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Suppression by natural CD4�CD25� regulatory T cells (Tregs) is one
mechanism by which tolerance is maintained. However, the way in
which Tregs mediate suppression is not well understood. Here, we
show that secreted phospholipase A2 (sPLA2)-IID is selectively
produced by Tregs. sPLA2-IID is a potent mediator of Treg function,
because it strongly suppressed proliferation of CD4� and CD8� T
cells in vitro and in vivo in a manner independent of its catalytic
activity. Furthermore, sPLA2-IID promoted the differentiation of
Tregs, presumably via attenuating signaling through the PI3K/Akt/
mammalian target of rapamycin pathway. Importantly, adminis-
tration of a sPLA2-IID-Fc fusion protein inhibited disease develop-
ment in murine models of colitis and multiple sclerosis, suggesting
that sPLA2-IID’s immunosuppressive function might be exploited
therapeutically.

differential screening � suppression � tolerance

The balance between protective immunity and autoimmune
disease and immunopathology is tightly controlled by regu-

latory T cells (Tregs). Depleting Tregs spontaneously leads to
various autoimmune diseases (1, 2), clearly demonstrating their
crucial importance in keeping the immune system under control.
Natural CD4�CD25�Foxp3� Tregs are continuously produced
in the thymus, but additional populations of antigen-specific
Tregs with similar suppressive function can be induced from
naive CD4� T cells in the periphery (3).

The transcription factor forkhead box P3 protein (Foxp3) acts
as the master regulator in the development and function of
natural Tregs (4). Notably, ectopic expression of Foxp3 or
TGF-�-mediated induction of Foxp3 in naive CD4� T cells
phenotypically and functionally converts them to Tregs (5, 6).
Foxp3 represses IL-2 production and up-regulates the expression
of the IL-2 receptor (CD25) as well as other Treg-associated
molecules such as cytotoxic T lymphocyte-associated antigen 4
(CTLA-4) and glucocorticoid-induced tumor necrosis factor
receptor family-related gene (GITR) (4, 5). The lack of IL-2
secretion renders Tregs highly dependent on exogenous IL-2
for their survival in the periphery (7). Accordingly, IL-2-
and CD25-deficient mice show reduced numbers of
CD4�CD25�Foxp3� Tregs and develop severe lymphoprolif-
erative disease (8).

Tregs suppress the activation and proliferation of many dif-
ferent cell types; however, the exact mechanism of immune
regulation is still incompletely understood. In vitro studies
suggest that natural CD4�CD25�Foxp3� Tregs suppress T cell
activation in a cell–cell contact-dependent manner, because
suppression is inhibited when Tregs and responder T cells are
separated by a semipermeable membrane (9). Notably, the cell
surface molecules CTLA-4 and GITR contribute to this contact
dependency by interacting with CD80 and CD86 molecules
expressed by antigen-presenting cells (10, 11). In contrast,
inducible Tregs appear to function independently of cell–cell
contact and block immune responses through the secretion of
immunosuppressive cytokines such as IL-10 and TGF-� (12, 13).
There is accumulating evidence that in vivo suppression by

natural Tregs also involves the secretion of soluble factors, such
as IL-10 and TGF-� (14).

We reasoned that additional soluble mediators of Treg func-
tion might exist and carried out a differential screening to
identify such proteins. Here, we show that secreted phospho-
lipase A2 (sPLA2)-IID is selectively produced by natural Tregs
and acts as a potent suppressor of T cell activation both in vitro
and in vivo.

Results
Identification of sPLA2-IID as a Secreted Protein Selectively Released
by Tregs. Screening for genes specifically expressed in Tregs was
carried out by suppression subtractive hybridization (SSH) (15).
Double-stranded cDNA (ds-cDNA) synthesized from RNA iso-
lated from CD4�CD25� Tregs was used as the tester, whereas
a mixture containing 50% naive CD4�CD25� T cell ds-cDNA
and 50% in vitro-activated CD4�CD25� T cell ds-cDNAs served
as the driver. The use of this subtraction strategy allowed for
enrichment of genes that are highly expressed in Tregs but not
in naive or effector T cells. A library of cDNA fragments was
produced and 240 clones were subjected to DNA sequencing.
One cDNA fragment contained a 167-bp sequence segment,
which in a BLAST search matched with a mRNA encoding the
sPLA2-IID (accession no. NM�011109), which is a particular
isoform of the family of sPLA2 proteins. Translation of this
cDNA yields a secreted protein of 144 aa containing an N-
terminal signal peptide (amino acids 1–19), 7 disulfide bonds,
and a putative N-glycosylation site as described in refs. 16–18.

