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Introduction

Effector cellular and humoral immune responses to tumor anti-
gens can be detected in cancer patients1,2 but are unable to control 
cancer progression. Some tumor-associated antigens administered 
as therapeutic vaccines show poor efficacy because cancers escape 
immunological control by establishing tolerance.3 Regulatory T 
cells (Tregs) contribute to tumor-induced immunosuppression. 
They have been extensively characterized in mouse models and 
shown to play a role in human cancer.4 In both species, the pres-
ence of tolerogenic CD4+CD25+FOXP3+ Tregs is associated with 
neoplastic development.5,6 Tregs play a major role in the control 
of immune responses by modulating the activity of both effec-
tor T lymphocytes (Teffs) and antigen-presenting cells.7 There 
is increasing evidence that both the phenotypes and functions of 
Tregs and T helper (Th) cells are highly plastic,8 since repolariza-
tion has been described from a Treg to a Th17,9–11 from a Th1 to 
a Treg or a Th17,12,13 and from a Th17 to a Th1 profile.14

Cancer immunotherapy is hampered by the immunosuppression maintained by regulatory T cells (Tregs) in tumor-
bearing hosts. Stimulation of the Toll-like receptor 2 (TLR2) by Pam3Cys is known to affect Treg-mediated suppression. 
We found that Pam3Cys increases the proliferation of both CD4+ effector T cells (Teffs) and Tregs co-cultured in vitro, but 
did not induce the proliferation of Tregs alone upon CD3 and CD28 stimulation. In a mouse model of RMA-MUC1 tumors, 
Pam3Cys was administered either alone or in combination with a modified vaccinia ankara (MVA)-based mucin 1 (MUC1) 
therapeutic vaccine. The combination of Pam3Cys with MVA-MUC1 (1) diminished splenic Treg/CD4+ T-cell ratios to 
those found in tumor-free mice, (2) stimulated a specific anti-MUC1 interferon γ (IFNγ) response and (3) had a significant 
therapeutic effect on tumor growth and mouse survival. When CD4+ Teffs and Tregs were isolated from Pam3Cys-treated 
mice, Teffs had become resistant to Treg-mediated suppression while upregulating the expression of Bcl-xL. Tregs from 
Pam3Cys-treated mice were fully suppressive for Teffs from naïve mice. Bcl-xL was induced by Pam3Cys with different 
kinetics in Tregs and Teffs. Teff from Pam3Cys-treated mice produced increased levels of Th1 and Th2-type cytokines and 
an interleukin (IL)-6-dependent secretion of IL-17 was observed in Teff:Treg co-cultures, suggesting that TLR2 stimulation 
had skewed the immune response toward a Th17 profile. Our results show for the first time that in a tumor-bearing 
host, TLR2 stimulation with Pam3Cys affects both Tregs and Teffs, protects Teff from Treg-mediated suppression and has 
strong therapeutic effects when combined with an MVA-based antitumor vaccine.
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Among strategies aimed at inducing or potentiating tumor-
specific immune responses, vaccines based on modified vac-
cinia ankara (MVA) vectors have shown promising activity for 
the immunotherapy of mucin 1 (MUC1)-positive tumors.15,16 
Hypoglycosylated variants of the MUC1 oncoprotein are over-
expressed during tumor progression in most cancers of epithelial 
origin.17 MVA is a non-propagative, highly attenuated vaccinia 
virus that can mediate antigen expression in infected cells, lead-
ing to antigen cross-presentation and Teff responses facilitated by 
the stimulation of innate immunity.18 Toll-like receptors (TLR) 
including TLR2 and TLR6 are among the pattern-recognition 
receptors that are activated during MVA infection.

TLR8 stimulation has been shown to abrogate immunosup-
pression by human Treg clones.19,20 Other groups have studied the 
effects of TLR2 ligation by bacterial lipoproteins or the synthetic 
lipopeptide Pam3Cys21 on the immunosuppressive function of 
mouse or human Tregs.11,22–26 The immunopotentiating effect of 
Pam3Cys on cytokine production and proliferation of CD4+ and 
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which translate into therapeutic effi-
cacy of the MVA-based vaccines.

