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a b s t r a c t

Interleukin (IL)-10 is an essential suppressive cytokine and plays a key role in peripheral T cell tolerance
to allergens, autoantigens, transplantation antigens and tumor antigens. However, the molecular mech-
anisms of direct T cell suppression by IL-10 are not fully understood. Here, we demonstrate that IL-10
directly inhibits CD2 signaling in T cells. T cell stimulation via CD2 alone induces activation and prolif-
eration, when endogenous IL-10 sources are eliminated from cultures. IL-10 utilizes the src-homology-2
eywords:
uppression
D4 T cells
HP-1
L-10

domain containing tyrosine phosphatase (SHP-1) to directly suppress T cell activation. The role of SHP-1
in IL-10-mediated suppression of CD2 co-stimulation on T cells is demonstrated by using dominant-
negative SHP-1 over-expressing T cells and silencing endogenous SHP-1 by small inhibitory RNA. Findings
are confirmed using both SHP-1-deficient mice and IL-10-deficient mice. CD2-induced proliferation is
suppressed by exogenous IL-10 in IL-10-deficient, but not SHP-1-deficient murine T cells. In conclusion,
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. Introduction

CD2 is a 50 kDa cell surface, transmembrane glycoprotein
xpressed on T cells, NK cells and thymocytes (Moingeon et al.,
989). CD2 plays an important role in regulating T cell responses
nd has two main functions; one in the promotion of cellular
dhesion and the other in activation through the initiation of sig-
al transduction events (Yang and Reinherz, 2001). Cross-linking
D2 with specific mAb or interaction with its ligand, leukocyte
unctioning antigen-3 (CD58) induces a major co-stimulatory sig-
al that enhances T cell proliferation and cytokine production
Wingren et al., 1995). Various roles for CD2 in T cell activation
ave been proposed, as an adhesion molecule thereby reducing
mounts of antigen required for T cell activation, as a co-stimulatory
olecule, or as a direct promoter of T cell activation (Holter et
Please cite this article in press as: Taylor, A., et al., IL-10 suppresses
doi:10.1016/j.molimm.2008.07.031

l., 1996). However, T cells still function well in the absence of
D2, as demonstrated in CD2-deficient mice, which develop appar-
ntly normal T cell-dependent immune responses (Killeen et al.,
992). The failure of CD2-deficient mice to develop an obvious
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1 Current address: Department of Cellular and Molecular Medicine, School of Med-
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bnormal phenotype and the observation that they can cope effi-
iently with viral infections, suggests that CD2 either does not play
n essential role or that other receptors can compensate for its
ction in T cell activation. There is also the possibility that the
henotype is of a subtle nature, which has not yet been eluci-
ated.

IL-10 is a suppressor of T cell proliferation and cytokine pro-
uction (Moore et al., 2001) and has been demonstrated to play a
ajor role in the induction of peripheral T cell tolerance to aller-

ens, autoantigens, tumor antigens, transplantation antigens and
n chronicity of infections (Akdis et al., 2004; Cong et al., 2002;
teidler et al., 2000). IL-10 has previously been shown to induce
ephosphorylation of the co-stimulatory molecule CD28 and pre-
ent its binding of phosphatidylinositol 3-kinase (PI3-K), thereby
locking further downstream signaling and hence inhibiting T cell
roliferation (Akdis et al., 2000). IL-10 exerts its biological function
hrough the activation of Jak1 and Tyk2, followed by Stat1 and Stat3
Wehinger et al., 1996). SHP-1 is an intracellular protein tyrosine
hosphatase, which has been demonstrated to form a complex with
yk2 in T cells (Yetter et al., 1995). SHP-1 deficiency can lead to the
evelopment of autoimmune syndromes in association with severe
CD2-mediated T cell activation via SHP-1. Mol. Immunol. (2008),

ombined immunodeficiency disorders as seen in the motheaten
ouse, which completely lacks SHP-1 expression, hence termed

HP-1-deficient (Shultz et al., 1993).
In the present study, we demonstrated the role of SHP-1 in IL-10-

ediated suppression of CD2 signaling in T cells. IL-10 suppresses

dx.doi.org/10.1016/j.molimm.2008.07.031
http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
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he co-stimulatory effect of CD2 in T cells that have intact SHP-1,
emonstrating an essential role of SHP-1 in IL-10-mediated direct
cell suppression.

