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Abstract CD4+CD25+ regulatory T cells have been
characterized as a critical population of immunosup-
pressive cells. They play a crucial role in cancer pro-
gression by inhibiting the effector function of CD4+ or
CD8+ T lymphocytes. However, whether regulatory T
lymphocytes that expand during tumor progression can
modulate dendritic cell function is unclear. To address
this issue, we have evaluated the inhibitory potential of
CD4+CD25+ regulatory T cells from mice bearing a
BCR–ABL+ leukemia on bone marrow-derived den-
dritic cells. We present data demonstrating that
CD4+CD25+FoxP3+ regulatory T cells from tumor-
bearing animals impede dendritic cell function by down-
regulating the activation of the transcription factor NF-
jB. The expression of the co-stimulatory molecules
CD80, CD86 and CD40, the production of TNF-a, IL-
12, and CCL5/RANTES by the suppressed DC is
strongly down-regulated. The suppression mechanism
requires TGF-b and IL-10 and is associated with
induction of the Smad signaling pathway and activation
of the STAT3 transcription factor.
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Introduction

Regulatory T cells are comprised of a heterogeneous
population of lymphocytes actively involved in modu-
lating immune responses. They constitute key compo-

nents of peripheral tolerance, regulating potentially
autoreactive T cells that have escaped negative selection
in the thymus. One such suppressive T cell population,
the CD4+CD25+ subset, has become the focus of
intensive research since its initial identification in auto-
immune diseases [1, 2]. In the murine system, elimination
of CD4+CD25+ regulatory T cells by early thymectomy
results in the development of autoimmune diseases that
can be suppressed by adoptive transfer of these cells
[3]. Furthermore, autoimmune disorders induced by
CD4+CD25� T lymphocyte infusion in lymphopenic
mice could be abrogated by the co-transfer of
CD4+CD25+ T cells [4].

Besides their role in autoimmunity, CD4+CD25+

regulatory T cells participate in the control of infection,
transplantation tolerance and tumor immunity [1, 5, 6].
A mounting body of evidence indicates that
CD4+CD25+ regulatory T cells contribute to the im-
mune tolerance of cancer [1, 7–10]. An increase in the
number of these cells has been detected in the blood,
lymph nodes or spleens of tumor-bearing hosts [11–15],
and their therapeutic depletion can result in improved
responses to cancer immunotherapy [14–17].

The phenotype of these regulatory cells is defined by
the expression of CD25, the a-chain of the IL-2 receptor,
and other markers such as CTLA-4 (cytotoxic T lym-
phocyte-associated antigen 4), GITR (Glucocorticoid-
induced TNF receptor), CD62L, LAG-3 or the toll-like
receptors (TLR) [18]. However, all these cell surface
molecules imperfectly distinguish CD4+CD25+ regula-
tory T cells from conventional, activated CD4+ T
lymphocytes since both cell subsets express similar
markers, and a clear molecular characterization of these
suppressive cells is still pending. Recently identified, the
X chromosome-encoded forkhead/winged helix tran-
scription factor FoxP3 appears fundamental for the
development and function of CD4+CD25+ regulatory
T lymphocytes, and remains the most specific molecular
marker for these cells [19–21]. The suppressive mecha-
nisms induced by CD4+CD25+ regulatory T lympho-
cytes have not been completely elucidated. While the
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requirement for a direct cell to cell contact is well
documented for regulatory T cells to trigger their
immunosuppressive activity on their target cells, the role
of inhibitory cytokines such as tumor growth factor b
(TGF-b) and interleukine-10 (IL-10) is still being ex-
plored [2, 21–24].

Although the suppressive function of CD4+CD25+

regulatory T cells on effectors CD4+ and CD8+ T
lymphocytes and B cells is well established, their effects
on dendritic cells (DC), remain poorly defined [25–28].
More importantly, the actions of tumor-expanded reg-
ulatory T lymphocytes on dendritic cells are unknown.
These effects may be critical since maintenance of DC in
an immature or tolerogenic state by tumor-induced
regulatory T cells may constitute an additional mecha-
nism by which cancer cells evade the immune system. To
address this issue, we have examined the immunosup-
pressive function of CD4+CD25+ regulatory T cells
from tumor-bearing mice on bone marrow-derived
dendritic cells (DC). Our results demonstrate that tu-
mor-derived CD4+CD25+ regulatory T cells suppress
DC maturation and function by down-regulating the
activation of the transcription factor jB (NF-jB) in DC.
The inhibitory mechanism requires a direct cell to cell
contact, involves TGF-b and IL-10 and is associated
with the induction of the Smad intracellular signaling
pathway, and the activation of the signal transducer and
activator of transcription 3 (STAT3) transcription fac-
tor. The inhibited DC produce lower levels of tumor
necrosis factor a (TNF-a), IL-12, and CCL5/RANTES
(chemokine (C–C motif) ligand 5/regulated upon acti-
vation normal T cell expressed and secreted) and lose
their ability to stimulate allogeneic T cells. In addition,
DC suppression can also be triggered in vivo by injection
of tumor-derived CD4+CD25+ regulatory T cells. Our
findings thus highlight DC as an additional potential
target of tumor-induced regulatory T cells in the course
of cancer progression.

