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Abstract

Forkhead box P3 (FOXP3) is considered a specific marker for CD41CD251 regulatory T (Treg) cells,
but increasing evidence suggests that human CD41CD252 effector T (Teff) cells can transiently
express FOXP3 upon activation. We demonstrate that the signal transducer and activator of
transcription 5 (STAT5)-signaling cytokines, IL-2, IL-15 and to a lesser extent IL-7, induce FOXP3 up-
regulation in vitro in activated human Teff cells. In contrast, cytokines which do not activate STAT5,
such as IL-4 or transforming growth factor-b alone, do not directly induce FOXP3 expression in
activated Teff cells. Moreover, expression of a constitutively active form of STAT5a is sufficient to
induce FOXP3 expression in Teff cells. Expression of FOXP3 in activated Teff cells requires both TCR-
mediated activation and endogenous IL-2, but is not dependent on cell division and does not induce
suppressive function. The presence of STAT5-activating cytokines is also required to maintain high
FOXP3 expression and suppressive activity of Treg cells in vitro. These data indicate that activation of
STAT5 sustains FOXP3 expression in both Treg and Teff cells and contribute to our understanding of
how cytokines affect the expression of FOXP3.

Introduction

Although IL-2 was first identified as potent T cell growth fac-
tor (1), it has more recently been demonstrated that a major
function of IL-2 is the maintenance of peripheral T cell toler-
ance (2, 3 and reviewed in 4). Il2�/� (5) as well as IL-2Ra
(CD25)-deficient mice (6, 7) are characterized by hyperacti-
vation of the CD4+ T cell compartment, which leads to a lethal
multiorgan autoimmunity with anemia, auto-antibodies and
severe colitis. IL-2-deficient mice, however, have normal
numbers of regulatory T (Treg) cells (8) which are functional
(9). Therefore, the precise role of IL-2 in tolerance and Treg
cell biology remains to be defined. IL-2 signals through a re-
ceptor complex consisting of three subunits, namely the IL-
2Ra (CD25), IL-2Rb (CD122) and common c-chain (cc)
(CD132) (10). The high-affinity receptor is expressed by ef-
fector T (Teff) cells upon activation (11) and sustains their
expansion and function in response to IL-2. In addition to
IL-2, the only other cytokine known to signal through the IL-
2Rb–cc receptor complex is IL-15 (12). The cc is also shared

as signaling subunit of the receptors for IL-4, IL-7, IL-9, IL-15
and IL-21 (reviewed in 13).
The IL-2Ra subunit is constitutively expressed at high level

on the surface of naturally occurring CD4+CD25+ Treg cells
(14), a distinct subset of T cells which has a key role in con-
trolling and maintaining immune tolerance (15). Much evi-
dence indicates that CD4+CD25+ Treg cells are able to
suppress immune responses to auto- and allo-antigens, tu-
mor antigens and infectious agents in vivo (reviewed in 16)
and that they are dependent on exogenous IL-2 for their ho-
meostasis and function (3, 4, 17). Suppression by CD4+

CD25+ Treg cells is cell–cell contact dependent in vitro and
requires signaling through IL-2 since both in vitro and in vivo
suppressive activity of Treg cells is abrogated when IL-2 sig-
naling is blocked (3, 18). Forkhead box P3 (FOXP3) has
been identified as Treg cell lineage specification factor, in
both murine and human T cells (19). Recently, it has been
demonstrated that IL-2 up-regulates the expression of
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FOXP3 in human CD4+CD25+ T cells, both in vitro and in vivo
(20–22). However, the molecular mechanisms that link IL-2 to
induction of FOXP3 expression and regulation of suppres-
sive function remain unclear.
Importantly, expression of FOXP3 does not exclusively oc-

cur in CD4+CD25+ Treg cells since in humans it can also be
transiently induced in activated CD4+CD25� Teff cells, which
do not express FOXP3 in the resting state (23–27). The func-
tion of FOXP3 and the molecular factors that regulate its ex-
pression in Treg versus Teff cells remain to be defined.
In this study, we investigated the role of cytokines in regulat-

ing FOXP3 expression in human Teff and Treg cells. We found
that expression of FOXP3 in CD4+CD25� Teff and CD4+CD25+

Treg cells is dependent on the presence of cytokines that
activate signal transducer and activator of transcription 5
(STAT5), such as IL-2, IL-7 and IL-15. In contrast, IL-4 or
transforming growth factor-b (TGF-b) alone was not sufficient
to induce FOXP3 expression in activated CD4+CD25� Teff
cells, in short-term in vitro culture. Furthermore, expression of
a constitutively active form of STAT5a could induce expres-
sion of FOXP3 in Teff cells. These data indicate that activation
of STAT5 is a critical factor in the induction and maintenance
of FOXP3 expression in Teff and Treg cells, respectively.

Methods

Cell purification

Peripheral blood was obtained upon written informed con-
sent from healthy donors in accordance with local ethical
committee approval (Protocol TIGET03 and UBC CREB
C03-0062). PBMCs were prepared over Ficoll–Hypaque gra-
dients. CD4+ T cells were purified with the CD4+ T cell isola-
tion kit (Miltenyi Biotec, Bergisch Gladbach, Germany),
subsequently separated into CD25+ and CD25� fractions by
positive selection (Miltenyi Biotec) and were 85–90% pure.