Results

In vitro effects of Pam3Cys on T-cell 
proliferation and suppression. The 
effects of Pam3Cys on Tregs was 
investigated in vitro using T cells 
from naïve mice. CD4+CD25− Teffs 
and CD4+CD25+ Tregs purified from 
C57BL/6 splenocytes were incu-
bated either alone or co-cultured in 
the presence of anti-CD3/anti-CD28 
monoclonal antibodies and increasing 
concentrations of Pam3Cys (Fig. 1A). 
The proliferation of Teffs alone, mea-
sured by BrdU incorporation, was 
enhanced by Pam3Cys at 0.22, 0.66 
and 2 μg/mL (p < 0.05), but this 
effect was not observed at a higher dose 
(6 μg/mL). Tregs alone did not prolif-
erate even in the presence of Pam3Cys. 
When Tregs and Teffs were co-cultured 
(ratio 1:1), nearly no proliferation was 
detected in the absence of Pam3Cys, 
reflecting a Treg-mediated suppres-
sion that required direct cell contacts 
between Tregs and Teffs (Fig. S1). 
Proliferation was restored in the pres-
ence of Pam3Cys at concentrations up 
to 2 μg/mL (p < 0.05). These results 
indicated that, at concentrations 
between 0.22 and 2 μg/mL, Pam3Cys 
inhibits Treg-mediated suppression.

When either Teffs or Tregs were 
labeled with CFSE before the suppres-
sion assay, weak Treg proliferation was 
detected in unstimulated co-cultures 
(Fig. 1B), but not when Tregs were 
cultured alone (not shown). Pam3Cys 
increased the proliferation of both Tregs 

and Teffs in co-cultures (Fig. 1B). The Tregs that proliferated 
upon co-culture remained FOXP3+ (data not shown). Thus, both 
Tregs and Teffs are induced to proliferate upon TLR2 stimulation, 
but Treg proliferation requires the presence of stimulated Teffs.

Low therapeutic activity of an MVA-MUC1 vaccine and 
induction of Tregs in mice bearing RMA-MUC1 tumors. A 
cancer model based on RMA cells stably expressing the MUC1 
tumor antigen was used to study the therapeutic activity of a 
MVA-MUC1 vaccine. MVA-MUC1 was injected at a sub-opti-
mal dose in C57BL/6 mice two days after implantation of RMA-
MUC1 tumors and re-administered at days 9 and 16. As controls, 
an empty MVA variant (MVA-N33) or vehicle were used. MVA 
encoding or not the MUC1 antigen had inhibitory effects on 
tumor progression (Fig. 2A, p = 0.006 and 0.04 respectively), 

CD8+ T lymphocytes has been demonstrated in vivo, in murine 
models, and ex vivo, in human cells.23,26−30 Whether Pam3Cys 
directly affects the function of Tregs remains a matter of debate. 
Some studies suggest that TLR2 ligation induces Treg prolifera-
tion and directly inhibits their immunosuppressive functions.22,23 
Others report that TLR2 ligation does not affect the suppressive 
activity of Tregs, but rather their survival through Bcl-x

L
.24

It has been attempted to deplete or inhibit Tregs in cancer 
patients in order to enhance antitumor immunity.31 Such strat-
egies may be of benefit when combined with tumor-antigen 
vaccines.32.33 In this study, we have investigated the effect of 
Pam3Cys in vitro and in a cancer immunotherapy model. We 
describe the effects of TLR2 stimulation on Treg and Teff func-
tions and on the repolarization of the immune response in vivo, 

Figure 1. (A) Pam3Cys affects T-cell proliferation and suppression in vitro. Purified Teffs (6 × 104 cells), 
Tregs (3 × 104 cells) or Teff:Treg co-cultures (ratio 1:1 for a total of 6 × 104 cells) were stimulated with 
anti-CD3/anti-CD28 monoclonal antibodies in the presence or absence of the indicated amounts 
of Pam3Cys. Cell proliferation was measured by BrdU incorporation. The background O.D. value 
calculated from Teffs cultivated in the absence of anti-CD3/anti-CD28 monoclonal antibodies and 
Pam3Cys was 0.1 (not shown). Data shown are means ± SD (n = 4) from one out of two independent 
experiments with similar results. *p < 0.05 compared with the proliferation of control cultures without 
Pam3Cys. (B) Pam3Cys (0.22 μg/mL) stimulates the proliferation of both Teffs and Treg in co-culture. 
Either cell population was labeled with CFSE before the suppression assay for flow cytometry analysis 
(result from 1 experiment representative of 3).



which did not translate into prolonged mouse survival (Fig. 2B). 
Thus, immunization with MVA-MUC1 in this setting did not 
lead to a potent therapeutic effect, indicating that specific anti-
tumor responses were not sufficiently stimulated. Figure 2C 
shows that all tumor-bearing mice treated or not with MVA 
vectors had increased proportions of Tregs among their CD4+ 
splenocytes at day 23, compared with untreated tumor-free mice.