Expression Profile of sPLA2-IID. Selective expression of sPLA2-IID
by Tregs was validated by analyzing various cell populations for
differential gene expression by quantitative real-time PCR. First,
the expression level of sPLA2-IID in freshly isolated
CD4�CD25� and CD4�CD25� T cells was compared. In accor-
dance with a possible role of sPLA2-IID in Tregs, a 40-fold
higher expression of sPLA2-IID was observed in the regulatory
compared with the nonregulatory T cell population, correspond-
ing well with the �80-fold higher expression of Foxp3 (Fig. 1A).
Furthermore, resting and activated Tregs stained positive with a
sPLA2-IID-specific antibody compared with a control antibody
(Fig. S1).

Next, we sought to induce de novo sPLA2-IID expression in
Tregs that had differentiated in vitro. Thus, freshly isolated
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CD4�CD25� T cells were stimulated with soluble anti-CD28 and
plate-bound anti-CD3 in the presence of TGF-� as described in
ref. 6. The addition of TGF-� led to the differentiation of Tregs,
as shown by massive induction of Foxp3 expression. Significantly,
differentiation of Tregs was associated with a �1,200-fold
increase in sPLA2-IID expression (Fig. 1B).

To verify the expression of sPLA2-IID by Tregs in vivo, its
expression in total CD4� T cells from C57BL/6 mice was
compared with that from IL-2�/� mice. The latter are known to
have dramatically reduced numbers of Tregs (8), and we there-
fore expected them to express lower levels of sPLA2-IID.
Indeed, CD4� T cells isolated from IL-2�/� mice not only
showed 8-fold lower Foxp3 expression levels than their wild-type
(wt) counterparts but also expressed 23 times less sPLA2-IID
(Fig. 1C).

To exclude the possibility that sPLA2-IID is expressed in
effector CD4� T cells, which share the CD25� phenotype with
Tregs, its expression in CD4� T cells isolated from naive
SMARTA-2 mice expressing a T cell antigen receptor (TCR)
specific for the H-2 I-Ab-restricted peptide p13 (19) was com-
pared with that in CD4� T cells from p13-injected SMARTA-2
mice. Importantly, total CD4� T cells from p13-treated mice
expressed �30-fold lower levels of sPLA2-IID than CD4� T cells
from naive SMARTA-2 mice, clearly demonstrating that sPLA2-
IID expression is not associated with a classical effector T cell
phenotype (Fig. 1D).

In accordance with a possible role as a Treg effector molecule,
sPLA2-IID is predominantly expressed in spleen and lymph
node (LN) with little or no expression in other tissues (16, 18).
We next investigated expression of sPLA2-IID in different cell
types. Only trace amounts of sPLA2-IID were detected in
nonregulatory T cells (Fig. 1 A–D). To investigate a possible role
in non-T cells, sPLA2-IID expression was also analyzed in
B220�, Gr-1�, CD11c�, and CD11b� cells. Although no expres-

sion was detectable in B220� and Gr-1� cells, significant sPLA2-
IID expression levels were found in freshly isolated splenic
CD11c� and CD11b� cells expressing low levels of CD80 and
CD40. However, sPLA2-IID expression by these cells seemed to
be limited to the resting state. Indeed, overnight activation in the
presence of LPS was associated with a strong down-regulation of
sPLA2-IID expression (Fig. 1E).