Short-term in vitro culture of T cells

Purified CD4+CD25+/CD25� T cells were cultured in X-
VIVO15 medium (Cambrex, East Rutherford, NJ, USA) sup-
plemented with 5% human serum (Cambrex) and 100 U
ml�1 penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA)
for a period of 24–96 h with 10 lg ml�1 of immobilized anti-
CD3 (Janssen-Cilag, Raritan, NJ, USA) plus 1 lg ml�1 of
soluble anti-CD28 (BD Biosciences, San Jose, CA, USA)
mAbs, with or without cytokines or in the presence of cyto-
kines alone. At fixed time points, T cells were stained for
FACS analysis or tested in functional assays. When evalua-
tion of proliferative response was required, CD4+CD25�

T cells were labeled with carboxyfluorescein diacetate succi-
nimidylester (CFSE) (Invitrogen), as previously described (28)
and stimuli/blockers were added 24 h after activation. Cells
were cultured for additional 72 h and analyzed by FACS.

Cytokines and cytokine-signaling blockers

The following cytokines were added as indicated: IL-2 100 U
ml�1 (Chiron, Novartis Vaccines and Diagnostics, Emeryville,
CA, USA), IL-4 200 ng ml�1 (R&D Systems, Minneapolis,
MN, USA), IL-7 10 ng ml�1 (Pepro Tech, Rocky Hill, NJ,
USA), IL-15 10 ng ml�1 (R&D Systems) and TGF-b1 1 ng

ml�1 (R&D Systems). When necessary, IL-2 signaling was
blocked using 10 lg ml�1 of anti-IL-2Ra mAb clone 22722.2
(R&D Systems). In order to block STAT5-mediated signal
transduction 2-(1,1-dimethyl)-9-fluoro-3,6-dihydro-7H-benz[h]-
imidaz[4,5-f]isoquinolin-7-one (Jak Inhibitor I in Solution)
(Calbiochem, Merck KGaA, Darmstadt, Germany) was used
at a concentration of 1 lM; this compound displays inhibi-
tory activity against Jak1, Jak3 and Tyk2 and blocks the
phosphorylation of STAT5 (29). Rapamycin (Sigma, St Louis,
MO, USA) 100 nM (30) was used to block the phosphatidyl-
inositol-3-kinase (PI3K) pathway.

FACS analysis

T cells were stained with anti-CD4 and anti-CD25 mAbs (BD
Biosciences) FITC or PE coupled, respectively. Expression of
FOXP3 was determined by staining with allophycocyanin-
conjugated anti-FOXP3 mAb (clone PCH101 or clone 236A/
E7, eBioscience San Diego, CA, USA), following the manu-
facturer’s instructions. The specificity of the FOXP3 staining
was confirmed by comparing results obtained with clone
PCH101 with those obtained with clone 259D (Biolegend,
San Diego, CA, USA) (data not shown). Staining for CD69,
HLA-DR and CD40L (BD Biosciences) was performed
according to the manufacturer’s instructions.

Suppression assay

CD4+CD25� T cells, used as responder cells, were plated in
96-well round-bottom plates (Corning, Corning, NY, USA) at
a density of 50 000 or 100 000 cells per well, for [3H]-
thymidine incorporation and CFSE dilution assay, respectively,
in a final volume of 200 ll of complete medium and activated
in the presence of CD3-depleted PBMC (irradiated 6000 rad)
and soluble anti-CD3 mAb (1 lg ml�1). Suppressor cells were
added at a ratio of 1:1. When CFSE dilution was used as read
out, cells were analyzed by FACS after 4 days. Staining of re-
sponder cells and calculation of the proportion of CFSE+ cells
proliferating in vitro was performed as described previously
(28). When [3H]-thymidine incorporation was used as a read
out, cells were pulsed for 16 h with 1 lCi per well of [3H]-
thymidine (Amersham Biosciences, Uppsala, Sweden) after
72 h. Cells were harvested and counted in a scintillation counter.

Lentiviral production and transduction of CD4+CD25�

T cells

A cDNA encoding murine signal transducer and activator of
transcription 5a (STAT5a) containing two point mutations
which render it constitutively active (STAT5a-CA) (31) was
kindly provided by A. Mui and T. Kitamura. STAT5a-CA was
cloned into a bidirectional lentiviral vector encoding DNGFR
as a marker gene (32). Lentivirus was produced by transient
4-plasmid transfection of HEK 293T cells as previously de-
scribed (33). For T cell transduction, CD4+CD25� T cells
were activated overnight with soluble anti-CD3 mAb (1 lg
ml�1 OKT3), rhIL-2 (100 U ml�1) and autologous irradiated
antigen-presenting cells (APCs) at a 1:5 ratio of T cells to
APCs. T cells were infected with lentiviral supernatant at
a multiplicity of infection of 10. DNGFR+-transduced T cells
were purified 8 days following transduction using DNGFR-
select beads (Miltenyi Biotec) and expanded in IL-2-containing
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medium. Untransduced cells tested in parallel were equiva-
lent to control-transduced cells in all aspects of phenotype
and function (data not shown).

Statistical analysis

Results are presented as mean 6 standard error (SE). Anal-
yses were performed either with two-tailed paired or un-
paired Student’s t-test as indicated in the text. P values
<0.05 were considered significant.

Results

Activation-induced FOXP3 expression in CD4+CD25� T cells
is dependent on STAT5-signaling cytokines

It has recently been reported that in humans, FOXP3 is not
only expressed in Treg cells but also in Teff cells (24, 27, 34).