Material and methods

Mice

Mice were housed under specific pathogen-free condi-
tions and cared for according to the guidelines of the
University of Arizona Institutional Animal Care and
Use Committee. Female 6–8 weeks old BALB/c (H2d)
and C57BL/6 mice (H2b) from the National Cancer
Institute (Bethesda, MD, USA) were used for the
experiments.

Cell line

The murine leukemia cell line 12B1 (kindly provided by
Dr. W. Chen) was generated by retroviral transforma-
tion of BALB/c bone marrow cells with the human bcr–
abl (b3a2) fusion gene [29, 30]. 12B1 cells express the

p210 bcr–abl protein and when injected into BALB/c
mice result in an aggressive leukemia, with the 100%
lethal dose (LD100) being 10

2 cells after tail vein injection
and 103 cells after subcutaneous injection [31]. The cells
were cultured at 37�C, 5% CO2 in RPMI medium
(Gibco/BRL, Gaithersburg, MD, USA) supplemented
with 10% heat-inactivated fetal bovine serum (Gemini
Bio-products, Woodland, CA, USA), 0.5 · minimal
essential medium non-essential amino acids (Gibco/
BRL) and 1 mM sodium pyruvate (Gibco/BRL). The
12B1 cell line was tested routinely and found to be free
of Mycoplasma contamination.

Tumor generation

Female BALB/c mice were injected with 5·103 12B1
cells subcutaneously in the right groin and were moni-
tored for tumor development. Tumor size was measured
every other day once the tumors became palpable.
Tumor volume was calculated using the formula:
length · width2 · p/6.

Generation of bone marrow-derived DC

DC were generated from BALB/c bone marrow cells
cultured in a complete RPMI medium (Gibco/BRL)
containing 10% fetal bovine serum (Gemini Bio-prod-
ucts), murine granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF; Peprotech, Rocky Hill, NJ, USA)
and Interleukine-4 (IL-4; Peprotech) at the concentra-
tion of 10 ng/ml. On day 4–5 non-adherent and loosely
adherent cells were collected and used in further exper-
iments. Flow cytometry analysis indicated that 60–70%
of the cells expressed CD11c.

Cell purification by magnetic cell sorting and co-culture
experiments

Total splenocytes were isolated from mice bearing estab-
lished (2,000–3,000 mm3) 12B1 tumors. CD4+CD25+

T lymphocytes were purified by magnetic cell sorting
using a mouse CD4+CD25+ T regulatory cell isolation
kit and an autoMACSTM separator according to the
manufacturers’ instructions (Miltenyi Biotec, Auburn,
CA, USA). The purified T cells were then co-cultured
with day 4 DC for 24 h (DC to CD4+CD25+ T lym-
phocytes ratio=1:1), and LPS (Sigma Chemical, St
Louis, MO, USA) was added (1 lg/ml) for an additional
24 h. In some experiments, anti-TGFb-1,2,3 (R & D
Systems, Minneapoli, MN, USA), anti-IL-10 (R & D)
blocking Ab or isotype controls were added at the
beginning of the co-culture. In other experiments DC
and CD4+CD25+ T lymphocytes were separated by a
0.4-lm pore size Transwell insert (Corning incorporated
life sciences, Acton, MA, USA). CD11c+ cells were then
purified from the co-cultures using CD11c+ microbeads
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and the autoMACSTM separator (Miltenyi Biotec) for
further analysis. Positively and negatively selected cells
were routinely analyzed by flow cytometry to assess the
purity of each fraction.

Real-time PCR for FoxP3 expression

CD4+CD25+ T lymphocytes were purified as described
above. Total RNA was extracted using TRIzol reagent
(GibcoBRL). RNA was reverse transcribed using Bio-
Rad iScript cDNA synthesis kit (Bio-Rad, Hercules,
CA, USA) and random primers. The cDNA was
amplified by quantitative Real-time PCR using primers
for Foxp3 or the 18S Ribosomal RNA housekeeping
gene as followed: reactions were carried out in 96-well
plates containing 10 ll of Bio-Rad iQ Supermix (Bio-
Rad), 1 ll of Taqman primer/probe set, 2 ll of cDNA
synthesis reaction, and 7 ll of molecular grade water.
Reactions were run and analyzed on a Bio-Rad iCycler
iQ Real-Time PCR detection system. The primers were
synthesized by Applied Biosystems (Foster City, CA,
USA). Normalized values for Foxp3 mRNA expression
in each sample were calculated as the relative quantity of
Foxp3 divided by the relative quantity of 18S ribosomal
RNA.

Flow cytometry analysis and antibodies

DC, total splenocytes or purified CD4+CD25+ T cells
were incubated for 5 min with an Fc receptor-blocking
antibody (BD Biosciences Pharmingen, San Diego, CA,
USA), then for 30 min with saturating amounts of the
appropriate primary antibodies in PBS containing 3%
heat-inactivated fetal bovine serum and 0.09% sodium
azide (Sigma Chemical), then washed and analyzed
using a FACSCalibur (Becton Dickinson Immunocy-
tometry Systems, San Jose, CA, USA). The following
antibodies were used: FITC-anti-CD4, PE-anti-CD25,
PerCP-anti-CD3, biotin-conjugated anti-TGFb1 then
streptavidin-FITC, PE-anti-CD11c, FITC-anti-I-Ad,
FITC-anti-CD80, FITC-anti-CD86, and FITC-anti-
CD40 (BD Biosciences Pharmingen); FITC-anti-
CD62L, FITC-anti-CD152/CTLA-4, FITC-anti-GITR,
FITC-anti-IL-10 (eBioscience, San Diego, CA, USA).
Isotype control antibodies were obtained from BD
Biosciences Pharmingen.