. Materials and methods

.1. Cell cultures

Peripheral blood mononuclear cells (PBMC) were isolated by
icoll (Biochrom, Berlin, Germany) density gradient centrifuga-
ion of peripheral venous blood. Cells were washed three times
ith PBS and resuspended in RPMI 1640 medium supplemented
ith 1 mM sodium pyruvate, 1% MEM nonessential amino acids

nd vitamins, 2 mM l-glutamine, 100 U/ml penicillin, 100 �g/ml
treptomycin, 50 �M 2-ME (all from Life Technologies) and 10%
eat-inactivated FCS (Bioconcept, Allschwill, Switzerland) (cRPMI)
Akdis et al., 1998; Jutel et al., 2001).

Human CD4+ T cells were isolated using magnetic activated cell
orting, according to the recommended protocol (Miltenyi Biotec,
ergish, Germany). CD4+ T cell purity was over 97%. Isolation of
uman CD45RO+ CD3+ T cells was carried out by negative selection
sing pan T cell kit and CD45RA microbeads, according to the rec-
mmended protocol (Miltenyi Biotec, Bergish, Germany). CD45RO+

ells were collected as the negative fraction and rested overnight
n cRPMI at 37 ◦C.

Monocyte and NK cell depleted PBMC were obtained by deple-
ion of CD14 and CD16-bearing cells by the same method. Monocyte
nd NK cell contamination as determined by the same mAbs
nd flow cytometry was less than 0.5%. 105 cells were stimu-
ated in 96-well plates by plate-bound anti-CD3 (clone: OKT3,
TCC, Maryland, USA), anti-CD28 (clone 15E8: CLB, Amsterdam,
etherlands), anti-CD2 (clones 4B2 and 6G4, CLB) or soluble com-
inations of these (10 �g/ml). No significant difference was seen
etween plate-bound and soluble combinations and therefore the

atter was used in the case of multiple mAbs for experiment
ase. Anti-CD2 mAbs were always used as a paired combination.
n experiments with anti-CD2/3/28 stimulation equal amounts
f isotype control mAbs (Pharmingen AG, St. Louis, MO) were
sed in control. IL-10 and IL-2 (Peprotech EC Ltd., London, UK)
ere added to cultures where indicated at 10 ng/ml. The doses

f cytokines and mAbs were optimized in preliminary experi-
ents. Plates were incubated at 37 ◦C for up to 5 days (dependent

n optimum activation) and pulsed with 1 �Ci [3H] thymidine
Hartmann Analytic, Braunschweig, Germany) for 8 h before cell
arvesting. All donors gave their informed consent prior to the
tudy. Experiments were further subject to assessment by the eth-
cal committees of the Canton of Graubunden and the University of
urich.

Mouse CD4+ T cells were isolated from the spleens of control
57BL/6J+/+mice and C57BL/6Jme/me, which were of the motheaten
henotype (me) and therefore lacked SHP-1 expression (Shultz et
l., 1993). Mouse CD4+ T cells were further isolated from the spleens
f IL-10−/− and Wt Balb/c mice (Jackson Laboratories, Bar Har-
our, ME, USA), by using magnet activated cell sorting (Miltenyi
iotec). Cell purity was over 89% as analysed by flow cytome-
ry. 105 cells/well in 96-well flat-bottomed plates were stimulated
n cRPMI medium (Pharmingen AG) with 10 �g/ml plate-bound
nti-CD2 for 72 h and [3H] thymidine incorporation was mea-
ured.
Please cite this article in press as: Taylor, A., et al., IL-10 suppresses
doi:10.1016/j.molimm.2008.07.031

Experiments were performed in vitro on frozen splenocytes and
herefore did not involve licensed procedures and could be exe-
uted in a non-licensed facility (SIAF). Animals were kept at the
ashington University School of Medicine, St. Louis, MO, USA and

nder assessment of the local ethical committee.
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.2. Flow cytometric analysis

The percentage of proliferating cells in response to stimula-
ion was measured by carboxyfluorescein succinimidyl ester (CFSE)
ilution. 2 × 107 cells were labeled with CFSE (5 �M, Molecular
robes Europe, BV, Leiden, The Netherlands) and washed two
imes with medium before being subjected to the anti-CD2 mAbs
10 �g/ml) (Sigma Chem. Co., St. Louis, MO, USA) stimulation in
he presence or absence of IL-10 (10 ng/ml). Ethidium bromide was
sed during analysis to exclude dead cells.