sPLA2-IID Inhibits T Cell Proliferation in Vitro and in Vivo. Tregs are
defined as T cells with a suppressive activity on immune re-
sponses. We hypothesized that, if sPLA2-IID functions as a Treg
effector molecule, it may exhibit a suppressive activity on
immune cells. To test whether sPLA2-IID had an effect on T
cells, an in vitro proliferation assay was performed. Purified
CD4� and CD8� T cells were stimulated by plate-bound anti-
CD3 antibody in the presence of coated sPLA2-IID-Fc fusion
protein or Fc alone. We used a mutated human Fc domain, which
is a weak binder of Fc � receptors and not able to mediate
antibody-dependent cellular cytotoxicity (20). Anti-CD3 stimu-
lation led to a strong proliferative response by CD4� and CD8�

T cells. Significantly, immobilized sPLA2-IID-Fc fusion protein
potently inhibited CD4� and CD8� T cell proliferation in a
dose-dependent manner (Fig. 2A), showing that sPLA2-IID has
a suppressive activity. Inhibition of proliferation was not depen-
dent on the presence of an Fc domain, because a variant carrying
a FLAG-tag was equally effective (Fig. S2). Of note, cell
proliferation of established cell lines was not affected by sPLA2-
IID, indicating that sPLA2-IID does not act nonspecifically on
cell proliferation (Fig. S3).

Given the potent inhibitory effect on in vitro proliferation, we
tested whether sPLA2-IID was also able to inhibit T cell
proliferation in vivo. We assessed this question by using a TCR
transgenic mouse model. CD4� T cells were isolated from naive
TCR-transgenic SMARTA-2 mice (19). After labeling with
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Fig. 1. Analysis of sPLA2-IID and Foxp3 expression by quantitative real-time PCR. (A) Comparison of expression levels in freshly isolated naive CD4�CD25� T
cells (CD25�) and CD4�CD25� Tregs (CD25�). (B) Expression levels in purified CD4�CD25� T cells stimulated with plate-bound anti-CD3 (coated at 2 �g/mL) and
1 �g/mL soluble anti-CD28 in the presence or absence of 20 ng/mL human TGF-�. (C) CD4� T cells from B6 mice were compared with CD4� T cells from IL-2�/�

mice. (D) CD4� T cells from naive and immunized (p13, 50 �g, i.v.) SMARTA-2 mice were compared. (E) sPLA2-IID expression in B220�, Gr-1�, resting and activated
(overnight with LPS) CD11c� and CD11b�cells. (A–E) Representative data are presented as mean expression level normalized to �-actin. Error bars represent SD
of 3 reactions. *, P � 0.05; **, P � 0.005. Data are representative of 3 independent experiments.
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carboxyfluorescein diacetate succinimidyl ester (CFSE), cells
were adoptively transferred into C57BL/6 recipients, which were
then injected with p13 peptide coupled to the virus-like particle
Q� 1 day later (21). To investigate a possible antiproliferative
effect, mice were treated with daily injections of sPLA2-IID-Fc
or control Fc starting on the day of the adoptive transfer. Cells
from draining LN were isolated 2 and 5 days after immunization,
stained for CD4� expression, and in vivo proliferation was
analyzed by CFSE dilution analysis (Fig. 2B). Consistent with the
in vitro data (Fig. 2 A), sPLA2-IID-Fc treatment reduced the T
cell proliferation in vivo.

Whereas many of the biological effects of sPLA2 proteins are
critically dependent on their catalytic activity, there is accumu-
lating evidence that certain effects are independent of it (22). To
investigate whether the catalytic activity of sPLA2-IID is re-
quired to mediate inhibition of T cell proliferation, we prepared
a mutated variant of sPLA2-IID in which the catalytic histidine
is exchanged by an alanine (H66A). When tested in an in vitro

proliferation assay, the mutated protein was as effective as the
wt protein in inhibiting proliferation, demonstrating that cata-
lytic activity is not required (Fig. 2C). To verify that inhibition
of T cell proliferation is not a property of all sPLA2 isoforms but
specific to sPLA2-IID, we tested an additional member of this
protein family. Thus, sPLA2-IIA was cloned (23), recombinantly
produced as an Fc fusion protein, and tested for its ability to
suppress CD4� T cell proliferation. Notably, sPLA2-IIA had
little effect on T cell proliferation compared with sPLA2-IID (30%
vs. 93% inhibition), demonstrating that the potent inhibitory ac-
tivity is indeed a property specific to sPLA2-IID (Fig. 2C).