Mixed leukocyte reaction

Splenocytes from C57BL/6 mice (H2b) were treated for
20 min with 50 lg/ml mitomycin C (Sigma Chemical),
washed and used as stimulators. Responder splenocytes
(1·105) from naı̈ve BALB/c mice (H2d) were plated in
U-bottom 96-well plates. C57BL/6 splenocytes were
added at a ratio of stimulators to responders of 1:5.
CD4+CD25+ T cells purified from tumor-bearing

BALB/c mice were then plated at a CD4+CD25+ T cell
to responder splenocyte ratio of 1:1. After a 3-day co-
culture, 1 lCi [3H]thymidine (ICN Pharmaceuticals,
Costa Mesa, CA, USA) was added to each well. Cells
were harvested 18 h later and the radioactiviy measured
on a Packard beta counter (Packard Biosciences, Meri-
den, CT, USA). In some experiments, after the co-cul-
ture, the supernatants from each group were collected
for the determination of cytokine production. In other
experiments, the ability of bone marrow-derived DC
(previously exposed to CD4+CD25+ T cells from tu-
mor-bearing mice) to stimulate allogeneic T cells in
mixed leukocyte reaction (MLR) was evaluated.
CD11c+ DC were purified from the co-culture as de-
scribed above, treated with mitomycin C (20 min, 50 lg/
ml) and plated with responder C57BL/6 splenocytes at a
DC to splenocyte ratio of 1:5. [3H]thymidine incorpo-
ration by the responder splenocytes was assessed as de-
scribed above.

Effects of CD4+CD25+ T cells on DC in vivo

BALB/c mice (three per group) were injected subcuta-
neously with PBS, or LPS (10 lg per mouse), or
CD4+CD25+ T lymphocytes (2·106) or received a co-
injection of LPS (10 lg per mouse) and CD4+CD25+ T
lymphocytes (2·106). After 2 days, the draining lymph
nodes were removed, dissociated and CD11c+ cells were
purified as described above. The cells were then treated
with mitomycin C (20 min, 50 lg/ml) before being used
as stimulators in MLR experiments. The responder cells
were C57BL6 splenocytes (DC to splenocyte ratio of
1:5). [3H]thymidine incorporation by the responder
splenocytes was assessed as described above.

Detection of cytokine and chemokine production
by ELISA

Cell culture supernatants were collected, centrifuged to
remove cell debris, frozen and stored at �80�C until
further use. The concentration of the following cyto-
kines was determined using enzyme-linked immunosor-
bent assay (ELISA) kits according to the manufacturers’
instructions: IFN-c, TNF-a, IL-12, IL-10 (eBiosciences)
and TGF-b and CCL5/RANTES (R & D Systems).

Detection of I-jBa, Smad-2 and STAT3
phosphorylation by western blotting

Following the culture with CD4+CD25+ T cells, DC
were purified and lysed in lysis buffer (1% Nonidet P40,
50 mM Tris–HCl, pH 7.4, 2 mM EDTA, 100 mM
NaCl, 0.2 mg/ml Aprotinin, 0.2 mg/ml Leupeptin,
1 mM PMSF, 10 mM NaF, 30 mM NaPPi, 10 mM
Na3VO4). Positive controls for I-jB phosphorylation
consisted of DC treated with LPS (1 lg/ml). DC treated
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with recombinant mouse TGF-b1 (90 min, 20 pg/ml) or
IL-10 (20 min, 10 ng/ml) were used as positive controls
for Smad-2 or STAT3 phosphorylation, respectively.
Negative controls consisted of DC cultured alone. Equal
amount of proteins (30 lg) were analyzed by western
blotting as described [32], using anti-phospho Smad-2,
anti-Smad2, anti-phospho I-jBa, anti-I-jBa, anti-phos-
pho STAT3 or anti-STAT3 antibodies (Cell Signalling,
Beverly, MA, USA).

Detection of NF-jB and STAT3 activation by
DNA-binding transcription factor ELISA assay

CD11c+ DC were purified following the co-culture with
CD4+CD25+ T cells as described above. Nuclear ex-
tracts were performed using a Nuclear Extract kit (Ac-
tive Motif, Carlsbad, CA, USA). Then NF-jB P50 or
STAT3 DNA-binding activity was measured with 20 lg
nuclear extract using the NF-jB P50 or STAT3 Trans-
AMTM kit, respectively, according to the manufacturer’s
recommendations (Active Motif, Carlsbad, CA, USA).
Positive controls for STAT3 activation consisted of DC
treated with IL-10 (20 min, 10 ng/ml); while DC treated
with LPS (1 lg/ml) were used as the positive controls for
NF-jB P50 activation.

Statistical analysis

The data depicted in each figure correspond to one
representative experiment of at least three that were
performed independently in each case. Student’s t tests
were used to evaluate significance between groups.