Because of (1) the low efficacy of the therapeutic vaccine 
in this setting and (2) the increase in Treg/CD4+ T-cell ratios 
during tumor progression, this model appeared relevant for 
studying the effect of compounds targeting Treg-mediated sup-
pression combined with a therapeutic tumor-antigen vaccine.

Therapeutic effect of Pam3Cys combined with a MVA-
MUC1 vaccine. Pam3Cys was administered intraperitoneally 
24 h after each injection of MVA or vehicle. Tumor progression 
was inhibited when Pam3Cys was combined with MVA-MUC1 
(Fig. 3A, p = 0.0001 at day 20 compared with vehicle-treated 
mice). Pam3Cys alone had a moderate effect on tumor progres-
sion, as did MVA-MUC1 (p = 0.02). Survival was prolonged 
only in mice treated with the combination of MVA-MUC1 and 
Pam3Cys (Fig. 3B, p < 0.0001 compared with vehicle- or MVA-
MUC1-treated mice, and p < 0.01 compared mice treated with 
Pam3Cys alone). Median survival was 20 d in vehicle-treated 
mice and 22 d for mice treated with MVA-MUC1 or Pam3Cys 
alone. The combination of these treatments increased median 
survival to 28 d.

To verify whether this therapeutic effect was linked to 
MUC1 vaccination, Pam3Cys was combined with MVA-N33 
using the same treatment schedule. No significant therapeutic 
effect was observed in these conditions, neither on tumor pro-
gression (Fig. 3C) nor on mouse survival (Fig. 3D), compared 
with mice treated with MVA-N33 or Pam3Cys alone. These 
results show that the MVA-mediated expression of the MUC1 
tumor antigen is required, together with the administration of 
Pam3Cys, to achieve a therapeutic effect.

Cell-mediated immune responses against MUC1 are stimu-
lated in mice treated with MVA-MUC1 + Pam3Cys. The cellu-
lar response against MUC1 was analyzed by interferon γ (IFNγ) 
ELISpot assays using splenic mononuclear cells purified one week 
after each MVA injection. RMA-MUC1 tumors alone did not 
induce any detectable specific Teff response against the MUC1 
peptide (Fig. 4). Treatment with MVA-MUC1 alone resulted in 
a low specific response, which was significant only at days 9 and 
23. Similarly, Pam3Cys alone did not stimulate a MUC1-specific 
IFNγ response. Only the combination of MVA-MUC1 and 
Pam3Cys induced a significant response at all timepoints tested 
(p = 0.002 at day 23 compared with vehicle-treated mice).

These results demonstrate that the therapeutic effect 
observed in mice treated with MVA-MUC1 + Pam3Cys is asso-
ciated with the stimulation of a MUC1-specific IFNγ response.