.3. Immunoprecipitations and immunoblots

PBMC and CD45RO+ T cells (2–5 × 106) were treated with IL-
0 (50 ng/ml) for 10 min at 37 ◦C and the reaction stopped on ice,
efore lysing cells in 5% Triton X-100 containing 500 mM EDTA,
00 mM iodoacetamine, 10 mg/ml leupeptin, 5 mg/ml aprotinin (all
rom Sigma Chem. Co., St. Louis, MO, USA) and 100 mM Na ortho-
anadate (Fluka Chemie AG, Buchs, Switzerland). Cell lysates were
ncubated with primary antibody (50 �g/ml) in excess, 2 h at 4 ◦C.
his was followed by the addition of 20 �l of protein A/G beads
Santa Cruz biotechnology Inc., California) for 1 h. Immunoprecipi-
ations were performed with anti-CD2 mAbs (clones 4B2 and 6G4,
LB, Amsterdam, Netherlands), anti-SHP-1 (BD Transduction lab-
ratories, St. Louis, MO) and anti-PI3-K (clone AB6, MBL, Naka-ku
agoya, Japan).

Cell lysates were washed three times in lysis buffer and boiled
n Laemmli sample buffer before electrophoresis. Immunopre-
ipitates were electrophoresed and proteins were transferred as
escribed. Immunoblots were probed with primary antibodies;
nti-phosphotyrosine HRP-labelled (clone 4G10, Upstate Biotech-
ology Inc., Lake Placid, NY), anti-PI3-K (clone AB6, MBL) and
nti-SHP-1 (BD Transduction Laboratories), followed by appro-
riate secondary antibodies (HRP-conjugated anti-rabbit IgG or
RP-conjugated anti-mouse IgG, respectively). Western blots were
eveloped with the chemiluminescence system (Amersham).

.4. Nuclear transfection

1.0 �g SHP-1 siRNA was added to 7 × 106 PBMC that had been
ashed in PBS and resuspended in 100 �l of NucleofectorTM solu-

ion for T cells (Amaxa Biosystems, Cologne, Germany). Cells were
ransferred into a cuvette and electroporated using program U-15
f the NucleofectorTM (Amaxa Biosystems), and then immedi-
tely transferred into prewarmed cRPMI medium. SHP-1 and GL-3
uciferase specific siRNA were synthesized by Dharmacon Research,
afayette, USA. Control cells were transfected with 1.0 �g luciferase
iRNA using the same protocol. Transfected cells were rested 48 h,
efore proliferation assays commenced. The coding strand of the
NA oligonucleotide duplexes directed to the human SHP-1 mes-
enger RNA was 5′-CCAGGGUGACUUCUCGCUC-3′, with a 3′ dTdT
verhang.

.5. Retroviral transduction

PBMC were cultured in 1 ml cRPMI medium in 24-well flat-
ottom cell culture plates, previously coated with 10 �g/ml
nti-CD3 and anti-CD28 mAb at 37 ◦C for 48 h. Cells were washed
ith medium and resuspended in 500 �l cRPMI supplemented
ith 20 ng/ml IL-2, in 0.1 mg/ml retronectin (Bio Whittaker, Europe)
CD2-mediated T cell activation via SHP-1. Mol. Immunol. (2008),

oated 24-well plates. 1 ml of either [MLV-GALV(SHPC453S-NGFR)]
r [MLV-GALV(GFP-NGFR)] vector supernatant was added to each
ell. Plates were centrifuged 200 × g at 32 ◦C for 90 min and incu-
ated at 37 ◦C for 3 h (Steidl et al., 2002). After exchange to fresh
edium, cells were rested for 2 days before analysis. Cells were

dx.doi.org/10.1016/j.molimm.2008.07.031
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Fig. 1. IL-10 suppresses T cell proliferation induced by CD2 stimulation. (A) PBMC were labeled with CFSE and subjected to anti-CD2 mAb (10 �g/ml) stimulation with or
without anti-CD3 mAb in the presence or absence of IL-10 (10 ng/ml). CD3 positive T cells were gated and proliferation assessed. The lower right histogram indicates T cell
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uppression by IL-10, approximately 30%. (B) NK cell and monocyte depleted PBMC
nd -CD3 mAb stimulation in the presence or absence of IL-10 and anti-IL-10 Ab. CD3
hown. (A and B) The same results were observed in at least three-independent exp
Abs). Appropriate isotype control mAbs were used in control conditions in all exp

ept in culture up to 6 months, with IL-2 (20 ng/ml) supplemented
PMI and 2-week-cycles of restimulation with PHA and irradiated
BMC as feeder cells. Proliferating cells were expanded with IL-2.