Results

Characterization of CD4+CD25+ regulatory T cells
in tumor-bearing mice

The expansion of CD4+CD25+ T cells with immuno-
suppressive properties during cancer progression has
been described in humans and in several animal models.
We first identified and characterized the phenotype and
function of CD4+CD25+ T cells from tumor-bearing
mice in the 12B1 BCR–ABL+ leukemia model. The ratio
of CD4+CD25+/CD4+ in the spleen and in the draining
lymph nodes increased in parallel with the growth of
tumors (Fig. 1a). CD4+CD25+ T cells were isolated
by magnetic cell sorting from the spleen of mice bearing
established 12B1 tumors (2,000–3,000 mm3) and anal-
ysed by flow cytometry. The purified cells expr-
essed characteristic surface markers identified on
CD4+CD25+ regulatory T cells (Fig. 1b). Using real-
time quantitative PCR, we confirmed that purified
CD4+CD25+ T cells expressed high levels of the foxp3
transcript compared to their CD25� counterparts
(Fig. 1c).

The immunosuppressive function of CD4+CD25+ T
cells isolated from tumor-bearing mice was observed in
MLR inhibition assays. Purified CD4+CD25+ T lym-
phocytes suppressed the proliferation (Fig. 1d) and
IFN-c production (Fig. 1e) of responder splenocytes
from naı̈ve BALB/c mice stimulated by mitomycin C
treated splenocytes from naı̈ve C57BL/6 mice. Together,
these results indicate that CD4+CD25+ T lymphocytes
isolated from 12B1 tumor-bearing mice demonstrate
specific features of immunosuppressive regulatory T
cells.

CD4+CD25+ regulatory T cells from tumor-bearing
mice suppress the expression of co-stimulatory
molecules on DC

Mature DC expressing co-stimulatory molecules on their
surface are capable of initiating anti-tumor immune re-
sponses by activating antigen specific CD4+ and CD8+

T lymphocytes. Therefore, we sought to examine whe-
ther CD4+CD25+ regulatory T cells from tumor-bear-
ing hosts could dampen the expression of maturation
markers on DC. Immature DC generated from the bone
marrow were co-cultured for 24 h with regulatory T cells
purified from the spleen of tumor-bearing mice. LPS was
then added to induce co-stimulatory molecule expres-
sion. DC cultured with tumor-derived regulatory T cells
showed a significant reduction in the expression of the
co-stimulatory molecules CD40, CD80 and CD86 in-
duced by LPS (Fig. 2a). This suggests that regulatory T
cells from tumor-bearing mice are able to suppress LPS-
induced DC maturation/activation.

CD4+CD25+ regulatory T cells inhibit IL-12, TNF-a
and CCL5/RANTES secretion by DC

Activated DC secrete cytokines such as IL-12 and TNF-
a that play a crucial role in the stimulation of T cells. To
further address the role of regulatory T cells from tu-
mor-bearing hosts on DC activation, LPS-induced
secretion of DC cytokines was analyzed by ELISA. As
expected, high levels of IL-12 were detected in the
supernatant of DC cultures after LPS stimulation. IL-12
production was strongly inhibited by the presence of
CD4+CD25+ regulatory T cells. Similarly, the secretion
of TNF-a by DC was significantly reduced (Fig. 2b).
Moreover, the chemokine CCL5/RANTES induced by
LPS was also suppressed by regulatory T cells from tu-
mor-bearing mice (Fig. 2b).

CD4+CD25+ regulatory T cells inhibit the antigen
presenting function of DC

We then investigated whether the antigen presenting
function of DC could be affected by tumor-derived
regulatory T cells. DC were cultured with regulatory
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T cells isolated from the spleen of tumor-bearing mice
and were subjected to LPS treatment. CD11c positive
DC were then purified using magnetic cell sorting and
were subsequently cultured with splenocytes from
allogeneic C57BL/6 mice. DC activated with LPS were
potent stimulators of allogeneic T cell proliferation in

MLR. In contrast, the capacity of DC pre-cultured with
regulatory T cells to induce proliferation (Fig. 2c) and
stimulate IFN-c production (Fig. 2d) of allogeneic
splenocytes was abrogated. Together these results indi-
cate that CD4+CD25+ regulatory T cells from tumor-
bearing hosts are capable of suppressing DC function.
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Fig. 1 Characteristics of CD4+CD25+FoxP3+ regulatory T cells
in mice bearing established 12B1 tumors. a Increase in the ratio of
CD4+CD25+ to total CD4+ during tumor progression. Total
splenocytes (Spleen) or draining lymph node (DLN) cells from mice
bearing established 12B1 tumors at different stages were analyzed.
The ratio CD4+CD25+/CD4+ was determined for each individual
mouse and reported as a function of the tumor volume (r2=0.9270,
P<0.00005 in the spleen and r2=0.7364, P<0.0005 in the draining
lymph nodes). b Phenotype of CD4+CD25+ T lymphocytes
purified using magnetic cell sorting from the spleen of mice bearing
established 12B1 tumors (2,000–3,000 mm3). The percentage of
positive cells is indicated. c Foxp3 mRNA levels are increased in
CD4+CD25+ T cells purified from the spleen of mice bearing
established tumors. Expression levels (average ± SD) relative to