Pam3Cys protects Teffs from Treg-mediated immunosup-
pression. We investigated whether Pam3Cys affected Treg-
mediated suppression in our cancer vaccine model. Pam3Cys 
moderately decreased splenic Treg/CD4+ T-cell ratios at day 
23 (Fig. S2), while the combination of either MVA-MUC1 or 
MVA-N33 with Pam3Cys resulted in almost 2-fold reductions 
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Figure 2. Low therapeutic effect of MVA-MUC1 and Treg induction 
in mice bearing RMA-MUC1 tumors. C57BL/6 mice (n = 18 per group) 
implanted with RMA-MUC1 tumor cells at day 0 were injected subcutane-
ously with either 5 × 107 p.f.u. of MVA vectors or vehicle at days 2, 9 and 
16 (arrows). Animals were monitored every other day, starting on day 
6. (A) Tumor volumes are shown as means ± SEM from one out of two 
independent experiments with similar results. Statistical analyses were 
performed on tumor volumes measured at day 20, when at least 80% 
of vehicle-treated mice were still alive. *p < 0.05, **p < 0.01, compared 
with the tumor volumes of vehicle-treated mice. (B) Percentages of 
surviving mice in each group. (C) Treg levels were quantified by flow 
cytometry analysis of pooled splenocytes isolated from tumor-bearing 
mice one week after each injection of MVA or vehicle, or from naïve mice. 
Percentages of CD25+FOXP3+ Tregs among the CD4+ cell population were 
determined after gating of the lymphocyte population on an FSC/SSC 
dot plot. Data shown are means ± SD from one out of two independent 
experiments with similar results.
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the assay. Figure 5C shows that proliferation of naïve Teffs is sig-
nificantly inhibited by Tregs purified from any of mouse groups, 
including mice treated with Pam3Cys (p < 0.05). Inhibition 
of proliferation was as strong as that observed with Tregs from 
naïve mice (Fig. 5D). These data indicate that 9 days after 
Pam3Cys treatment (6 days in vivo followed by 3 days ex vivo), 
Tregs are capable of suppressing Teffs from naïve mice. Thus, 
Teffs from mice treated with Pam3Cys can proliferate even in 
the presence of functionally immunosuppressive Tregs. Similar 
results were obtained when this analysis was performed at day 
16, after the second administration of MVA and or Pam3Cys 
(data not shown).

As it had been reported that the anti-apoptotic Bcl-2 family 
member Bcl-x

L
 can be upregulated by Pam3Cys in T-cell subsets, 

we analyzed Bcl-x
L
 protein levels in Teffs and Tregs isolated from 

mice treated with Pam3Cys and/or MVA at days 4 and 9 (respec-
tively 1 and 6 d after Pam3Cys treatment). Figure 5E and F shows 
that Bcl-x

L
 was upregulated in Tregs one day after Pam3Cys 

treatment, whereas it was induced only after 6 d in Teffs. This 
late increase in Bcl-x

L
 expression by Teffs may explain their resis-

tance to Treg-mediated suppression.

of the Treg/CD4+ T cell ratios at day 23 (respectively 13 and 
15.5% compared with 22.8% in vehicle-treated mice), approach-
ing the values observed in naïve mice (11%).

Teffs and Tregs purified from each group at day 9 were incu-
bated either alone or in co-cultures with anti-CD3/anti-CD28 
monoclonal antibodies. Proliferation of Teffs alone was increased 
when cells were isolated from mice treated with Pam3Cys, with 
or without MVA, compared with those that were recovered from 
mice injected with MVA vectors alone (Fig. 5A, p < 0.05). Tregs 
alone did not proliferate, whether or not mice had been treated 
with Pam3Cys. In Teff:Treg co-cultures, significant inhibition 
of proliferation was observed at all ratios tested for cells purified 
from mice treated with MVA vectors alone (p < 0.05). In stark 
contrast, the suppression of Teff proliferation was totally abol-
ished when Teffs and Tregs were isolated from mice treated with 
Pam3Cys (Fig. 5B) .

We then asked whether Pam3Cys may directly affect Treg 
functions. To this purpose, suppression assays were performed 
using Teffs isolated from naïve mice and co-cultured with Tregs 
that had been purified at day 9 from Pam3Cys- and/or MVA-
treated mice. Control Tregs from naïve mice were included in 

Figure 3. Therapeutic effect of Pam3Cys combined with MVA-MUC1 in RMA-MUC1 tumor-bearing mice. C57BL/6 mice implanted with RMA-MUC1 tu-
mor cells at day 0 were treated with subcutaneous injections of MVA-N33, MVA-MUC1 or vehicle (arrows) combined or not with Pam3Cys (round-head-
ed bars) administered intraperitoneally 24 h later. Animals were monitored every other day, starting on day 6. (A and C) Tumor volumes are shown as 
means ± SEM from one out of two independent experiments with similar results. Statistical analyses were performed on tumor volumes measured at 
day 20, when at least 80% of vehicle-treated mice were still alive. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. not significant. (B and D) Percentages of surviv-
ing mice in each group.
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Discussion