To better understand the mechanistic basis of FOXP3
induction in Teff cells, we studied the kinetics of FOXP3
expression upon activation with anti-CD3 and anti-CD28
mAbs in human CD4+CD25� Teff cells. Activation-induced
FOXP3 expression peaked after 72 h with an average
of 7.9 6 0.8% CD4+FOXP3+ T cells (mean 6 SE, n = 19)
(Fig. 1A and Table 1). We recently reported similar results
in a separate study, although the percentage of FOXP3+

cells was higher, due to the use of stronger activation stim-
uli (27). Addition of exogenous IL-2 significantly increased
the percentage of FOXP3+ Teff cells (Fig. 1A and Table 1).
Furthermore, in the presence of IL-2, expression of FOXP3
persisted for up to 7 days (data not shown). Conversely,
FOXP3 expression was not induced if the cells were acti-
vated in the presence of a neutralizing anti-IL-2Ra mAb
(Fig. 1A and Table 1).

Fig. 1. FOXP3 up-regulation upon activation of CD4+CD25� T cells is dependent on STAT5-signaling cytokines. (A) CD4+CD25� T cells were
activated in the presence of plate-bound anti-CD3, soluble anti-CD28 mAbs either alone or in combination with IL-2 or anti-IL-2Ra mAb with or
without IL-4. (B) Alternatively, Teff cells were activated in the presence of anti-CD3 and anti-CD28 mAbs and IL-2 or anti-IL-2Ra mAb plus IL-4,
IL-7 or IL-15. After 14–96 h of incubation, cells were stained to determine FOXP3 expression. Percentages of FOXP3+ T cells in the CD4+ gate
measured at each time point are plotted in the graphs (one representative donor). (C) Teff cells were activated in the presence of anti-CD3 and
anti-CD28 mAbs and IL-2 or TGF-b plus or minus either IL-2 or anti-IL-2Ra mAb. FOXP3 expression was determined after 72 h of culture (one
representative donor). (D) The expression of the Tcell activation markers CD69 (left panel), HLA-DR (middle panel) and CD40L (right panel) was
evaluated in CD4+CD25� Teff cells activated with anti-CD3 plus anti-CD28 mAbs in the presence (thick line) or in the absence (thin line) of anti-
IL-2Ra mAb. Staining at T0 (dashed line) is also shown. Region of positive staining was set based on the isotype control and is marked in the
histograms (representative of three donors for CD69 and CD40L and four for HLA-DR).
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In order to determine whether other T cell growth factors
could replace IL-2, we first tested whether IL-4, which also

signals through the common cc, could also enhance expres-
sion of FOXP3 in Teff cells. In the presence of IL-4, FOXP3
was expressed at levels comparable to those in Teff cells ac-
tivated in medium alone (Table 1). Furthermore, when pro-
duction of endogenous IL-2 was neutralized by IL-2R
blockade, addition of IL-4 did not result in a significant in-
crease in FOXP3 expression. Only a small proportion of cells
with low FOXP3 expression was detected at the latest time
point tested (i.e. 96 h after activation), probably due to re-
duced efficacy of the anti-IL-2Ra-blocking mAb after 4 days
of culture (Fig. 1A).
Like IL-2, T cell stimulation with IL-7 or IL-15 leads to the

phosphorylation and subsequent translocation of STAT5 to
the nucleus (35, 36). In contrast, IL-4, which also signals via
the common cc, activates STAT6 (37). The inability of IL-4 to
induce STAT5 phosphorylation in CD4+ T cells was con-
firmed by FACS analysis (data not shown). We therefore in-
vestigated whether, like IL-2, IL-7 and IL-15 could induce
FOXP3 expression in activated CD4+CD25� Teff cells. Both
cytokines were able to induce FOXP3 expression in acti-
vated Teff cells, even when the IL-2R was blocked. In the

Table 1. Percentage of FOXP3+ cells in activateda

CD4+CD25� T cells

Culture
conditions

FOXP3 expressionb

(mean % 6 SE)
n P c versus

IL-4 + aIL-2Ra

Medium 7.9 6 0.8 19 <0.005
IL-2 20.3 6 1.9 19 <0.0001
IL-4 8.9 6 1.6 6 <0.005
IL-4 + aIL-2Ra 3.8 6 0.5 10
aIL-2Ra 2.6 6 0.4 15 NS
IL-7 + aIL-2Ra 13.1 6 1.4 7 <0.0001
IL-15 + aIL-2Ra 18.2 6 2.7 7 <0.0001
TGF-b + aIL-2Ra 3.5 6 0.8 11 NS
TGF-b 8.0 6 1.1 11 <0.005
TGF-b + IL-2 22.6 6 3.9 5 <0.0001

aIL-2Ra, anti-IL-2Ra mAb; NS, not significant.
aActivation: anti-CD3 + anti-CD28 mAbs.
bValues refer to 72 h cultures.
cStatistical analysis was performed using the unpaired Student’s t-test.