18S ribosomal RNA are shown (*P<0.01). d Inhibition of the
proliferation of allogeneic splenocytes by CD4+CD25+ T cells
from tumor-bearing mice. Responder BALB/c splenocytes (Balb/c)
were stimulated with C57BL6 splenocytes (C57BL6) in presence
or absence of CD4+CD25+ T cells (CD25+) isolated from the
spleen of mice bearing 12B1 tumors. The data are shown as
mean ± SD of quadruplicate wells of 3[H]thymidine incorpora-
tion. e CD4+CD25+ T cells from tumor-bearing mice inhibit
IFN-c production. The culture supernatants of the experiment
described in d were collected and IFN-c concentration was
determined by ELISA. The results are shown as the mean of
duplicate wells. Asterisk is a significant difference when compared
to control without CD4+CD25+ regulatory T cells (P<0.01)
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Fig. 2 CD4+CD25+ regulatory T cells from tumor-bearing mice
suppress DC. a CD4+CD25+ regulatory T cells (CD25+) from
tumor-bearing mice inhibit the expression of the co-stimulatory
molecules by DC. Day 4 bone marrow-derived DC were cultured in
the presence or absence of CD4+CD25+ regulatory T cells isolated
from tumor-bearing mice (tumor volume = 2,000–3,000 mm3),
and subjected to LPS treatment. DC were then purified, stained
and analyzed by FACS. Shaded histogram, DC + LPS; non-shaded
histogram, DC + LPS + CD25+. b CD4+CD25+ regulatory T
cells inhibit cytokine production by DC. CD4+CD25+ regulatory
T cells-DC co-culture supernatants were collected and the
production of IL-12, TNF-a and CCL5/RANTES was analyzed
by ELISA. Control DC were cultured in medium alone. Results are
the mean ± SD of triplicate wells. c The capability of DC to
induce the proliferation of allo-splenocytes is hampered
by CD4+CD25+ regulatory T cells from tumor-bearing mice.

DC purified from the co-culture with CD4+CD25+ regulatory T
cells were used as stimulator in an allogeneic MLR. C57BL6
splenocytes were the responder cells and were cultured alone
(C57BL6), with DC (+DC), with DC pre-incubated with regula-
tory T cells (+DC(CD25+)), or LPS (+DC(LPS)), or both
(+DC(LPS,CD25+)). The data are shown as mean ± SD of qua-
druplicate wells of 3H-thymidine incorporation. d CD4+CD25+

regulatory T cells isolated from 12B1 tumor-bearing mice inhibit
the potency of DC to induce IFN-c production by allogeneic
splenocytes. The same experiments as described in c were
performed. At the end of the MLR, the supernatants were collected
and ELISA were carried out. Results are the mean ± SD of
duplicate wells. Asterisk is a significant difference when compared
to the corresponding control without CD4+CD25+ regulatory T
cells (P<0.01)
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Nuclear factor jb (NF-jb) activation is inhibited
by CD4+CD25+ regulatory T lymphocytes

Nuclear factor jb (NF-jb) plays a central role in the
activation of DC in response to various external stimuli
or cytokines, and is involved in IL-12 and TNF-a
secretion by these cells. NF-jb activation depends on the
phosphorylation of its inhibitors, I-jB by Ij-B kinase
(IKK) leading to the translocation of the transcription
factor in the nucleus where it binds to specific DNA
promoter sequences. To gain further insight into the
mechanism by which regulatory T cells from tumor-
bearing hosts inhibit DC function, we examined their
effects on NF-jb activation. DC were purified using
CD11c microbeads from DC-regulatory T cell co-cul-
tures, and nuclear extracts were prepared. The DNA
binding activity of NF-jB to an immobilized oligonu-
cleotide probe containing the consensus NF-jB site was
then assessed using the TransAM kit technology. As
expected, NF-jB P50 binding to its specific oligonu-
cleotide probe was significantly increased in the nuclear
extracts from DC activated with LPS compared to
unstimulated DC. NF-jB P50 DNA binding activity
was reduced in DC cultured in the presence of regulatory
T cells from tumor-bearing mice (Fig. 3a). Competition
experiments confirmed the specificity of NF-jB P50
binding (Fig. 3a). Consistent with these results, I-jB
phosphorylation was detected by western blotting in
cellular extracts from DC treated with LPS. In contrast,
the presence of regulatory T cells significantly hampered
the phosphorylation of I-jB induced by LPS in DC
purified from the co-culture (Fig. 3b).

DC suppression by CD4+CD25+ regulatory T cells
requires direct cell to cell contact and involves
TGF-b and IL-10

It is well established that CD4+CD25+ regulatory T
cells exert their immunosuppressive effects on target cells
in a contact-dependent manner. Transwell experiments
were performed to examine whether the suppression of
DC by regulatory T cells also requires direct cell to cell
contact. The separation of the two cell types by a 0.4 lm
pore size membrane compromised the suppressive
activity of regulatory T cells since in these culture con-
ditions the inhibition of IL-12 production was partially
but significantly abrogated (Fig. 4a).

To further address the suppression mechanism in-
duced by regulatory T cells in DC, the role of TGF-b
and IL-10, two major cytokines reported to be involved
in regulatory T cell suppressive activity, was examined.
We first established that TGF-b1 was expressed at the
cell membrane of regulatory T lymphocytes purified
from the spleen of tumor-bearing mice (Fig. 4b). In
addition, low but detectable levels of TGF-b1 were
found in the supernatants of DC-regulatory T cell co-
cultures (not shown). Anti-TGF-b1,2,3 blocking anti-
bodies significantly reduced, but did not completely