In our in vitro system, the Treg-mediated suppression of Teff pro-
liferation was cell-contact dependent, in line with earlier reports.7 
Pam3Cys significantly augmented Teff proliferation in response 
to CD3/CD28 stimulation while Tregs proliferated only in the 
presence of Teffs. These results contrast with a previous study 
suggesting that Pam3Cys induces the proliferation of Tregs stim-
ulated by CD3 crosslinking alone.23 Our results are more in agree-
ment with other studies indicating that Tregs stimulated with 
Pam3Cys can proliferate in the presence of exogenous IL-2.22,24 
Our results suggest that cytokines, notably IL-2, produced by 
stimulated Teffs allow for the proliferation of co-cultured Tregs. 
In our system, Pam3Cys inhibited the Treg-mediated suppres-
sion of Teff proliferation, as previously described.22,23 Pam3Cys 
has been shown to directly act on Tregs because its systemic 
administration inhibited the immunosuppressive activity of 
wild-type Tregs transferred into Tlr2−/− mice.22 However, Chen 
et al.24 found that highly purified FOXP3+ Tregs pre-treated 
with Pam3Cys remained fully suppressive when co-cultured with 
Teffs from Tlr2−/− mice. These authors also showed that TLR2 
ligation on Tregs increase their survival through the upregulation 
of the anti-apoptotic protein Bcl-x

L
.24 Our results indicate that 

this upregulation is early and transient in vivo. Other authors 
described that Pam3Cys treatment transiently downregulates 
FOXP3 at the mRNA level and the Treg immunosuppressive 
activity within 8 to 15 h after TCR stimulation.23 In this latter 
study, Pam3Cys-treated Tregs regained their suppressive func-
tion after 7 days. In our ex vivo experiments, Teffs and Tregs 
were purified 6 days after treatment with Pam3Cys before being 

Pam3Cys induces Th1, Th2 and 
Th17 cytokine responses. To examine 
how Pam3Cys and MVA treatments 
affect Th responses, cytokine levels were 
measured in culture supernatants from 
the ex vivo proliferation and suppression 
assays described above. Teffs isolated 
from naïve mice produced detectable 
amounts of interleukin (IL)-2, IL-4 and 
IFNγ upon stimulation but no IL-6, 
IL-10, IL-17 and tumor necrosis fac-
tor α (TNFα) (Fig. 6). None of these 
cytokines were detected in Teff:Treg co-
cultures from the same mice. Likewise, 
Teffs from naïve mice co-cultured with 
Tregs from MVA- and/or Pam3Cys-
treated mice did not produce any of 
these cytokines in detectable amounts 
(not shown). No cytokines were 
detected in the supernatants of stimu-
lated Tregs alone (not shown).

In contrast, Teff isolated from mice 
treated with Pam3Cys produced a series 
of Th1- and Th2-type cytokines. IFNγ 
and TNFα as well as IL-6, IL-10 and 
IL-4 were strongly induced in Teffs 
from mice treated with Pam3Cys, compared with the same 
cells obtained from mice receiving MVA alone (Fig. 6). IL-2 
was also detected in slightly increased quantities in the super-
natants of Teffs when they were derived from Pam3Cys-treated 
mice. IL-2 levels were reduced in when Teffs and Tregs from 
Pam3Cys-treated mice were co-cultured. Both Th1-type (IFNα 
and TNFα) and Th2-type cytokines (IL-6, IL-10 and IL-4) were 
detected in significant amounts in the supernatant of Teff:Treg 
co-cultures when cells were purified from mice treated with 
the combination of Pam3Cys and MVA-MUC1. Only traces of 
these cytokines were produced when Teffs and Treg from mice 
treated with Pam3Cys alone were co-cultured. Of note, IL-17 
was present at high levels in Teff:Treg co-cultures when these 
were obtained from mice treated with Pam3Cys combined with 
MVA-MUC1 (Fig. 6). IL-17 was also detected in the supernatant 
of Teffs from Pam3Cys-treated mice cultured alone, but at lower 
levels. Tregs alone did not produce any IL-17 (not shown).

When Pam3Cys was added in vitro to Teffs and Tregs puri-
fied from naive mice in suppression assays, similar cytokines were 
induced (Fig. S3). IFNγ, IL-4, IL-6, IL-10 and IL-17 were pro-
duced in increased amounts by Teff:Treg co-cultures stimulated 
with Pam3Cys. When IL-6 was blocked in the co-cultures, not 
only the production of the Th2 cytokines IL-4 and IL-10 but 
also that of IL-17 were inhibited. IL-17 secretion was again more 
consistent in Teff:Treg co-cultures than in Teffs cultured alone, 
suggesting that IL-17 in this setting is produced by Tregs. These 
results suggest that, in addition to inducing Th1- and Th2-type 
cytokine responses, Pam3Cys combined with a MVA-MUC1 
vaccine may repolarize the T helper response toward a Th17 pro-
file in an IL-6-dependent manner.