.6. Statistical analysis

All data are expressed as means ± S.D. Statistical analysis was
erformed using the paired Student’s t-test and Mann–Whitney
-test for samples n < 6 (*p < 0.05).

. Results

.1. IL-10 suppresses T cell proliferation induced by CD2
timulation

The CD2 pathway provides co-stimulatory signals and therefore
cts as a means of amplification of T cell responses (Bierer et al.,
Please cite this article in press as: Taylor, A., et al., IL-10 suppresses
doi:10.1016/j.molimm.2008.07.031

988; Yang et al., 1986). To investigate the role of IL-10 on CD2
o-stimulation, PBMC were subjected to stimulation by anti-CD3
nd/or anti-CD2 mAb in the presence or absence of IL-10 (Fig. 1A).
nti-CD2 stimulation alone did not induce proliferation of human
cells within PBMC. However, the addition of anti-CD2 mAbs to

3
t

C

labeled with CFSE and subjected to anti-CD2 or a combination of anti-CD2, -CD28
lls were gated and cell division was analysed. Percentages of proliferating T cells are
ents (p < 0.0001, for suppressive effect of IL-10 and co-stimulatory role of anti-CD2
nts.

onditions stimulated with low amounts of anti-CD3 mAb signifi-
antly enhanced proliferation. IL-10 could abrogate the additional
roliferation induced by anti-CD2, but not the proliferation induced
y anti-CD3 alone. Cell viability was analysed by flow cytometry,
nsuring that there was no increased cell death in these cultures.

We then investigated how T cells behave in anti-CD2 stimu-
ation when endogenous cellular sources of IL-10 are eliminated.
BMC depleted of NK cells and monocytes were subjected to anti-
D2 mAb or combined anti-CD2, -CD28 and -CD3 mAb stimulation
Fig. 1B). Here, when monocytes and NK cells were depleted, T cells
howed a significant proliferation induced by anti-CD2 mAbs alone,
hich was significantly suppressed by IL-10. In contrast, when pro-

iferation was induced with a combination of anti-CD2, -CD3 and
CD28 mAbs, this was not suppressed by IL-10. As NK cells and
onocytes are not the only sources of endogenous IL-10, neutralis-

ng anti-IL-10 Abs were also used, giving rise to very similar results.
CD2-mediated T cell activation via SHP-1. Mol. Immunol. (2008),

.2. IL-10 suppresses proliferation induced by CD2 stimulation in
he presence of IL-2

We went on to investigate if this suppressive effect of IL-10 on
D2 was still observed in the presence of IL-2. PBMC were labeled

dx.doi.org/10.1016/j.molimm.2008.07.031
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Fig. 2. T cell proliferation induced by CD2 stimulation and by IL-2, is suppressed by IL-10. (A) PBMC were labeled with CFSE and subjected to stimulation by either anti-CD2
mAbs alone, or a combination of anti-CD2 and IL-2, with or without IL-10 and anti-IL-10 Ab. CD3+ T cells were gated and cell division was analysed at day 5. Anti-CD2 mAb
induced proliferation was apparent in the presence of IL-2 and was fully suppressed by IL-10. Percentage of T cells in certain number of cell divisions are shown in each
h i-CD2
o sed by
b perim
m erime
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istogram. (B) Human CD4+ T cells were labeled with CFSE and stimulated with ant
f IL-10 and/or IL-2. After 5 days, CD3+ T cells were gated and cell division was asses
y IL-10. (A and B) The same results were observed in at least three-independent ex
Abs). Appropriate isotype control mAbs were used in control conditions in all exp

ith CFSE and stimulated with anti-CD2 mAbs in the presence or
bsence of IL-2, with or without IL-10 (Fig. 2A). IL-2 alone induced
roliferation, which was enhanced by anti-CD2 mAbs. IL-10 signif-

cantly suppressed T cell proliferation induced by IL-2 alone and
n combination with anti-CD2 mAbs. The proliferation induced by
nti-CD2 and IL-2 is only marginally higher than that induced by
L-2 alone. This shows that high levels of IL-2 can lead to T cell
roliferation without a requirement for co-stimulation (e.g. CD2).