abrogate, the suppressive activity of regulatory T cells
on IL-12 secretion by DC (Fig. 4a). IL-10 expression
was not detected at the cell surface of regulatory T
lymphocytes (Fig. 4b). Interestingly, the secretion of this
cytokine was identified in the supernatants of DC cul-
tured alone, but its concentration was higher in the co-
cultures with regulatory T cells (Fig. 4c). In addition,
anti-IL-10 blocking antibodies partially inhibited the
suppressive activity of regulatory T cells on DC
(Fig. 4a). Interestingly, the addition of both anti-TGF-b
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Fig. 3 Inhibition of LPS-induced activation of nuclear factor-jB in
DC by CD4+CD25+ regulatory T cells from tumor-bearing mice.
a CD4+CD25+ regulatory T cells (CD25+) inhibit the DNA
binding activity of NF-jB. CD11c+ cells were isolated at the end of
the co-culture with or without CD4+CD25+ T lymphocytes, in the
presence or absence of LPS. Nuclear extracts were performed and
the DNA binding activity of NF-jB P50 to a consensus DNA
oligonucleotide probe was assessed as described in Materials and
methods. Positive controls (control extracts), provided by the
manufacturer, correspond to TPA-treated Jurkat cells. To confirm
DNA-binding specificity of the transcription factor, wild type (Wt)
or mutated (Mut) NF-jB consensus oligonucleotides were added to
the assay. The data are shown as mean ± SD of duplicate wells of
NF-jB P50 activation determined as the OD value at 450 nm as
indicated by the manufacturer. Asterisk is a significant difference
when compared to the corresponding control without
CD4+CD25+ regulatory T cells (P<0.01). b CD4+CD25+

regulatory T cells inhibit I-jB phosphorylation. Day 4 DC were
cultured and CD11c+ cells were recovered as previously men-
tioned. Western blot analysis was performed for phospho-I-jB or
I-jB. a, b Negative controls consisted of DC cultured alone, and
positive controls of DC cultured with LPS (1 lg/ml)
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and anti-IL-10 antibodies did not completely reverse the
inhibitory effects of regulatory T lymphocytes on DC
production of IL-12 (Fig. 4a), indicating that other
cytokines and/or mechanisms contribute to the immu-
nosuppression of DC by regulatory T cells.

To provide further insight into the molecular mech-
anisms leading to DC inhibition, and since both IL-10
and TGF-b are involved, we sought to identify the
intracellular signaling pathways induced within DC.
TGF-b has been reported to trigger the Smad signaling
cascade of events in target cells. Confirming our previ-

ous results, Smad2 phosphorylation was increased in
cellular extracts of DC purified from the co-cultures with
regulatory T cells, compared to cellular extracts of DC
cultured alone or with LPS (Fig. 5a). The intracellular
signaling machinery induced after IL-10 binding to its
receptors causes the activation of the STAT3. Therefore,
we examined whether regulatory T cells would induce
STAT3 activation in DC. After culture alone or with
LPS, a basal activation of STAT3 was detected using
TransAM kits in DC nuclear extracts. The activation of
STAT3 was however substantially increased after the co-
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Fig. 4 DC suppression by CD4+CD25+ regulatory T cells
depends on TGF-b and IL-10. a The effects of CD4+CD25+ T
cells (CD25+) are partially abrogated by anti-TGF-b1,2,3 or anti-
IL-10 Ab. Day 4 DC were cultured with CD4+CD25+ regulatory
T cells from tumor-bearing mice, with or without LPS, anti-TGF-
b1,2,3, anti-IL-10 Ab, both anti-IL-10 and anti-TGF-b1,2,3 Ab, or
isotype control antibodies as indicated. DC were also cultured
separated from CD4+CD25+ T cells by a 0.4 lm pore size
Transwell insert. IL-12 production was determined by ELISA in
the culture supernatants. Results are the mean ± SD of duplicate
wells. Asterisk is a significant difference when compared to

LPS + CD4+CD25+ regulatory T cell group (P<0.05). Double
asterisk is a significant difference when compared to LPS group
(P<0.05). b Membrane expression of TGF-b1 and IL-10 by
CD4+CD25+ regulatory T cells from tumor-bearing animal
analyzed by flow cytometry. Representative histograms of three
experiments are presented. Percentage of positive cells is indicated.
c IL-10 secretion in the DC-CD4+CD25+ regulatory T cells co-
cultures. Day 4 DC were cultured with CD4+CD25+ regulatory T
cells and were treated with LPS as mentioned above. The indicated
culture supernatants were tested for IL-10 concentration by
ELISA. Results are the mean ± SD of duplicate wells

55



culture with regulatory T cells (Fig. 5b). Consistently,
the phosphorylation of STAT3 in DC was increased by
CD4+CD25+ regulatory T cells (Fig. 5a).

Taken together these results indicate that regulatory
T cells from tumor-bearing mice mediate DC suppres-
sion by a TGF-b and IL-10 dependent manner which is
associated with the induction of the Smad signaling
pathway, and the activation of the transcription factor
STAT3, respectively.

Activated DC are not susceptible to CD4+CD25+

regulatory T cell inhibition

Since regulatory T cells from tumor-bearing hosts are
capable of inhibiting the activation of immature DC by
LPS, we investigated whether these suppressive cells
could also hamper mature DC function. Bone marrow-
derived DC were first activated with LPS to express
CD80, CD86 and CD40 and to secrete high levels of IL-
12 (not shown). These activated DC were then cultured
in the presence of regulatory T cells from tumor-bearing
mice. The expression of CD80, CD86, CD40 (Fig. 6),
and the secretion of IL-12 or TNF-a (not shown) were
not down-regulated by regulatory T cells, indicating that
after full differentiation and maturation, DC become
insensitive to the suppressive effects of CD4+CD25+

regulatory T cells.