Fig. 2. FOXP3 expression and proliferation. CFSE-labeled CD4+CD25� Teff cells were activated in the presence of anti-CD3 plus anti-CD28
mAbs. After 24 h of activation, alternatively IL-2 or IL-4, alone or in combination with either rapamycin (rapa) or a Jak inhibitor (Jak Inh), was
added to the culture medium. After 72 h, the cells were stained to determine FOXP3 expression. Region of positive staining was set based on the
isotype control. (A) Percentages of FOXP3+ (large frame) and FOXP3bright (small frame) cells are reported in the plots. Histograms show CFSE
dilution of untreated (gray peaks) or IL-2 (bold line)/IL-4 (thin line)-treated samples either alone (upper panels) or in the presence of rapamycin
(middle panels)/Jak inhibitor (lower panels). Numbers in the histogram plots indicate percent of proliferating precursors (representative of six
donors). (B) Mean %FOXP3+ cells 6 SE of n = 6 donors after anti-CD3 + anti-CD28 mAbs 6 IL-2/IL-4 treatment in the presence or absence of
either rapamycin (rapa) or Jak inhibitor (Jak Inh) is plotted in the graphs. Statistical analysis was performed using the paired Student’s t-test;
P values versus anti-CD3 + anti-CD28 mAbs treatment is reported in the graphs. NS, not significant.
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presence of IL-15, FOXP3 was expressed at levels compara-
ble to those observed in the presence of IL-2. Although IL-7
could induce FOXP3, it was less efficient than IL-2 or IL-15
(Fig. 1B and Table 1). The percentage of FOXP3+ T cells in
the presence of IL-4 was significantly lower when compared
with T cells activated in medium alone or in the presence of
IL-2, IL-7 or IL-15 (P < 0.05 versus IL-4 + anti-IL-2Ra mAb)
(Fig. 1B and Table 1). Addition of these cytokines without
TCR activation did not induce FOXP3 up-regulation in
CD4+CD25� Teff cells (data not shown).
TGF-b, which does not activate STAT5, has been shown to

induce FOXP3 expression in murine (38, 39) and human (40,
41) activated CD4+CD25� T cells. We observed that exoge-
nous TGF-b did not enhance FOXP3 expression in activated
human CD4+CD25� T cells in short-term culture, when sig-
naling through the IL-2R was blocked (Fig. 1C). Even in the
absence of anti-IL-2Ra mAb, addition of TGF-b did not result
in a significant increase in FOXP3 expression compared with
cells activated in medium alone for 72 h (Fig. 1C and Table 1).
Moreover, addition of both TGF-b and IL-2 did not result in a
significant increase in FOXP3 compared with expression in
the presence of exogenous IL-2 alone (Fig. 1C and Table 1).
However, after 7 days of culture, addition of TGF-b did result
in a small increase in FOXP3 expression (range 4–14%, n = 3)
compared with IL-2 alone (data not shown).
In order to exclude the possibility that the lack of FOXP3

expression in the presence of anti-IL-2Ra mAb was due to
impaired T cell activation, we monitored the expression of
other activation-induced markers, namely CD69, HLA-DR
and CD40L, in CD4+CD25� Teff cells after anti-CD3 and
anti-CD28 mAbs stimulation in the presence or absence of
anti-IL-2Ra mAb (Fig. 1D). No difference in the expression
of any of these activation markers in CD4+CD25� Teff cells
cultured with or without anti-IL-2Ra mAb was observed.

Treatment of CD4+CD25� Teff cells with a Jak inhibitor
prevents activation-induced FOXP3 expression

We have previously shown that expression of FOXP3 in Teff
cells correlates with proliferation (27). In order to address
whether cytokine-induced FOXP3 expression in activated
Teff cells was dependent on proliferation, IL-2 signaling or

on both of these events, Teff cells were stimulated in
the presence of specific inhibitors. A Jak inhibitor was used
to block both proliferation and STAT5 activation, and rapa-
mycin was used to inhibit proliferation (via blockade of
the PI3K pathway) without affecting activation of STAT5.
Although the overall proportion of FOXP3+ cells was lower,
in the presence of rapamycin, IL-2 retained its capacity to in-
duce expression of FOXP3 (P < 0.01 versus anti-CD3 + anti-
CD28 mAbs + rapamycin) (Fig. 2A and B). In contrast,
blockade of Jak activation inhibited the capacity of IL-2 to
increase FOXP3 expression (P > 0.05 versus anti-CD3 +

anti-CD28 mAbs + Jak inhibitor) (Fig. 2B). These data
indicate that IL-2-induced activation of the Jak/STAT5
pathway is required for FOXP3 induction, independently of
proliferation.

Ectopic expression of constitutively active STAT5 induces
FOXP3 expression but not regulatory function in
CD4+CD25� T cells

In order to directly demonstrate that activation of STAT5 can
induce expression of FOXP3 in Teff cells, we investigated
the effects of over-expressing a constitutively active form of
STAT5a (STAT5a-CA) (31) in CD4+CD25� Teff cells. The
cDNA was expressed by a bidirectional lentiviral vector,
which also encodes DNGFR as a cell-surface marker for
tracking and sorting of transduced cells (32). CD4+CD25�

T cells were transduced with empty vector (expressing
DNGFR only) or mSTAT5a-CA lentivirus, purified on the basis
of DNGFR expression and tested for FOXP3 expression.
Expression of STAT5a-CA resulted in a marked up-regulation
in FOXP3 expression compared with control-transduced
cells: in the resting state, the percentage of FOXP3+ cells in
STAT5a-CA-expressing cells was 38.4 6 6.6% greater than
control-transduced cells (Fig. 3A). The mean fluorescence
intensity (MFI) of FOXP3 expression was 3.8 6 1.2-fold
higher in the STAT5a-CA-expressing cells. CD25 was also el-
evated in STAT5a-CA-transduced T cells (Fig. 3A), consistent
with the known ability of STAT5 to directly induce expression
of this gene (42, 43). These data strongly suggest that sig-
naling through STAT5 causes a significant and sustained in-
crease of FOXP3 expression in Teff cells.