t should be noted that endogenous IL-10 produced by PBMC will
lso be present in these conditions but its suppressive effect is not
bserved. This may be because the additional cells activated by anti-
D2 already receive a strong activation signal and the endogenous

evel of IL-10 in this case is not sufficient to prevent activation.
lso, the secretion of IL-10 by NK cells and monocytes leads to

L-10 production by T cells in a STAT3-dependent manner. Oth-
rs have previously show that tolerised (IL-10 secreting) T cells
emporarily lose their ability to secrete IL-10 in the presence of
L-2 (Anderson et al., 2005). This IL-10 secreted by T cells them-
elves, may be crucial for the suppression observed. Addition of
xogenous IL-10 seems to restore the required levels for immuno-
uppression.
Please cite this article in press as: Taylor, A., et al., IL-10 suppresses
doi:10.1016/j.molimm.2008.07.031

Human CD4+ T cells subjected to anti-CD2 mAb and IL-2 stim-
lation with increasing doses of anti-CD3 mAb in the presence or
bsence of IL-10 demonstrated the co-stimulatory effect of CD2 par-
icularly at low levels of anti-CD3 mAb stimulation (Fig. 2B). T cell
roliferation induced by this CD2 co-stimulation was suppressed by

n
o
i
N
1

mAb (10 �g/ml) and increasing doses of anti-CD3 mAb in the presence or absence
flow cytometry. The numbers indicate the percentage of dividing cells suppressed

ents (p < 0.0001, for suppressive effect of IL-10 and co-stimulatory role of anti-CD2
nts.

L-10, whereas there was no effect on anti-CD3- and IL-2-induced T
ell proliferation. T cell proliferation induced by high levels of anti-
D3 mAb stimulation neither required CD2 co-stimulation nor was

t inhibited by IL-10. There was no suppressive effect of IL-10 on
nti-CD3 mAb stimulations alone, with or without IL-2 (data not
hown).

.3. IL-10 suppresses phosphorylation and PI3-K binding

Our previous study demonstrated IL-10-mediated inhibition of
D28 and ICOS co-stimulation via SHP-1 (Taylor et al., 2007). This
as due to the reversal of phosphorylation of YxxM motifs in the

ytoplasmic tails of CD28 and ICOS thus preventing PI3-K binding.
n the current study, a similar mechanism was proposed. T cells
ere subjected to anti-CD2 mAbs stimulation in the presence and

bsence of IL-10, these conditions were then lysed, immunoprecip-
tated with anti-CD2 and then analysed by western blot (Fig. 3A).
hosphorylation was detected in the anti-CD2 mAbs stimulated
onditions but was not apparent with the addition of IL-10. Fur-
hermore, the presence of PI3-K associating with CD2 was found,
ut again not in the presence of IL-10. Although CD2 itself does
CD2-mediated T cell activation via SHP-1. Mol. Immunol. (2008),

ot contain a phosphotyrosine or PI3-K binding motif, the use
f an adaptor molecule, as seen in previous CD2 signaling stud-
es, could provide both of these requirements (Huber et al., 2003;
ishizawa et al., 1998; Tibaldi and Reinherz, 2003; Umehara et al.,
997). The involvement of SHP-1 in CD2 signaling was revealed in

dx.doi.org/10.1016/j.molimm.2008.07.031


ARTICLE ING Model
MIMM-2847; No. of Pages 8

A. Taylor et al. / Molecular Immun

Fig. 3. IL-10 inhibits phosphorylation and PI3-K binding in CD2 stimulated CD4+ T
cells. (A) Human CD4+ T cell lysates were immunoprecipitated with anti-CD2 mAbs
and then probed with anti-CD2 mAbs (top), phosphotyrosine Ab (middle) or PI3-K
Ab (bottom). (B) Human CD4+ T cells were treated with IL-10, lysed and probed with
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HP-1 or immunoprecipitated with either PI3-K Ab or CD2-Abs. Immunoprecipita-
ions of CD2 or PI-3K were probed with anti-SHP-1 and their corresponding Abs,
nti-CD2 and anti-PI3-K, respectively. Ptyr: tyrosine phosphorylation, IP: immuno-
recipitation.

mmunoblots, detecting a rapid association and disassociation of
HP-1 with CD2 after 3 min of IL-10 treatment (Fig. 3B).