CD4+CD25+ regulatory T cells from tumor-bearing
mice suppress DC function in vivo

To address whether regulatory T cells from tumor-
bearing hosts are also capable of inhibiting DC in vivo,
healthy naı̈ve mice were injected subcutaneously with
PBS, or LPS, or CD4+CD25+ regulatory T lympho-
cytes or both LPS and regulatory T cells. CD11c+ cells
isolated from the draining lymph nodes of LPS-treated
mice were more effective allo-stimulators compared to
DC from PBS or CD4+CD25+ T cells-treated animals.
The co-injection of CD4+CD25+ T cells with LPS
demonstrated a significant inhibitory effect on DC har-
vested from the lymph nodes of treated animals (Fig. 7).
This indicates that CD4+CD25+ T lymphocytes ob-
tained from tumor-bearing hosts can also modulate DC
function in vivo following adoptive transfer into synge-
neic healthy mice.

Discussion

CD4+CD25+FoxP3+ T lymphocytes are the center of
multiple immunoregulatory processes in various disease
states including cancer. In tumor-bearing hosts, their
depletion can augment anti-tumor immune responses [7,
14, 16, 17], however the mechanisms of suppression re-
main incompletely elucidated. Previous studies have
documented that these cells compromise the function of
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Fig. 5 DC suppression by CD4+CD25+ regulatory T cells is
associated with the phosphorylation of Smad 2 and the activation
of STAT3. a Detection of Smad2 and STAT3 phosphorylation in
DC after co-culture with CD4+CD25+ regulatory T cells
(CD25+). Day 4 DC were cultured in the presence or absence of
CD4+CD25+ regulatory T cells, and treated with LPS. CD11c+

cells were selected and western blot analysis was carried out for
phospho-Smad2, Smad2, phospho-STAT3, or STAT3. Positive
controls for Smad2 or STAT3 phosphorylation consisted of DC
treated with TGF-b (90 min, 20 pg/ml) or IL-10 (20 min, 10 ng/
ml), respectively. Negative controls consisted of DC cultured alone.
b CD4+CD25+ regulatory T cells enhance the DNA binding
activity of STAT3 in DC. CD11c+ cells were obtained after co-
culture with CD4+CD25+ regulatory T cells as outlined in (a).
Nuclear extracts were performed and the DNA binding activity of
STAT3 to a consensus DNA probe was assessed. To confirm the
DNA-binding specificity of the transcription factor, wild type (Wt)
or mutated (Mut) consensus oligonucleotides were added. Negative
controls consisted of DC cultured alone, and positive control of
DC treated with IL-10 (20 min, 10 ng/ml). The data are shown as
mean ± SD of duplicate wells for which the OD value was
determined at 450 nm as indicated by the manufacturer. Asterisk is
a significant difference when compared to the corresponding
control without CD4+CD25+ regulatory T cells (P<0.01)
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anti-tumor effector CD8+ T cells and can also hamper
CD4+ T cell help [7, 9, 15, 33, 34]. However, the
immunosuppressive effects of regulatory T cells
from tumor-bearing hosts on DC have not been previ-
ously reported. Our current results indicate that
CD4+CD25+FoxP3+ T lymphocytes obtained from
mice bearing an aggressive BCR–ABL+ leukemia have
potent inhibitory actions on bone marrow-derived DC
such as suppression of CD40, CD80 and CD86 expres-
sion induced by LPS. Moreover, regulatory T cells from
tumor-bearing mice inhibit the production of the pro-
inflammatory cytokines IL-12 and TNF-a, hamper the
secretion of the chemoattractant chemokine CCL5/

RANTES, and suppress DC capacity to induce the
activation of T lymphocytes. Importantly, these immu-
nosuppressive effects are associated with the inhibition
of the transcription factor NF-jB. Consistent with our
results, previous reports have indicated that IL-12 and
TNF-a production by DC is under the control of this
transcription factor [35]. Interestingly, the expression of
CD80, CD86, CD40 and the secretion of IL-12 and
TNF-a by DC first matured with LPS and then cultured
with regulatory T cells were not down-regulated, indi-
cating that DC after full differentiation and maturation
become insensitive to the suppressive effects of
CD4+CD25+ regulatory T cells.

Many of the mechanisms of regulatory T cell-medi-
ated suppression remain conflicting and controversial.
Direct cell–cell interaction between regulatory T cells
and their target cells has been established as a pre-
requisite for the triggering of regulatory T cell effects
[36]. However, the role of TGF-b and IL-10 has been the
subject of extensive investigation leading to divergent
results. Thus, it has been reported that the suppression
of CD25� T lymphocyte proliferation by regulatory T
cells does not require TGF-b [37]. In addition, it has
been shown that the proliferation of CD4+CD25� T
cells from TGF-bRII-dominant negative transgenic mice
and Smad3-deficient mice can be inhibited by
CD4+CD25+ T cells from wild type mice. In the same
study CD4+CD25+ T lymphocytes from neonatal
TGF-b1�/� mice were capable of inhibiting effector T
cells [24]. In contrast, other studies demonstrated that
CD4+CD25+ T lymphocytes produced TGF-b and IL-
10, expressed TGF-b1 at the cell surface and mediated
immunosuppression of T and B cells in a TGF-b
dependent manner [22, 23]. In the current study, we
found that tumor-derived regulatory T cell suppression
of DC requires direct CD4+CD25+ T cell-DC contact
and can be partially reversed by anti-TGF-b1,2,3 or by
anti-IL-10 antibodies. Since only low levels of soluble
TGF-b have been detected in the co-cultures, it is pos-
sible that the actions of TGF-b on DC merely depend on