Fig. 3. Constitutive STAT5a signaling induces FOXP3 expression but not regulatory function in CD4+CD25� T cells. CD4+CD25� T cells were
activated and transduced with lentiviral vectors, purified for marker gene expression and assayed in the resting state. (A) CD25 and FOXP3
(clone 236A/E7) expressions were tested by flow cytometry. (B) Proliferation of transduced T cells in response to allo-APCs and anti-CD3 mAb.
(C) Suppressive capacity of transduced T cells was determined. In (B and C) expanded CD4+CD25+ Treg cells are shown as a positive control.
Data are representative of experiments performed with the T cells of three different normal donors.
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We have recently shown that stable ectopic expression of
FOXP3 in human CD4+CD25� cells is sufficient to induce
regulatory function (32). To test whether the levels of FOXP3
induced upon constitutive STAT5a signaling also conferred
a regulatory phenotype, we monitored whether transduced
T cells acquired suppressive capacity in vitro. Despite ele-
vated levels of FOXP3, STAT5a-CA-transduced cells were
hyperproliferative compared with control-transduced cells
(Fig. 3B) and did not have the capacity to suppress re-
sponder T cells (Fig. 3C). These results demonstrate that,
while FOXP3 expression is induced by STAT5, other effects
of constitutive STAT5 signaling override the capacity of
FOXP3 to induce a hyporesponsive and suppressive func-
tion in Teff cells.

High FOXP3 expression in CD4+CD25+ Treg cells is
maintained in the presence of STAT5-signaling cytokines

It is generally thought that IL-2 is essential for the survival
and function of CD4+CD25+ Treg cells in the periphery (2, 3,
44, 45). We therefore investigated whether IL-2 was impor-
tant for maintaining high FOXP3 expression in Treg cells.
The effects of IL-7 and IL-15 were tested in parallel. After 72
h of culture, the viability of Treg cells was significantly better
in the presence of IL-2, IL-7 or IL-15 compared with cells
cultured in medium alone or with IL-4 (Supplementary Figure
1B, available at International Immunology Online). However,
upon analysis of gated cells, the viability was >95% in all
culture condition (Supplementary Figure 1A and C, available
at International Immunology Online). In live cell gate (Sup-
plementary Figure 1A, available at International Immunology
Online), we found that FOXP3 expression was significantly
down-regulated in Treg cells cultured in medium alone
(n = 7) or with IL-4 (n = 14) (P < 0.05 versus T0), whereas it
was maintained in the presence of IL-7 (n = 11, P = NS ver-
sus T0) and increased in the presence of IL-2 (n = 14) or
IL-15 (n = 11) (P < 0.03 versus T0) (Fig. 4A and Table 2).
Addition of TGF-b to the culture medium was not sufficient
to maintain high FOXP3 expression (data not shown). Similar
to Teff cells, TCR-mediated activation of Treg cells in the
presence of exogenous IL-2 induced an increase in FOXP3
expression (Fig. 4B and Table 3) and blockade of the IL-2R
by addition of an anti-IL-2Ra mAb resulted in decreased ex-
pression. In these culture conditions, addition of IL-4 did not
rescue the decrease in FOXP3 expression in the absence of
IL-2 signaling. In contrast, IL-15, and to a lesser extent IL-7,
maintained FOXP3 expression even when the IL-2R was
blocked (Fig. 4B and Table 3).
Analysis of the intensity of FOXP3 expression at the single

cell level (as measured by MFI) confirmed that STAT5-
activating cytokines maintain FOXP3 expression in Treg cells.
The MFI of FOXP3 was significantly higher in Treg cells acti-
vated in the presence of IL-2 and IL-15, and to a lesser ex-
tent with IL-7, compared with cells activated in medium or
with IL-4 and the IL-2R-blocking mAb (Fig. 4C). In agree-
ment with our previous data (27), the levels of FOXP3 ex-
pression in Teff cell expression never reached those
detected in activated Treg cells (Fig. 4C). These observa-
tions indicate that STAT5-activating cytokines positively influ-
ence FOXP3 expression in both CD4+CD25+ Treg and
activated CD4+CD25� Teff cells.

Fig. 4. Maintenance of FOXP3 expression in CD4+CD25+ T cells is
STAT5-signaling cytokine dependent. (A) CD4+CD25+ T cells were
cultured without activation for 72 h either alone or in the presence of
alternatively IL-2, IL-4, IL-7 or IL-15. (B) CD4+CD25+ T cells were
activated in the presence of plate-bound anti-CD3, soluble anti-CD28
mAbs in combination with IL-2, anti-IL-2Ra mAb alone or plus
alternatively IL-4, IL-7 or IL-15. At the indicated time points, cells were
stained to determine FOXP3 expression. Percentages of FOXP3+ T
cells in the CD4+ gate are plotted in the graph (one representative
donor). (C) CD4+CD25+ Treg cells (black bars) and CD4+CD25� Teff
cells (white bars) were activated in the presence of IL-2, anti-IL-2Ra
mAb alone or in combination with IL-4, IL-7 or IL-15; after 72 h, T cells
were stained to determine FOXP3 expression. Mean geometric MFI 6
SE in CD4+FOXP3+ gate is reported in the graph. For each condition
at least five experiments were performed. Statistical analysis was
performed with the unpaired Student’s t-test. *P < 0.05 versus Treg
med + aIL-2Ra; #P < 0.05 versus Treg IL-4 + aIL-2Ra; �P < 0.05
versus Teff med + aIL-2Ra and §P < 0.05 versus Teff IL-4 + aIL-2Ra.
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Activation of the PI3K pathway is not required for sustained
FOXP3 expression in CD4+CD25+ T cells

To further examine the molecular pathways required to main-
tain expression of FOXP3 in Treg cells, we compared the
effects of inhibiting the Jak/STAT5 pathway (29), or the PI3K
pathway, by addition of rapamycin (30). As above (Fig. 4A),
constitutive expression of FOXP3 in CD4+CD25+ Treg cells
was maintained in culture with IL-2, IL-7 or IL-15, but not
IL-4 (Fig. 5). As expected, addition of the Jak inhibitor to
Treg cell cultures prevented cytokine-induced maintenance
of FOXP3 expression (Fig. 5) (P < 0.05 versus cytokine
alone). In contrast, culture in the presence of rapamycin did
not prevent the capacity of cytokines to maintain FOXP3 ex-
pression in Treg cells (Fig. 5). These results further support
the hypothesis that FOXP3 expression is regulated by STAT5
and not by the PI3K pathway.