We investigated the mechanism of action in more detail by
testing the effect of soluble and antibody-cross-linked sPLA2-
IID-Fc on T cell proliferation. Similar to coated protein, anti-
body-cross-linked sPLA2-IID-Fc potently inhibited CD4� T cell
proliferation (Fig. 2D). In contrast, soluble sPLA2-IID-Fc had
no detectable inhibitory activity. Thus, it appears likely that
sPLA2-IID exerts its effect on T cells by binding and cross-
linking of a cell surface receptor.

It is noteworthy that, similar to other sPLA2 proteins
including sPLA2-IIA, sPLA2-IID is highly cationic and binds
strongly to heparan sulfate proteoglycans (HPSGs) (16). In-
deed, our recombinantly produced sPLA2-IID-Fc fusion pro-
tein bound to numerous cell types, and this binding could be
blocked by heparin (Fig. S4). Thus, in vivo, sPLA2-IID is not
expected to be in a soluble form but bound to HPSGs on the
cell surface. Hence, as observed for coated sPLA2-IID in vitro,
sPLA2-IID is also expected to be able to cross-link a putative
receptor in vivo.

sPLA2-IID Interferes with T Cell Activation and Induces Foxp3� T Cells.
Given its inhibitory effect on T cell proliferation, we next
investigated whether sPLA2-IID interferes with T cell activa-
tion. Resting T cells are known to constitutively express CD62L,
which is essential for LN homing (24). Activation leads to
down-regulation of CD62L and the concomitant up-regulation
of the activation marker CD44. To assess the effect of sPLA2-
IID on T cell activation, we stimulated CD4� T cells for 3 days
with anti-CD3 in the presence of sPLA2-IID-Fc, sPLA2-IID-
H66A-Fc, sPLA2-IIA-Fc, or Fc. Anti-CD3 stimulation in the
presence of Fc or sPLA2-IIA-Fc led to strong activation of CD4�

T cells, as shown by down-regulation of CD62L and up-
regulation of CD44 (Fig. 3A). In marked contrast, cells treated
with the wt or mutated sPLA2-IID-Fc protein were unable to
down-regulate CD62L on anti-CD3 stimulation (Fig. 3A). How-
ever, they were able to up-regulate CD44, indicating that sPLA2-
IID allows them to become partially activated (Fig. 3A).

Low-intensity activation or immunosuppressive cytokines
such as TGF-� favor the development of Tregs from naive T
cells (8). Thus, we next tested whether sPLA2-IID can promote
induction of CD4�CD25�Foxp3� cells. Therefore, sorted
CD4�CD25� cells were stimulated as above and analyzed for
Foxp3 expression. Stimulation of cells in the presence of wt or
mutated sPLA2-IID-Fc resulted in 5-fold higher frequencies
of Foxp3� cells compared with Fc (Fig. 3 B and C). Further-
more, absolute numbers of CD4�Foxp3� cells were also
increased (Fig. 3D), indicating that sPLA2-IID promotes the
differentiation of Foxp3� cells. We found similar percentages
and frequencies of Foxp3� cells when using CD4�GFP� T cells
isolated from Foxp3-GFP mice (Fig. S5), indicating that these
cells are indeed induced de novo and not present because of
expansion of CD4�CD25�Foxp3� cells. Hence, sPLA2-IID is
a protein secreted by Tregs that specifically favors the Treg
phenotype.