Fig. 6 Activated DC are not
susceptible to CD4+CD25+

regulatory T cell-mediated
suppression. Day 4 DC were
first activated with LPS (1 lg/
ml) and then co-cultured
(+CD25+) or not (No CD25+)
with CD4+CD25+ regulatory
T cells from tumor-bearing
animals. CD11c+ cells were
then purified, stained for the
indicated markers and analyzed
by flow cytometry. Percentage
of positive cells is indicated
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Fig. 7 CD4+CD25+ regulatory T lymphocytes from tumor-bear-
ing mice modulate DC function in vivo. Mice (three per group)
received PBS, or LPS (10 lg), or CD4+CD25+ T cells isolated
from tumor-bearing mice (2·106 cells) or LPS and CD4+CD25+ T
cells injection (sc). Two days later, the draining lymph nodes were
collected and CD11c+ cells were positively selected, treated with
mitomycin C and used as stimulators in a MLR, with C57BL6
splenocytes (C57BL6) as responders. The data are shown as
mean ± SD of triplicate wells of 3[H]thymidine incorporation.
Asterisk is a significant difference when compared to the corre-
sponding control without CD4+CD25+ regulatory T cells
(P<0.01)
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the membrane form detected on CD4+CD25+ T cells.
Interestingly, the presence of both anti-TGF-b1,2,3 and
anti-IL-10 antibodies does not completely reverse regu-
latory T cell-induced suppression, which suggests that
although these two cytokines contribute to the immu-
nosuppressive effects of regulatory T cells, other factors
also appear to play a role.

The intracellular cell signaling induced by TGF-b
involves the phosphorylation of the cytosolic Smad
proteins including Smad2 and Smad3. These molecules
associate to form a hetero-oligomeric complex with
Smad4 that translocates to the nucleus where it regulates
the transcription of specific genes by binding directly to
DNA consensus sequences, or by interacting with other
transcription factors [38]. Consistently, DC incubated
with regulatory T cells isolated from tumor-bearing mice
exhibited increased levels of Smad2 phosphorylation.
IL-10 suppresses the production of pro-inflammatory
cytokines including TNF-a and IL-12, and chemokines
such as MIP1a or RANTES by triggering the phos-
phorylation and heterodimerization of the STAT3
transcription factor [39, 40]. Our results indicate that the
culture of DC with CD4+CD25+ regulatory T cells
results in the activation of STAT3 in DC. Since STAT3
has been reported to modulate NF-jB binding to spe-
cific promoter DNA sequences [41], these results provide
a link between IL-10-dependent inhibition of DC by
regulatory T lymphocytes and the down-regulation of
NF-jB observed in the suppressed DC.

It has been previously documented that CD4+

CD25+ T cells from healthy naı̈ve mice can down-reg-
ulate DC co-stimulatory molecule (CD80 and CD86)
expression [27], and IL-12 secretion [26]. CD4+CD25+

T lymphocytes from healthy human donors exhibit
suppressive effects on monocyte/macrophages [42] and
on DC generated from peripheral blood monocytes [25].
However, these previous studies did not explore the ef-
fects of regulatory T cells from tumor-bearing hosts, nor
did they investigate the molecular mechanisms of sup-
pression or the intracellular signaling events induced
within DC as outlined herein. In addition the effects of
regulatory T cells on DC in vivo had not been deter-
mined. Since regulatory T cells have been reported to
expand during tumor progression and to play a key role
in inducing tolerance to tumors, it was essential to
determine whether they can inhibit the first steps of the
immune response at the DC level. A profound deficit in
the function of DC (lack of co-stimulatory molecule
expression, decreased secretion of pro-inflammatory
cytokines, inability to activate T lymphocytes) has been
reported in cancer patients and in various animal tumor
models that may account for tumor escape from the
immune system [43–47]. Our results indicate that regu-
latory T cells from tumor-bearing mice are capable of
maintaining bone marrow-derived DC in an immature/
tolerogenic state. These so-called tolerogenic DCs are
believed to induce T cell anergy [43, 46–49], and
may also be involved in the generation of regulatory T
cells [49–51]. Such a positive feed-back loop by which

tolerogenic DC induce regulatory T cell that in turn
enhance their immune inhibitory function could con-
tribute to the establishment and persistence of tumor-
induced tolerance. The inhibition by regulatory T lym-
phocytes of the chemokine CCL5/RANTES secretion by
DC that we observed here constitutes an additional
factor that could further obstruct the induction of spe-
cific anti-tumor immune responses, by suppressing the
recruitment of effector T lymphocytes or inflammatory
cells.

Thus, our results highlight DC as a susceptible stra-
tegic target for CD4+CD25+ regulatory T cells from
tumor-bearing hosts, and provide additional mecha-
nisms triggered by tumors to escape immune surveil-
lance. Since numerous anti-tumor vaccination strategies
are based on the use of DC as APCs, these findings
further emphasize the need of eliminating CD4+CD25+

T lymphocytes in cancer immunotherapy protocols.
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