Figure 4. Cell-mediated immune response against MUC1 is stimulated in mice treated with MVA-
MUC1 + Pam3Cys. ELISpot assays were performed using mononuclear cells purified from spleno-
cytes pooled from tumor-bearing mice one week after each injection of MVA or vehicle. Cells were 
stimulated with MUC1 or irrelevant peptide. Data shown are means ± SD (n = 6) from two indepen-
dent experiments. **p < 0.01, n.s. not significant, compared with the control, vehicle-treated mice.
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Figure 5. For figure legend, see page 1277.
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in TLR2-stimulated Teff:Treg co-cultures, stimulates the pro-
duction of IL-17. Our results suggest that Tregs contribute to 
IL-17 production in an IL-6-dependent manner. The presence 
of Th17 cells in cancer patients often correlates with better prog-
nosis39,40 and Th17-polarized cells may be more powerful than 
Th1-type cells in driving anticancer cytotoxicity.41 In this latter 
study, IFNγ was shown to be required for the therapeutic effect 
of Th17 cells adoptively transferred to tumor-bearing mice. We 
found this cytokine to be induced in Teff:Treg co-cultures when 
these cells were purified from Pam3Cys-treated mice.

While this manuscript was in preparation, Nyirenda et al. 
published that human Tregs cultured in the presence of Pam3Cys 
exhibit reduced immunosuppressive function and increased 
secretion of IL-6 and IL-17.11 These results demonstrate that 
Treg themselves are converted into Th17 cells when stimulated 
through TLR2 and are in agreement with our observations. 
Moreover, these authors have shown that both IL-6 and IL-17 
are necessary for the TLR2-mediated reversal of Treg functions.

TLR2 activation during Th17 cell differentiation has previ-
ously been shown to enhance cell proliferation and IL-17 secre-
tion.42 A shift from Treg to Th17 cells in vivo might explain the 
reduced Treg/CD4+ T cell ratios observed following Pam3Cys 
treatment and be associated with a better control of tumor pro-
gression in vaccinated mice. Our results indicate that therapeutic 
benefits are observed when Th1, Th2 and IL-17-producing cells 
differentiate upon TLR2 stimulation and specific activation is 
provided by the MVA-based tumor antigen vaccine. This sug-
gests that Pam3Cys treatment should be combined with a virus-
based vaccine to elicit therapeutic responses in tumor-bearing 
hosts. Pam3Cys could be a potent adjuvant for improving cancer 
immunotherapy using MVA-based tumor antigen vaccines.

Materials and Methods

T-cell suppression and proliferation assay. CD4+CD25+ Tregs 
and CD4+CD25− Teffs were purified from C57BL/6 mouse 
splenocytes using a mouse CD4+CD25+ Regulatory T Cell 
Isolation Kit (Miltenyi Biotec). Teff (3 × 104 cells) were mixed 
with Tregs at the indicated Teff:Treg ratios in complete DMEM 
(Sigma-Aldrich) containing 10% fetal calf serum (FCS) (PAA 
Laboratories). Cells were stimulated with soluble anti-CD3 
(5 μg/mL) and anti-CD28 (1 μg/mL) monoclonal antibodies 
(mAb) (BD PharMingen). Four replicate wells were used for each 
experimental condition, except for negative controls in duplicates. 
These consisted in either CD3- and CD28-stimulated Tregs (3 × 
104 cells) or resting Teffs (3 × 104 cells). Proliferation of a Teff:Treg 

tested in 3 days proliferation and suppression assays. At this late 
timepoint, Tregs were functionally suppressive, while the prolif-
eration of Teffs was augmented. The resistance of Teff to Treg-
mediated suppression correlated with increased Bcl-x

L
 expression. 