Sustained activation of the PI3K/Akt/mammalian target of
rapamycin (mTOR) network has been shown to block Treg
differentiation and to down-regulate CD62L (25–27). Given the
lack of CD62L down-regulation in sPLA2-IID-treated cells, we
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Fig. 2. Inhibition of T cell proliferation by sPLA2-IID. (A) In vitro T cell
proliferation assay. Purified CD4� and CD8� T cells were stimulated for 3 days
in the absence or presence of plate-bound anti-CD3 antibody as indicated and
increasing concentrations of plate-bound sPLA2-IID-Fc or Fc (coated as indi-
cated). After 48 h, cultures were pulsed with [3H]thymidine for 12 h and
analyzed for the incorporated radioactivity. (B) In vivo T cell proliferation
assay. C57BL/6 recipients were injected with 5 � 106 CFSE-labeled SMARTA-2
CD4� T cells and immunized with p13-Q� 1 day later. Mice were subjected to
daily injections of 50 �g of sPLA2-IID-Fc or Fc starting on the day of transfer.
Flow cytometric analysis of adoptively transferred T cells from the draining LN
was performed 2 and 5 days after immunization, by gating on CD4� T cells.
One representative mouse is shown. (C) In vitro proliferation of CD4� T cells in
the presence of plate-bound proteins as indicated (coated at 10 �g/mL each).
IID, sPLA2-IID-Fc; IID-H66A, sPLA2-IID-H66A-Fc; IIA, sPLA2-IIA-Fc. (D) In vitro
proliferation of CD4� T cells in the absence or presence of 10 �g/mL soluble (s),
coated (c), or cross-linked (x) sPLA2-IID-Fc or Fc. (A, C, and D) Representative
data are presented as mean cpm � SD of 2 cultures. *, P � 0.05; **, P � 0.005
compared with corresponding Fc control. Data are representative of 3 inde-
pendent experiments.
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investigated whether a blockade of the PI3K/Akt/mTOR path-
way might be involved. As an indirect readout of the PI3K/Akt/
mTOR pathway, the phosphorylation status of the ribosomal
protein S6, the target of PI3K- and mTOR-regulated p70S6
kinase, was investigated. Splenocytes were stimulated with anti-
CD3 in the presence of sPLA2-IID-Fc, sPLA2-IID-H66A-Fc,
sPLA2-IIA-Fc, or Fc, and after 30 min, the phosphorylation
status of S6 was analyzed. High levels of S6 phosphorylation were
observed in a large fraction of Fc- and sPLA2-IIA-Fc-treated
cells, whereas only modest S6 phosphorylation was observed in
cells stimulated in the presence of wt or mutated sPLA2-IID-Fc
(Fig. 3E). This provides further evidence that sPLA2-IID inhib-
its signaling pathways downstream of PI3K/Akt/mTOR and
relates sPLA2-IID signaling to Treg differentiation.

Therapeutic Efficacy in Preclinical Disease Models. There is evidence
suggesting that IL-10 and TGF-� are involved in Treg-mediated

control of chronic colitis and experimental autoimmune enceph-
alomyelitis (EAE) (28) and to suppress CD4� T cell proliferation
(29, 30). Thus, we investigated whether sPLA2-IID might also be
able to negatively regulate development of these diseases.

We induced chronic colitis by the transfer of naive
CD4�CD25�CD45RBhigh T cells into RAG1�/� mice. Mice
were subjected to biweekly injections with sPLA2-IID-H66A-Fc
fusion protein or Fc, starting 1 day before the transfer. After 35
days, the colons of Fc-treated mice were enlarged (Fig. 4A) and
tissue sections were characterized by epithelial hyperplasia,
inflammatory infiltrates, erosion, and goblet cell depletion (Fig.
4 B and C). In striking contrast, sPLA2-IID-H66A-Fc-treated
mice displayed no macroscopic or histological evidence of
intestinal inflammation (Fig. 4 A–C).

A hallmark of colitis pathogenesis is the production of in-
f lammatory cytokines by the donor lymphocytes (31). Indeed, on
day 35 after disease induction, a high percentage of CD4� T cells
from control animals were positive for TNF-�, IFN-�, and IL-17
on ex vivo stimulation with phorbol 12-myristate 13-acetate
(PMA) and ionomycin (Fig. 4D). Significantly, the fraction of
cells positive for these cytokines was dramatically reduced when
CD4� T cells were isolated from sPLA2-IID-H66A-Fc-treated
mice (Fig. 4D). Furthermore, in line with the reduced inflam-
mation in sPLA2-IID-H66A-Fc-treated mice, there was a 3-fold
higher percentage of Tregs compared with Fc-treated mice, an
observation that is compatible with a role of Tregs in controlling
chronic colitis (Fig. 4D Right). This demonstrates that treatment
with sPLA2-IID reduces the development of Th17 cells, whereas
Treg induction is promoted.