IL-2 maintains the in vitro suppressive capacity of
CD4+CD25+ Treg cells

In order to investigate whether STAT5-signaling cytokines en-
hanced the suppressive activity of CD4+CD25+ Treg cells or
induced regulatory function in CD4+CD25� Teff cells, we
tested the suppressive capacity of both Treg and Teff cells
after 72 h of culture in the presence of IL-2, IL-4, IL-7 or IL-15.
After 3 days of culture in different conditions, CD4+CD25+

Treg cells were tested in a suppression assay using autolo-
gous CD4+CD25� T cells as responder cells. Treg cells cul-
tured in the presence of exogenous IL-2 suppressed the

proliferation of responder cells with an efficiency comparable
to freshly isolated CD4+CD25+ Treg cells (Fig. 6A and B). Con-
versely, Treg cells cultured in medium alone decreased their
suppressive capacity (Fig. 6B). Similarly, Treg cells cultured
with IL-4 displayed reduced suppressive capacity in six out of
seven experiments, when compared with Treg cells cultured
in IL-2 (P = 0.008) (Fig. 6A and B). Comparable results were
obtained using FACS-sorted CD4+CD25bright T cells (data not
shown). Similar to IL-2-treated Treg cells, CD4+CD25+ T cells
cultured in the presence of IL-15 maintained high suppressive
capacity, whereas IL-7 was less efficient (Fig. 6A and B).
Overall, these results demonstrate a correlation between the
levels of FOXP3 expression and suppressive capacity.
CD4+CD25� Teff cells activated in the presence of IL-2,

IL-7 or IL-15 up-regulated FOXP3 expression after 72 h, but
did not display in vitro suppressive function (Fig. 6C), in line
with recent reports (24, 27). The lack of regulatory function
by activated FOXP3+ Teff cells could be attributed to lower
amounts of FOXP3 expression per cell compared with Treg
cells (Fig. 4C). Alternatively, other signaling cascades acti-
vated in Teff cells may override the capacity of FOXP3 to in-
duce a regulatory phenotype. This latter possibility is in
agreement with data shown in Fig. 3C, in which STAT5a-CA-
transduced cells show a hyperproliferative capacity despite
a significant increase in FOXP3 expression.

Discussion

In the present work, we demonstrate that expression of
FOXP3 in TCR-activated human CD4+CD25� Teff cells
requires cytokine-mediated activation of STAT5. A direct role
for STAT5 in regulating FOXP3 expression was demonstrated

Table 3. Percentage of FOXP3+ cells in activateda

CD4+CD25+ T cells

Culture
conditions

FOXP3 expressionb

(mean % 6 SE)
n P c

versus IL-4
P d

versus T0

IL-2 51.4 6 5.4 7 <0.005 NS
IL-4 + aIL-2Ra 24.4 6 4.4 7 <0.005
aIL-2Ra 22.9 6 5.0 5 NS <0.05
IL-7 + aIL-2Ra 37.4 6 6.1 5 NS NS
IL-15 + aIL-2Ra 48.2 6 7.4 5 <0.05 NS

aIL-2Ra, anti-IL-2Ra mAb; NS, not significant.
aActivation: anti-CD3 + anti-CD28 mAbs.
bValues refer to 72 h cultures.
cStatistical analysis was performed with the unpaired Student’s t-test.
dStatistical analysis was performed with the paired Student’s t-test.

Table 2. Percentage of FOXP3+ cells in cultured CD4+CD25+

T cells

Culture
conditions

FOXP3 expressiona

(mean % 6 SE)
n P b versus

IL-4
P c

versus T0

Medium 25.2 6 4.7 7 <0.05 <0.05
IL-2 69.1 6 5.7 14 <0.05 <0.05
IL-4 47.3 6 4.7 14 <0.05
IL-7 61.0 6 6.3 11 NS NS
IL-15 65.4 6 6.2 11 <0.05 <0.05

NS,: not significant.
aValues refer to 72 h cultures.
bStatistical analysis was performed with the unpaired Student’s t-test.
cStatistical analysis was performed with the paired Student’s t-test.

