment using purified CD4" CD25" cells and stromal cells.
As shown in Fig. 1(c), the number of living CD4" CD25"*
cells was greatly increased in the co-culture of purified
CD4" CD25" cells with stromal cells. Whereas isotype-
matched controls for anti-CD2 mAb did not affect the
numbers of living cells in the co-culture (Fig. 1c and 4b),
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Figure 4. CD2 mediated-direct interactions between regulatory T (Treg) cells and stromal cells are critical for Treg cell survival. (a) CD4" T cells
from lymph nodes and spleens were co-cultured with the stromal cells. CD4" T cells were co-cultured with stromal cells. The indicated monoclo-
nal antibodies (mAbs) were added at the beginning of the cultures at a final concentration of 10 ug/ml. Five days later, cells were harvested and
expression levels of CD4 and CD25 were assessed. The proportions of designated areas are indicated. (*P < 0-01, **P < 0-005, NS indicates ‘not
significant’, n = 4) (b) CD4" CD25" cells purified from lymph nodes and spleens were co-cultured with or without stromal cells. Anti-CD2 mAb
(clone 12-25) or isotype-matched mAbs were added to the co-cultures. Five days after culture, the numbers of living cells were counted. Indexes
of live cell numbers were calculated. Cell numbers from controls (without stromal cells) were assigned a value of one. (¥*P < 0-01, n = 3).
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the addition of anti-CD2 mAb significantly decreased liv-
ing cell numbers in the co-culture (Fig. 4b). Therefore,
we focused on the role of CD2 in Treg cell survival sup-
ported by stromal cells.

Stromal cells support Treg cell survival by a
CD2-mediated pathway

Our data indicated that stromal cells supported Treg cell
survival by CD2. To confirm this, anti-CD2 blocking
mAbs were added into the co-culture of CD4" T cells
and stromal cells. Annexin V' cells among the
CD4" CD25" fraction were greatly reduced by the pres-
ence of stromal cells (Fig. 2c). However, Treg cell survival
supported by stromal cells was inhibited by the addition
of anti-CD2 mAbs, indicating that CD2-mediated interac-
tions between Treg cells and stromal cells are critical for
Treg cell survival (Fig. 5; right histogram panels and
summarized in the bar graph). In contrast, blockade of
CD2 function did not affect conventional CD4" CD25~
cells in the same culture (Fig. 5 left histogram panels).

Bim expression in Treg cells is partially decreased by
the co-culture with stromal cells

Bim, a pro-apoptotic factor, is critical for the survival
and homeostasis of conventional T cells*** and Treg
cells.** Therefore, we next examined whether the regula-
tion of Bim expression contributed to CD2-mediated
Treg cell survival by stromal cells, by measuring the
expression levels of Bim in Treg cells. Peripheral CD4"
T cells from spleen and lymph nodes were co-cultured
with or without stromal cells. Two days later, Bim
expression from CD4" CD25~ or CD4" CD25" T cells
was analysed by flow cytometry. While a small number
of CD4" CD25™ T cells in the control culture expressed

high levels of Bim, a large number of CD4" CD25" T
cells that expressed high levels of Bim were observed in
the same culture (26-3% versus 42-6%) (Fig. 6a). In the
presence of stromal cells, the proportion of Bim high-
expressing cells among CD4" CD25" T cells decreased to
nearly 50-60% of the control value (summarized in
Fig. 6a; bar graph). The partial reduction of Bim-
expressing CD4" CD25" T cells by stromal cells was
reversed by the addition of anti-CD2 mAb. In contrast,
Bim expression in CD4" CD25~ T cells was not affected
by stromal cells or anti-CD2 mAb (Fig. 6a). Using puri-
fied CD4" CD25" T cells instead of CD4" T cells, simi-
lar results were observed (Fig. 6b). Taken together, these
results suggest that Bim expression in Treg cells, but not
in conventional T cells, is in part regulated by stromal
cells via CD2.

Ligands for CD2 are not detected on stromal cells

Hence, it was suggested that Treg cells could interact with
the stromal cells directly through CD2 and its ligand.
CD48 is the principal ligand for murine CD2, and there-
fore its expression on stromal cells was assessed by flow
cytometry. Surprisingly, CD48 was not detected on the
stromal cells (Fig. 7a). As an antibody quality control,
CHO-K1/Cd48 cells, a CD48 transfectant of CHO-K1
cells, was used (Fig. 7b) and indicated that CD48 was not
expressed on stromal cells. This was further confirmed by
RT-PCR (data not shown). Next, CD2 ligands other than
CD48 expressed by stromal cells were analysed. For this,
soluble CD2-Fc, constructed by the fusion of a CD2
extra-cellular portion to an Fc fragment from human IgG
was used. We did not observe binding of CD2-Fc to the
stromal cells (Fig. 7c), although CD2-Fc could bind to
CHO-K1/Cd48 cells (Fig. 7d). The binding of CD2-Fc to
CHO-K1/Cd48 cells was inhibited by the addition of
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Figure 5. Addition of anti-CD2 monoclonal antibody (mAb) inhibits the survival of regulatory T (Treg) cells supported by stromal cells. CD4"