We next assessed whether sPLA2-IID is also able to reduce the
symptoms of EAE. Notably, sPLA2-IID-H66A-Fc-treated mice
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Fig. 3. Effect of sPLA2-IID treatment on CD4� T cell activation and Foxp3
expression. (A) Cell surface expression of CD62L and CD44. CD4� T cells were
stimulated with anti-CD3 antibody (coated at 1 �g/mL) alone or together with
the indicated proteins (coated at 10 �g/mL) and analyzed by flow cytometry
for CD62L and CD44 expression, gating on living CD4� T cells. (B) Analysis of
Foxp3 expression. Sorted CD4�CD25� T cells were stimulated in the presence
of 1 �g/mL soluble anti-CD28 antibody, immobilized anti-CD3 antibody
(coated at 1 �g/mL), and the indicated proteins (coated at 50 �g/mL). (C and
D) Data from B is presented as percentage (C) and absolute numbers (D) of
Foxp3� cells � SD of 3 cultures. TGF-�, treated with soluble TGF-� at 20 ng/mL.
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ribosomal protein S6. Splenocytes were stimulated with anti-CD3 (coated at 10
�g/mL) in the presence of the indicated proteins (—, coated at 100 �g/mL).
Cells were analyzed for phospho-S6 status by flow cytometry, gating on T cells
(CD90.2�). ���, Rapamycin treated; —, PDBu-treated. (A–E) Anti-CD3, anti-CD3
stimulated cells; IID, sPLA2-IID-Fc; IID-H66A, sPLA2-IID-H66A-Fc; IIA, sPLA2-IIA-
Fc. The analysis was repeated twice with a similar result.
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Fig. 4. sPLA2-IID protects from colitis. RAG1�/� mice were injected with 4 �
105 CD4�CD25�CD45RBhigh T cells to induce colitis and treated biweekly with
sPLA2-IID-H66A-Fc (IID-H66A) or Fc. Mice were killed at day 35 postinjection
and analyzed. (A) A representative macroscopic image of the colon is shown.
(B) A representative histological section (H&E staining) of the colon is dis-
played. (Magnification, 10� and 20�.) (C) Score of colons (average of proxi-
mal, middle, and distal parts) were analyzed for clinical signs as indicated. (D)
Mesenteric LN cells were stained for TNF-�, IFN-�, IL-17, and Foxp3 expression
and analyzed by gating on CD4� T cells. n � 4 mice per group. ***, P � 0.005;

**, P � 0.001; *, P � 0.05. Error bars represent SD. Data are representative of
3 independent experiments.

11676 � www.pnas.org�cgi�doi�10.1073�pnas.0812569106 von Allmen et al.



developed EAE of milder severity at the peak of disease,
consistent with lower clinical scores, reduced weight loss, and
little sign of inflammation (Fig. S6).

Taken together, our data demonstrate that sPLA2-IID is able
to interfere with the development of autoimmune and inflam-
matory diseases, pointing to a potential use for the treatment of
human disorders.

Discussion
We describe here the identification of sPLA2-IID as an effector
protein selectively secreted by CD4�CD25�Foxp3� Tregs. We
show that sPLA2-IID inhibits the in vitro and in vivo prolifer-
ation of T cells, through a mechanism independent of its catalytic
activity, possibly involving binding of a specific surface receptor.
sPLA2-IID also promoted differentiation to Tregs correlating
with inhibition of PI3K/Akt/mTOR signaling. A therapeutic
potential of sPLA2-IID was revealed by its potent inhibitory
activity in 2 preclinical disease models.

We show here expression of sPLA2-IID in Foxp3� Tregs,
which is consistent with previous reports showing prominent
expression of the molecule in the spleen and in LN (16–18, 32).
However, in addition to its expression in Tregs, we also found
sPLA2-IID expression in resting dendritic cells (DCs) and
macrophages. This is consistent with a broader immune modu-
lating function of sPLA2-IID, because resting DCs and tissue
macrophages are known to express immunosuppressive mole-
cules and to mediate peripheral T cell tolerance rather than
activation (33).