.4. SHP-1 is essential for T cell suppression by IL-10

To demonstrate the molecular mechanism of IL-10-mediated
uppression of CD2 co-stimulation, SHP-1 was silenced with small
nhibitory RNA (siRNA) of SHP-1 by nuclear transfection of human
D4+ T cells (Fig. 4). SHP-1 expression was significantly decreased
ith 1 �g of SHP-1 siRNA, but not control siRNA-transfected cells as
etected by western blots (Fig. 4A). Luciferase (control) siRNA- and
HP-1 siRNA-transfected cells were stimulated with anti-CD2 mAbs
lone or in combination with anti-CD28, with or without anti-CD3
Abs and anti-CD3 mAb alone. IL-10 successfully suppressed pro-

iferation induced with anti-CD2 mAbs in control transfected CD4+

cells (Fig. 4B). In contrast, IL-10-mediated suppression was not
bserved in SHP-1-silenced cells. Furthermore, IL-10 suppressed T
ell proliferation induced by a combination of mAbs against the
o-stimulatory molecules, CD2 and CD28 in control, but not SHP-
Please cite this article in press as: Taylor, A., et al., IL-10 suppresses
doi:10.1016/j.molimm.2008.07.031

siRNA-transfected cells. Moreover, as previously demonstrated
Akdis et al., 2000), the combination of these two mAbs with anti-
D3 mAb not only gave an enhanced proliferative response, but
lso could not be abrogated by IL-10 in both SHP-1 siRNA or control
iRNA-transfected cells.
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To further demonstrate the role of SHP-1 in IL-10-mediated sup-
ression of CD2 co-stimulation, human T cells over-expressing a
ominant negative (DN) form of SHP-1 were generated. For the
table and efficient retroviral transduction of human CD4+ T cells,
he moloney murine leukemia virus (MLV) transfer vector encod-
ng either the green fluorescent protein (GFP) or SHP-1 mutant
C453S) was pseudotyped with variant envelope glycoprotein of
he Gibbon ape leukaemia virus (GALV). Human T cells retained the
ransduced genes in cultures for many months and proliferation
ssays were carried out (Fig. 4C). Similar to findings with SHP-1
iRNA-transfected T cells, SHP-1 DN-expressing T cells showed a
roliferative response to anti-CD2 mAbs alone, which could not be
uppressed by IL-10. In contrast, T cell proliferation due to the same
timulation was inhibited by IL-10 in control cells. IL-10 also sup-
ressed proliferation induced by a combination of anti-CD2 and
nti-CD28 mAbs in control cells, but not in SHP-1 DN cells. Again,
L-10 had no effect on either control or SHP-1 DN T cells stimu-
ated by anti-CD3 mAb alone or in combination with anti-CD2 and
nti-CD28 mAbs.

.5. IL-10 and SHP-1-deficient mouse T cells demonstrate the
uppressor role of IL-10 and SHP-1

IL-10-deficient and homozygous motheaten (me/me, SHP-1-
eficient) (Shultz et al., 1993) mice provided suitable tools for
he analysis of IL-10-mediated suppression of T cell proliferation.
plenic CD4+ T cells were isolated and stimulated with anti-CD2
Abs in the presence or absence of IL-10. IL-10-deficient, but not

ontrol mouse CD4+ T cells displayed enhanced proliferation in
esponse to anti-CD2 stimulation alone, which was suppressed by
L-10 (Fig. 5A). Similarly, SHP-1-deficient T cells showed a signifi-
antly increased proliferative response to stimulation by anti-CD2
Abs alone compared to control T cells. However, the suppressive

ffect of IL-10 was fully abolished in the SHP-1-deficient T cells
Fig. 5B). Together, these data demonstrate that in the absence of
L-10 signaling and its main mediator SHP-1, T cells can proliferate
n response to stimulation via CD2 alone. Differences are observed
etween the CD2-induced proliferations of control cells, the reason
or this could be strain-dependent.