T cells were co-cultured with stromal cells. Anti-CD2 mAb (clone RM2-5, at a final concentration of 10 ug/ml) was added into the culture with

the stromal cells (bottom panels). Two days later, cells were harvested and apoptotic cells were detected by annexin V staining. To discriminate

between conventional T cells and Treg cells, CD4 and CD25 expression were assessed simultaneously. Proportions of designated areas are indi-

cated. Indexes of proportions of annexin V high-expressing cells among CD4" CD25" cell fraction are summarized by bar graphs. (*P < 0-005,

*¥*P <0.02, n=3).
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were cultured with or without stromal cells for 2 days. Anti-CD2 monoclonal antibody (mAb) (clone 12-25, at a final concentration of 10 ug/
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anti-CD2 mAbs, indicating that the CD2-Fc binds to
ligands for CD2 on these cells. Therefore, stromal cells do
not express any known ligands for CD2.

Discussion

In this study, we found that Treg cell apoptosis was pref-
erentially prevented by co-culture with stromal cells
derived from peripheral lymphoid organs. Importantly,
similar results were obtained when using purified
CD4" CD25" T cells, CD4" cells or whole lymph node
cells, indicating that stromal cell support for Treg cell
survival was direct and independent of any other cell
types.

Cytokines such as IL-7 play a key role in T-cell homeo-
stasis,'” '® and many reports indicate that IL-7 is not
mandatory for Treg cell homeostasis unlike conventional
peripheral CD4" T cells.'"” ' Recently, Simonetta et al.’®
reported that IL-7 plays a role in Treg cell homeostasis.

© 2012 Blackwell Publishing Ltd, /mmunology, 139, 48-60

Therefore, we first tested whether IL-7 and/or TGF-f
contributed to Treg cell support by stromal cells. Stromal
cells expressed both IL-7 and TGF-f. However, compari-
son of stromal cells with IL-7 and TGF-f high-expressing
ST-2 stromal cells, or by the addition of anti-TGF-f§ neu-
tralizing antibodies to the culture, demonstrated that
these cytokines do not contribute to Treg cell survival. In
addition, IL-2 was also detected in the culture superna-
tants from co-cultures of CD4" cells with the stromal
cells, but not the stromal cell culture, suggesting that the
detected IL-2 was produced by CD4" cells but not by the
stromal cells. Co-culture of purified Treg cells revealed
that in the absence of conventional CD4" T cells, Treg
cell survival was supported by stromal cells, suggesting
that IL-2 from conventional CD4" T cells does not con-
tribute to Treg cell survival. This finding was confirmed
by supernatant-transfer experiments and by cultures using
a trans-well system to separate contact between T cells
and stromal cells. Importantly, while proportions of
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Figure 7. Stromal cells do not express CD2 ligands. Expression levels
of CD48 (a) and ligands for CD2-Fc (c) on stromal cells were
assessed. CHO-K1/Cd48 cells, CD48-transfectants, were used as qual-
ity controls for anti-CD48 monoclonal antibody (mAb) (b) and
CD2-Fc fusion protein (d). To qualify the binding-specificity of
CD2-Fc to its ligands, anti-CD2 mAb (clone RM2-5) was used
(d, bottom panel). Results of isotype matched-controls are depicted
in the upper panels of each figure. The data shown represent one of
three experiments. MFI of histograms are indicated.

CD4" CD25" T cells in the trans-well culture were not
statistically significant compared with controls without
stromal cells, trans-well experiments did not completely
abolish survival support. Hence, humoral factors are not
essential, but may contribute to Treg cell survival when
co-cultured with stromal cells. This point should be
resolved in future studies.

We then focused on the role of direct Treg cell-stromal
cell interactions for Treg cell survival. Using blocking
antibodies, we found that CD2 expression on Treg cells is
important for their survival in this system. Although CD2
is expressed on virtually all T cells including conventional
CD4" T cells,**® stromal cells preferentially support Treg
cell survival through CD2 signalling. This may explained
because stromal cells partially inhibit the expression of
Bim in Treg cells, which is a regulator of Treg cell death
in the periphery.** Treg cells, but not conventional T
cells, express high levels of Bim in vitro without stromal
cells and in the absence of exogenous cytokines. There-
fore, stromal cells preferentially affect Treg cells, but not
conventional T cells. As Bim expression in Treg cells cor-
relates with the detection of apoptotic cells in the same
culture conditions, the Treg cell death observed in this
system may be controlled by Bim. The expression levels
of other cell death regulatory factors, Fas and Bcl-2, in
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Treg cells were not affected by co-culture with stromal
cells (data not shown). Whereas Bim function is con-
trolled by Bcl-2," Bcl-2 levels in Treg cells were not
affected by stromal cells, suggesting that CD2-mediated
Bim regulation may not depend on Bcl-2. The pathway
of CD2-mediated Bim regulation should be clarified in
future studies.