The primary function of secretory and nonsecretory PLA2s
is the cleavage of glycerophospholipids at the sn-2 position,
into free fatty acid and lysophospholipid (34). In mammalian
cells, this activity is critical for the release of arachidonic acid
from membrane phospholipids, the precursor for the synthesis
of prostaglandins, thromboxane, and leukotrienes (35). How-
ever, some biological functions of sPLA2s have been shown to
be independent of enzymatic activity and the generation of
arachidonic acid (22). In accordance with this, we found that
an enzymatically inactive variant of sPLA2-IID still potently
inhibited T cell activation and proliferation in vitro and in vivo.
It seems likely that binding to a cell surface receptor is
involved, because only sPLA2-IID immobilized on plastic or
cross-linked by an antibody displayed inhibitory activity on in
vitro proliferation of T cells. Strikingly, a different member of
the sPLA2 family, sPLA2-IIA, did not interfere with T cell
activation or proliferation. sPLA2-IIA is highly homologous to
sPLA2-IID (48% identity), sharing an identical distribution of
14 cysteine residues and HPSG binding (16), supporting the
notion that PLA2 catalytic activity per se is not responsible for
the observed effects. A 180-kDa lectin dubbed the M-type
receptor is now recognized to be a high-affinity receptor for
many sPLA2 isoforms (36). Notably, the M-type receptor
binds sPLA2-IIA with high affinity, whereas it does not bind
sPLA2-IID (37). Thus, it seems likely that sPLA2-IID exerts
its effect on T cells via a yet-to-be identified cell surface
receptor. However, our attempts at identifying this receptor,
hampered by sPLA2-IID’s strong binding to HSPGs (16), have
thus far not been successful.

Our data show that sPLA2-IID not only strongly blocks T cell
activation in vitro and in vivo but also promotes differentiation
of Tregs, possibly via blockage of the PI3K/Akt/mTOR network.
This is in line with recent reports that propose that Foxp3
expression is regulated by the PI3K/Akt/mTOR pathway (25–
27). Hence sPLA2-IID is a protein secreted by Tregs that
specifically promotes the generation of Tregs, leading to a
positive-feedback loop that may be important under physiolog-
ical conditions to effectively counterbalance a disease-
promoting proinflammatory milieu. In this respect, sPLA2-IID
may be similar to other antiinflammatory molecules, such as

IL-10 and TGF-�, which are known to foster Treg generation.
Furthermore, in our in vivo model of colitis, we have seen
reduced presence of inflammatory Th17 cells. Whether this is a
direct effect of sPLA2-IID or is mediated indirectly via the
induction of Tregs remains to be determined.

In conclusion, we have identified sPLA2-IID as a potent
immunosuppressive protein. sPLA2-IID blocks T cell activation
in vitro and in vivo and promotes differentiation of Tregs in vitro,
presumably creating a positive-feedback loop. This identifies
sPLA2-IID as a potential candidate for therapeutic intervention
for the treatment of inflammatory and autoimmune conditions.

Materials and Methods
SSH. For the isolation of CD4�CD25� Tregs, CD4� T cells isolated from spleen
and LN of C57BL/6 mice were purified by sorting on a FACSVantage (Becton
Dickinson). As a control, CD4�CD25� naive T cells were also sorted. Half of
these cells were used immediately, the other half were activated overnight in
the presence of 500 ng/mL ionomycin and 50 ng/mL PMA (Sigma). Total RNA
was isolated by using TRI reagent (Molecular Research Center). ds-cDNA was
synthesized from each of the RNAs by using the SMART PCR cDNA synthesis kit
(Clontech). Enrichment of genes specifically expressed in Tregs was carried out
by SSH with the PCR Select kit (Clontech). The resulting cDNA fragments were
cloned into pCR II-TOPO and subjected to DNA sequencing.