. Discussion

The role of CD2 in signal transduction and T cell activation has
een under debate. It was thought that CD2 had some association
ith TCR signals as signaling occurred whilst the TCR associated

-chain was expressed on the cell surface. However, it was then
ound that CD2 signaling could occur without �-chain (Steeg et al.,
997) and that unique pairs of CD2-specific mAbs can induce T cell
roliferation in the absence of engagement of the CD3–TCR com-
lex (Meuer et al., 1984). Further to this, as also observed in the
resent study, signaling through CD2 has been shown to lower the
hreshold for T cell activation through the TCR/CD3 complex (Bierer
t al., 1988). As in the CD28 co-stimulation pathway, it was thought
hat PI3-K binds to CD2 and that this initiates downstream signaling
vents leading to T cell proliferation, IL-2 production and activation.
owever, CD2 contains neither a pYxxM motif, which is required

or PI3-K binding, nor a phosphotyrosine within its cytoplasmic
omain. The proline rich regions within the cytoplasmic domain
f CD2 were proposed to mediate direct association with PI3-K,
CD2-mediated T cell activation via SHP-1. Mol. Immunol. (2008),

owever, this association was found insufficient for CD2-mediated
ctivation of PI3-K (Kivens et al., 1998). Another possibility involves
he use of an adaptor molecule. Possible adaptor molecules include
D2 binding protein 2 (CD2BP2) (Nishizawa et al., 1998), CD2-
ssociated protein (CD2AP) (Huber et al., 2003), Shc (Umehara et

dx.doi.org/10.1016/j.molimm.2008.07.031
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Fig. 4. SHP-1 silencing prevents IL-10-induced T cell suppression. (A) Human CD4+ T cells were transfected with SHP-1 siRNA or control siRNA at increasing doses, with 1 �g
efficiently silencing SHP-1 expression. SHP-1 or luciferase (control) siRNA-transfected cells were stimulated with anti-CD2, anti-CD2/CD28, anti-CD2/CD28/CD3 or anti-CD3
m was m
o pecifie
( own (*

a
i
S
F
r
S
c

t

Abs (each at 10 �g/ml), in the presence or absence of IL-10 (10 ng/ml). Proliferation
ver-expressing human CD4+ T cells were stimulated with the same conditions as s
unstimulated: u.s). One of five-independent experiments with similar results is sh

l., 1997), CD2 cytoplasmic tail binding protein 3 (CD2BP3), Cbl-
nteracting protein of 85 kD (CIN85) and Cas ligand with multiple
Please cite this article in press as: Taylor, A., et al., IL-10 suppresses
doi:10.1016/j.molimm.2008.07.031

rc homology (SH) 3 domains (CMS) (Tibaldi and Reinherz, 2003).
or the moment the target of SHP-1 in the CD2 signaling complex
emains to be investigated further, however, the understanding of
HP-1-activating mechanisms could provide insights to how SHP-1
ontributes to thresholds for T cell activation.

I
i
t
d
t

easured by [3H] thymidine incorporation after 5 days (B) SHP-1 DN or GFP (control)
d in (A). Proliferation was measured by [3H] thymidine incorporation after 5 days.
p < 0.001).

Several studies have demonstrated the involvement of SHP-1 in
he negative regulation of immune responses (Zhang et al., 2000).
CD2-mediated T cell activation via SHP-1. Mol. Immunol. (2008),

t is known that SHP-1 responds to an activation signal by bind-
ng to membrane bound inhibitory receptors via its SH2 domains
o the tyrosine phosphorylated ITIM/ITAM within the cytoplasmic
omain of a receptor (Wang et al., 1999). Attempts at identifying the
argets of SHP-1 have demonstrated that its suppressive activity is

dx.doi.org/10.1016/j.molimm.2008.07.031
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Fig. 5. IL-10 and SHP-1-deficient mouse CD4+ T cells demonstrate the suppressor role of IL-10 and SHP-1. (A) Splenic CD4+ T cells were isolated from IL-10-deficient and
wild type control mice, and stimulated with plate-bound anti-CD2 mAb (10 �g/ml) in the presence or absence of IL-10 (5 and 20 ng/ml). Proliferation was measured by [3H]
thymidine incorporation after 3 days. Data representative of duplicate experiments performed from 5 IL-10-deficient mice and 5 wt mice (*p < 0.05). (B) Splenic CD4+ T cells
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ere isolated from SHP-1-deficient and wild type control mice, and stimulated wit
roliferation was measured by [3H] thymidine incorporation after 3 days. Data rep
ice (*p < 0.05).