Fig. 5. FOXP3 up-regulation in CD4+CD25+ Treg cells is STAT5
dependent. CD4+CD25+ T cells were cultured without activation with
IL-2, IL-4, IL-7 or IL-15 in the presence or absence of a Jak inhibitor
(Jak Inh) (mean reduction %FOXP3+ 6 SE in the presence of IL-2 plus
Jak Inh was 23.21 6 3.4, n = 5; in the presence of IL-7 plus Jak Inh
was 33.3 6 5.9, n = 4; in the presence of IL-15 plus Jak Inh was
28.1 6 3.3, n = 4 and in the presence of IL-4 plus Jak Inh was 29.4 6
4.8, n = 5) or rapamycin (mean D%FOXP3+ 6 SE in the presence of
IL-2 plus rapamycin was +6.9 6 1.9, n = 5; in the presence of IL-7
plus rapamycin was �1.4 6 2.8, n = 4; in the presence of IL-15 plus
rapamycin was +1.962.8, n = 4 and in the presence of IL-4 plus
rapamycinwas�16.763.3,n = 5). FOXP3 expression was determined
by FACS analysis at T0 and after 72 h of culture. Mean percentage of
FOXP3+ T cells in the CD4+ gate (6SE) is plotted in the graph.
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by gene transfer of a constitutively active form of STAT5-CA.
In no case, however, was activation-induced FOXP3 expres-
sion in Teff cells sufficient to confer suppressive function to
these cells. Similar to Teff cells, STAT5-signaling cytokines
also positively regulate FOXP3 expression in human
CD4+CD25+ Treg cells. Withdrawal of STAT5-activating cyto-
kines caused a decrease in FOXP3 expression and a subse-
quent reduction in the suppressive capacity of cultured Treg
cells. Overall, these data indicate that FOXP3 expression is
regulated by similar mechanisms in both peripheral Treg
and Teff cells, but that other signaling pathways play an es-
sential role in determining regulatory function in Treg cells.
In agreement with recent reports, we confirm that FOXP3

can be induced upon activation of human Teff cells (24, 25,

27, 34). We also provide new evidence that blockade of the
IL-2Ra in activated human Teff cells prevents induction of
FOXP3 and that FOXP3 expression in resting CD4+CD25�

T cells is not induced in response to cytokines in the ab-
sence of TCR activation. Thus, signaling pathways activated
by the TCR and STAT5 are required for activation-induced
FOXP3 expression. In addition, although STAT5-activating
cytokines are growth factors that stimulate in vitro prolifera-
tion of Teff cells, activation-induced FOXP3 expression
occurs independently of cell division.
Importantly, we show that the capacity to induce FOXP3

expression in activated Teff cells is not a unique property of
IL-2, but it is also shared by IL-7 and IL-15, other STAT5-
activating cytokines. This novel observation for human T cells

Fig. 6. Maintenance of suppressive activity in CD4+CD25+ Tcells is IL-2 dependent. (A and B) After 72 h of culture with IL-2 (n = 7), IL-4 (n = 7),
IL-7 (n = 3), IL-15 (n = 3) or medium (n = 4), CD4+CD25+ T cells were used as suppressor cells in a CFSE dilution assay, using autologous
CD4+CD25� T cells as responder cells (R). As positive control for suppression, autologous CD4+CD25+ T cells, indicated as untreated (n = 7),
were used. (A) Histograms of CFSE dilution of one representative donor; numbers in the plots indicate percent inhibition. (B) Average percent
inhibition of proliferation 6 SE is plotted in the graph. *P < 0.05 versus IL-2-treated CD4+CD25+ Treg cells. Statistical analysis was performed
using the paired Student’s t-test. Statistical analysis was not performed for experimental groups including less than five independent repeats. (C)
After 72 h of activation with anti-CD3 and anti-CD28 mAbs plus alternatively IL-2, IL-4, IL-7 or IL-15 CD4+CD25� Tcells were used as suppressor
cells in a suppression assay, using autologous CD4+CD25� T cells as responder cells. As positive control for suppression, autologous
CD4+CD25+ Treg cells were used. Numbers in the plots indicate percent inhibition (representative of five donors for IL-2- and IL-4-treated Teff
cells and three donors for IL-7- and IL-15-treated Teff cells).
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differs from what has been described for murine CD4+

CD25� T cells (46, 47), in which IL-7 and IL-15 cannot sub-
stitute for IL-2 in induction of TGF-b-stimulated FOXP3 ex-
pression. Thus, mouse and human Teff cells may have
a differential requirement for STAT5 activity for induction of
FOXP3 expression. In murine Teff cells, FOXP3 induction only
occurs in the presence of exogenous TGF-b (46, 48), but it
has been demonstrated that STAT5 plays a non-redundant
role in TGF-b-mediated FOXP3 induction even in murine
T cells (48). STAT5 dependency of FOXP3 expression in
human Treg cells has previously been described (20–22).
Here, we provide evidence of a direct role for STAT5 in
the regulation of FOXP3 expression in non-Treg cell
compartment.
IL-2, IL-15 and IL-4 are growth factors which sustain

in vitro proliferation of Teff cells (1, 49, 50), but only IL-2
and IL-15, which signal through STAT5, can induce FOXP3
expression in activated Teff cells. Therefore, although FOXP3
can be detected in proliferating cells (27), progression
through the cycle is not the driving force for FOXP3 expres-
sion. Indeed, in the presence of the anti-proliferative drug,
rapamycin, expression of FOXP3 can still be induced.
A controversial issue is whether Teff cells acquire regula-

tory function upon activation-induced expression of FOXP3.
We show that neither cytokine- nor STAT5-CA-induced
FOXP3 expression confers regulatory activity to CD4+CD25�

T cells. This is in accordance with recently published data,
showing that activation-induced FOXP3 neither suppressed
cytokine production in Teff cells (26, 27) nor induced sup-
pressive activity in CD4+CD25� T cells (24). Similarly, it has
been reported that TGF-b-induced FOXP3 expression does
not give rise to a suppressive population of T cells (41).
FOXP3 expression in Teff cells is transient and never rea-
ches levels observed in Treg cells, supporting the notion that
high and stable levels of FOXP3 are required for acquisition
and maintenance of regulatory capacity by T cells (51, 52).
Nonetheless, it cannot be excluded that prolonged culture
(34) with selective enrichment of FOXP3+ T cells could even-
tually confer a suppressive function to non-Treg cells, possi-
bly through stabilization of FOXP3 expression in the
resulting population.
The fact that IL-4 or TGF-b alone do not up-regulate