Quantitative Real-Time PCR. Synthesis of single-stranded cDNA (ss-cDNA) from
total RNA was done by using random nonamers (Microsynth) and SuperScript
II reverse transcriptase (Invitrogen) according to the manufacturer’s protocol.
Template RNA was digested with 2 units of RNase H (New England BioLabs) at
37 °C for 20 min. The ss-cDNA was then used as template for quantitative
real-time PCR (iCycler; Bio-Rad) with the gene-specific primers �-actin-F (5�-
CCC TGA AGT AC CCC ATT GAA C-3�), �-actin-B (5�-CTT TTC ACG GTT GGC CTT
AG-3�), Foxp3-F (5�-AGT GGC CTG GTT GTG AGA AG-3�), Foxp3-B (5�-GGA
AAA GGA GAA GCT GGG AG-3�), sPLA2-IID-F (5�-GGA GTC CCC TAG AAC
CAA GC-3�), and sPLA2-IID-B (5�-CCG GAG CCT GAG CTA TTA TG-3�), by
using the Brilliant SYBR Green QPCR Master Mix (Stratagene) according to
the manufacturer’s protocol.

Production of Mouse sPLA2-IID-Fc, sPLA2-IID-H66A-Fc, and sPLA2-IIA-Fc Fusion
Proteins. wt and H66A variants of mouse sPLA2-IID (NP�035239), as well as
mouse sPLA2-IIA (NP�001076000), were expressed in HEK-293T cells as Fc-
fusion proteins. A C-terminal mutated human Fc �1 domain was generated by
exchanging 4 aa in the CH2 domain (L234A, L235E, G238A, and P331S), which
are the critical residues for interaction with Fc � receptors (20). Fc-fusion
proteins were then purified by protein G-Sepharose affinity chromatography.

Proliferation Assays. Magnetic-activated cell sorting (MACS)-purified CD4�

and CD8� T cells (2 � 105 cells per well) were cultured in complete Iscove’s
modified Dulbecco’s medium (Lonza). Wells were coated with 0.5–1 �g/mL
anti-CD3 antibody (2C11; BD Biosciences) and 1–100 �g/mL indicated protein
overnight at 4 °C. Cross-linking of sPLA2-IID-Fc was done by adding goat
anti-human IgG (Jackson ImmunoResearch Laboratories) in a 4-fold molar
excess over soluble sPLA2-IID-Fc. After 48 h of culture, cells were pulsed with
1 �Ci of [3H]thymidine (Hartmann Analytic) for 6–12 h and then analyzed on
a beta counter (1450 MicroBeta Trilux; PerkinElmer Wallace). Alternatively,
cells were analyzed by flow cytometry.

CFSE Labeling and Adoptive Transfer. MACS-purified SMARTA-2 CD4� T cells
were labeled in a 0.5 �M CFSE solution (Molecular Probes) and incubated for
7 min at 37 °C. A total of 5 � 106 labeled CD4� T cells were injected i.v. into
C57BL/6 recipients. After 16 h, recipients were vaccinated s.c. with 50 �g of p13
peptide (GLNGPDIYKGVYQFKSVE) coupled to Q� (21). Animals were sub-
jected to daily i.v. injections of 50 �g of sPLA2-IID-Fc or Fc.

T Cell Reconstitution. Colitis was induced in RAG1�/� mice by the adoptive
transfer of 4 � 105 CD4�CD25�CD45RBhigh T cells as described in ref. 28. Mice
were injected i.v. with 50 �g of sPLA2-IID-H66A-Fc or Fc. Mesenteric LN and
colons were removed, fixed with 10% paraformaldehyde (Sigma), and ana-
lyzed by H&E staining.

Flow Cytometry. Cells were then stained with the following antibodies ob-
tained from BD Biosciences: allophycocyanin (APC) CD4 (LT34), PerCP CD4
(RM4-5), FITC CD62L (MEL-14), phycoerythrin (PE) CD44 (IM7), FITC CD25 (3C7),
PE IFN-� (XMG1.2), Alexa 647 IL-17 (TC11-18H10), and FITC TNF-� (MP6-XT22).
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APC Foxp3 (FJK-16s) was purchased from eBioscience. Analysis of phosphor-
ylation of S6 was done as in ref. 38. As a negative control, cells were treated
with 20 nM rapamycin (Sigma) and as a positive control with 4 nM phorbol
dibutyrate (PDBu) (Sigma).
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