nhanced by using phosphorylated tyrosine-containing sequences
f ITIM motifs to occupy its SH2 domains and thereby activating
HP-1 (Brockdorff et al., 1999). This has been further shown in
tudies using a recently discovered member of the B7 superfam-
ly, B and T lymphocyte attenuator (BTLA). Phosphorylation of the
ytoplasmic domain of BTLA was required for SHP-1 association
Watanabe et al., 2003). BTLA contains two ITIM motifs and the

utation of one of these was sufficient to abrogate SHP-1 associ-
tion, thus indicating a requirement for a dual motif. However, in
ther receptors such as gp49B, which only have one motif (Wang
t al., 1999), this appeared to be sufficient for phosphatase acti-
ation. The sequence of the ITIM motif remains under debate. For
xample, the sequence (I/V)xYxxL has been suggested for associa-
ion with the inhibitory receptor CD22 (Burshtyn et al., 1996). The
nhibitory motif GxYxxM in CTLA-4 has also been termed an ITIM
Cambier, 1997). Overall, further analysis of SHP-1, its activation and
he motifs that it recognizes, could prove an invaluable tool for the
reatment of T cell-mediated diseases.

The present study reveals a novel mechanism by which IL-
0 tunes the threshold of T cell activation by suppressing CD2
o-stimulation. Anti-CD2 stimulation efficiently induces T cell pro-
iferation on its own, in the absence of IL-10, and enhances T
ell responsiveness as a co-stimulator, when combined with low
mounts of anti-CD3 mAb.

We demonstrate here that proliferation of the T cell fraction, in
esponse to CD2 stimulation, is inhibited by IL-10. By blocking the
unction of SHP-1, this suppressive effect of IL-10 on CD2-induced
roliferation no longer occurs. The expanse of this direct regu-

ation of T cell proliferation by IL-10 and its mediator SHP-1 is
ecoming more and more profuse. The co-stimulatory molecule
D28 and the inducible co-stimulator (ICOS), another member of
he B7 superfamily, also induce T cell proliferation and this pro-
iferation has been shown to be suppressed by IL-10 (Akdis et al.,
000; Taylor et al., 2007). Moreover, we have shown that the sup-
ression in these cases was also mediated by SHP-1. Silencing of
HP-1 mRNA by siRNA transfection and the generation of SHP-1 DN
ver-expressing T cells abrogated the suppressive effect of IL-10 on
roliferation induced by anti-CD2 or a combination of anti-CD2 and
Please cite this article in press as: Taylor, A., et al., IL-10 suppresses
doi:10.1016/j.molimm.2008.07.031

CD28 mAbs. Furthermore, we demonstrated that SHP-1-deficient
urine T cells proliferated in response to anti-CD2 mAb stimula-

ion, but the suppressive effect of IL-10 was no longer apparent.
hen SHP-1 is inactive, the inhibition pathway triggered by IL-

0 no longer functions, which leads to increased and prolonged
A

e-bound anti-CD2 mAb (10 �g/ml) in the presence or absence of IL-10 (10 ng/ml).
tative of duplicate experiments performed from 3 SHP-1-deficient mice and 3 wt

cell activation (Cuevas et al., 1999). This may provide a possi-
le explanation for the autoimmune phenotype seen in motheaten
ice characterized by multi-organ infiltration with inflammatory

ells (Shultz et al., 1993) and the altered immune tolerance against
acterial flora in IL-10-deficient mice that develop colitis (Kuhn et
l., 1993).

These data provide substantial evidence for the model we envis-
ge starting from the ligation of IL-10 with its receptor. This then
ctivates Tyk2 and the associated SHP-1 (Yetter et al., 1995), allow-
ng SHP-1 to dephosphorylate pYxxM motifs with the cytoplasmic
ail of co-stimulatory molecules, such as CD28, ICOS (Taylor et al.,
007) and in this case, CD2 combined with its adaptor molecule.
his prevents initialization of the signaling cascade and prolifera-
ion is suppressed.

In conclusion, SHP-1 appears to play an essential role in
L-10-mediated suppression of T cell activation by suppressing

any co-stimulatory molecules, such as CD2, CD28, ICOS, BTLA
nd possibly several others. Therefore, SHP-1 may be considered
s a potential therapeutic target in diseases due to dysregu-
ated immune tolerance against allergens, autoantigens, infectious
gents, tumor antigens and transplantation antigens.
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