FOXP3 expression in Teff cells suggests that activation of
STAT6 or SMAD is not sufficient to induce FOXP3 expres-
sion. Although it has been reported that TGF-b can induce
FOXP3 expression in activated human Teff cells (40, 41, 53),
other reports in human and mouse T cells show that TGF-
b-induced FOXP3 expression requires exogenous IL-2
(46–48, 54). Our data demonstrating that TGF-b is not suffi-
cient to induce FOXP3 expression in human Teff cells, con-
trast with a recently published report by Tran et al. (41).
Tran et al. demonstrated that TGF-b is required for induction
of FOXP3 expression, particularly in naive CD4+CD25�

CD45RA+ T cells, and less so in memory CD4+CD25�

CD45RA� T cells. Since our experiments were performed
with CD4+CD25� T cells, which primarily include memory
T cells, the discrepancy is likely related to differences in
the proportions of memory versus naive T cells in the cul-
tures. We can also speculate that TGF-b may not directly
regulate FOXP3 expression, but that it might be important

for the stabilization of FOXP3 expression or for the survival
of FOXP3 expressing cells in long-term culture.
As previously described (20, 21), we found that IL-2 is

necessary to sustain FOXP3 expression in human
CD4+CD25+ Treg cells. Through maintenance of high FOXP3
expression in Treg cells, IL-2 preserves their suppressive
capacity, which is otherwise lost in culture. The capacity of
IL-2 to maintain FOXP3 expression is shared by other
STAT5-signaling cytokines, in particular IL-15, suggesting
that IL-2 can be replaced by IL-15, at least in vitro. Indeed,
it has recently been demonstrated that the proliferation of
Treg cells can be sustained in vitro by IL-15 and dermal
fibroblasts, mirroring the local expansion of natural Treg cells
within inflamed tissues (55). Thus, optimal conditions for
in vitro expansion of human Treg cells should include cyto-
kines which activate STAT5.
Among the STAT5-signaling cytokines tested, IL-2 and

IL-15 share the same potency in inducing/maintaining
FOXP3 expression, whereas IL-7 was less efficient. This is
in line with the reported low expression of IL-7R (CD127) in
peripheral CD4+CD25+ Treg cells (56) and with down-regula-
tion of IL-7R in activated CD4+CD25� Teff cells (27). Interest-
ingly, IL-2 and IL-15 also share the usage of the b-chain
(12), suggesting that the b-chain may play an additional role
in the induction/maintenance of FOXP3 expression in Teff/
Treg cells. This is in accordance with recent reports showing
that both in IL-2Rb-deficient mice (18, 57) and in IL-2 and IL-
15 double knockout mice (58), Treg cell differentiation, main-
tenance and function are impaired.
At present, the differential role for FOXP3 in Treg and Teff

cells and how the STAT5-signaling cytokines differentially
contribute to the generation/function of Treg and Teff cells
remains to be addressed.
STAT5 signaling is important for FOXP3 expression and

Treg cell function also in vivo, as T cells from patients with
a mutation in the STAT5 gene lack FOXP3 expression and
have impaired suppressive activity (22). In contrast, in
patients with STAT3 mutations, FOXP3 is not reported to
be differentially expressed as compared with control donors,
suggesting that STAT3 does not affect FOXP3 expression
(59). Further knowledge of the molecular mechanisms con-
trolling FOXP3 expression and Treg cell expansion and func-
tion will be instrumental in the development of strategies to
use these cells for therapeutic purposes.
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Supplementary Figure 1 available at International Immunology
Online (www.intimm.oxfordjournals.org).
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Abbreviations

APC antigen-presenting cell
CFSE carboxyfluorescein diacetate succinimidylester
cc c-chain
FOXP3 forkhead box P3
MFI mean fluorescence intensity
P13K phosphatidylinositol-3-kinase
SE standard error
STAT5 signal transducer and activator of transcription 5
STAT5a-CA constitutively active signal transducer and activator of

transcription 5a
Teff effector T
TGF-b transforming growth factor-b
Treg regulatory T
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STable 1: Percentage of FOXP3+ cells in activated* CD4+CD25- T cells in the presence or 

absence of STAT/PI3K pathway inhibitors, after 4 days of culture. 

 

Donor culture conditions %FOXP3+ (PCH 101) %FOXP3+ (259D) 

  medium IL-2 IL-4  medium IL-2 IL-4 

89 aCD3+aCD28 mAbs 15 23 16  12 19 13 

89 aCD3+aCD28 mAbs +rapa 5 13 6  9 17 10 

89 aCD3+aCD28 mAbs +Jak Inh 2 2 2  4 5 5 

63 aCD3+aCD28 mAbs 3 11 5  4 13 3 

63 aCD3+aCD28 mAbs +rapa 2 11 3  3 11 2 

63 aCD3+aCD28 mAbs +Jak Inh 1 1 <1  1 <1 1 

18 aCD3+aCD28 mAbs 6 16 4  6 12 6 

18 aCD3+aCD28 mAbs +rapa 3 6 3  4 9 4 

18 aCD3+aCD28 mAbs +Jak Inh 1 1 1  <1 1 1 

 

*activation: anti-CD3+ anti-CD28 mAbs; 

 

 1