As shown in Fig. 6(a), Bim high-expressing Treg cells
in co-cultures with stromal cells decreased to approxi-
mately 60% of those in control cultures in a 2-day assay.
However, at the same time-points, annexin-V-positive
Treg cells comprised 40% of the control (Fig. 5). In this
system, we could not strictly determine the threshold of
Bim levels to elicit apoptosis. Hence, a discrepancy in the
ratios of Bim high-expressing cells and annexin-V-positive
cells was observed. Another possibility is the existence of
a Bim-independent pathway of CD2-mediated regulation
of Treg cell apoptosis. Further studies will be required to
clarify these possibilities.

Stromal cells did not express any known ligands for
CD2, including CD48, indicating that T cells, including
both conventional and regulatory T cells, do not directly
interact with stromal cells via CD2. Therefore, even
though CD2 is expressed on conventional T cells, CD2-
mediated interactions with stromal cells do not occur.
Importantly, expression levels of CD2 on Treg cells are
slightly lower than, or similar to those on conventional
CD4" CD25 T cells (data not shown), whereas CD48 is
expressed on both types of cells at similar levels (data not
shown). Hence, the number of CD2 and CD48 molecules
on Treg cells may not explain the findings, indicating that
the quality, rather than quantity, of CD2 signal in Treg
cells is key for Bim regulation. How does CD2 on Treg
cells act as a critical molecule for stromal cell-mediated
Treg cell survival? CD2 on Treg cells may interact with
CD48 on T cells to transduce signals, which up-regulate
receptors for unidentified ligands on the stromal cells.
The unidentified molecules contribute to direct Treg cell—
stromal cell interactions and to reduce Bim expression in
Treg cells. Alternatively, CD2 signalling in Treg cells
induced by CD48 on T cells may modify signalling path-
ways, which regulate Bim expression, controlled by stro-
mal cells via unknown molecules. Currently, we have no
direct evidence to support these possibilities. However,
one candidate molecule is glucocorticoid-induced tumour
necrosis factor receptor (TNFR) -related protein (GITR),
a member of the TNFR super-family, which is preferen-
tially expressed on Treg cells.*®* Signalling through
4-1BB, a member of the TNFR super-family, can down-
regulate Bim levels in human umbilical cord blood Treg
cells®® and in CD8" T cells.”! Furthermore, extracellular
signal regulated kinase (ERK) signalling is important for
reduced Bim expression®® and GITR stimulation can
enhance ERK signalling.”® Together this suggests that
CD2 and GITR signals may co-operate to reduce Bim

© 2012 Blackwell Publishing Ltd, Immunology, 139, 48-60



Peripheral regulatory T-cell apoptosis is regulated by CD2

expression through the ERK pathway in Treg cells. Fur-
ther studies are required to clarify this hypothesis.

Chougnet et al.** reported that Treg cells expressing
low levels of Bim accumulate in old mice and might
cause age-related immune suppression. Interestingly, IL-2
induced aged Treg cells to proliferate. Therefore, if suffi-
cient exogenous IL-2 is provided to a co-culture of Treg
cells and stromal cells, they may proliferate in a similar
manner to Treg cells found in aged mice, which express
low levels of Bim. If this is true, the culture system
described here may help to establish Treg cell lines. In
addition, age-related immune suppression may be treated
by modifying CD2 signals in Treg cells.

Another issue to be resolved is the real nature of the
stromal cells supporting Treg cell survival. Phenotypic
studies suggested that the stromal cells (gp38*", CD317,
IL-7 mRNA") may be similar to the fibroblastic reticular
cells in T-cell zones reported by Link et al.>* To deter-
mine the identity of these cells, precise studies such as
analyses of cytokine production and histological location
will be required. Additionally, we found stromal cells sup-
porting Treg cells in long-term Treg cell cultures. To find
stromal cells with the potential to support Treg cells,
long-term Treg cell cultures are required. As other studies
may not maintain Treg cells in vitro, this may explain
why similar effects of stromal cells have not been previ-
ously reported by other groups. In the future, it is possi-
ble that these stromal cells can help to manipulate Treg
cells in vitro.

Finally, the most important and interesting issue is
whether these in vitro findings are reflected in vivo. The
use of mice with a specific gene deficiency is an excellent
way to determine the roles of molecules in vivo. However,
CD2-deficient mice™ have not been reported to develop
autoimmunity caused by a reduction of peripheral Treg
cells as a result of increasing apoptosis. An explanation
may be that since CD2 is critical for the full activation of
all T cells, T cells in CD2-deficient mice may not have
the potential to induce autoimmunity. Therefore, future
studies should use mice deficient for CD2 expression only
on Treg cells. We are currently trying to generate mice
with CD2-deficient Treg cells using the Cre-loxP system,
by crossing CD2-flox mice with Foxp3-Cre mice.

In conclusion, there are many unresolved questions
regarding the CD2-mediated regulation of Treg cell sur-
vival in the periphery, and answers to these questions
may enhance our ability to regulate immune responses.
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