Thus, Pam3Cys in vivo upregulates Bcl-x
L
 levels in both Teffs 

and Tregs, but with different kinetics. These results are in line 
with previous studies showing that TLR2 stimulation modulates 
the immune response by affecting both Teffs and Tregs.23,26

Pam3Cys is known to stimulate TLR1/2 and MVA to acti-
vate TLR2 and TLR6, among other receptors involved in innate 
immunity.18 Pam3Cys has also been reported to upregulate 
TLR2 at the mRNA levels, particularly in Tregs, which might 
facilitate the TLR2-mediated sensing of MVA by Tregs.24 TCR 
activation has been found to induce TLR2 expression in other 
T-cell subsets,28 which may in turn increase the stimulatory 
effects of Pam3Cys. TLR2 ligation is known to enhance both 
the proliferation and survival of antigen-specific CD8+ T cells.27 
Increased TLR-mediated signaling may thus overcome tumor-
induced immunosuppression and break tolerance to the tumor 
antigen encoded by MVA.

Pam3Cys has previously been shown to potentiate cytotoxic 
Teff functions.29 In line with this observation, we observed 
highly significant MUC1-specific IFNγ responses using spleno-
cytes from mice treated with the combination of MVA-MUC1 
with Pam3Cys. Th1-type cytokines such as IFNγ, IL-2 and 
TNFα and also Th2 cytokines like IL-6, IL-10 and IL-4 were 
produced when Teffs from Pam3Cys-treated mice were activated 
ex vivo. It has been described that Teffs can develop resistance to 
Treg-mediated immunosuppression through IL-6 signaling34 or 
through the IL-4-induced activation of STAT6.35 We detected 
a high production of these two cytokines by Teffs from mice 
treated with MVA-MUC1 and Pam3Cys, further supporting the 
evidence that Teffs had become resistant to Treg-mediated sup-
pression in this setting. Since IL-6 is known to induce Bcl-x

L
 

expression through STAT3, Bcl-x
L
 upregulation and the resis-

tance to Treg-mediated suppression observed in Teffs ex vivo may 
be direct consequences of IL-6 signaling.36

In addition to the Th1/Th2 cytokines produced by Teffs puri-
fied from Pam3Cys-treated mice stimulated ex vivo, we found 
IL-17 in the supernatant of Teff:Treg co-cultures. The secre-
tion of these cytokines was concomitant with the abrogation of 
Treg-mediated suppression in vitro as well as in vivo. IL-17 is 
secreted by Th17 cells, which have been reported to differenti-
ate either from naïve Th cells37 or from Tregs.9,10 The associa-
tion of IL-6 and transforming growth factor β (TGFβ) induces 
Th17 differentiation.38 In vitro, we found that IL-6, as induced 

Figure 5 (See opposite page). Pam3Cys protects Teff from Treg-mediated suppression. (A) Teff and Treg purified at day 9 from the indicated mouse 
groups were stimulated in vitro with anti-CD3/anti-CD28 monoclonal antibodies, either alone or in Teff:Treg co-cultures at the indicated ratios. Cell 
proliferation measured by BrdU incorporation is shown as means ± SD (n = 4) from one out of two independent experiments with similar results. 
(B) Percentages of inhibition of cell proliferation were calculated from (A) as described in Materials and Methods. (C) Teffs were purified from naïve 
mice and co-cultured with Tregs from the indicated mouse groups at the indicated ratios and anti-CD3/anti-CD28 monoclonal antibodies. Cell pro-
liferation is represented as means ± SD (n = 4) from one out of two independent experiments with similar results. *p < 0.05 between the indicated con-
ditions. (D) Percentages of inhibition of cell proliferation were calculated from (C) as above. (E) Pam3Cys regulates Bcl-xL levels in Tregs and Teffs with 
different kinetics. Teffs and Tregs were purified at days 4 and 9 from mice treated with MVA-MUC1 alone or combined with Pam3Cys. Bcl-xL and β actin 
protein levels were analyzed by immunoblotting on the same membrane. (F) Band intensities were quantified. Bcl-xL / β actin ratios were normalized 
for side-by-side comparison between Teffs or Tregs from Pam-3Cys-treated mice and the corresponding cells from mice treated with MVA-MUC1 only.
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Results are presented as means of optical 
densities (O.D.) or as percentages of inhi-
bition of cell proliferation calculated as 
100 × [1 - (O.D. of Teff:Treg co-culture / 
O.D. of Teff culture)].

To measure the proliferation of Teffs 
and Tregs in co-cultures, each of these 
cell populations was labeled with 10 μM 
CFSE (Invitrogen) and 72 h co-cultures 
were analyzed by flow cytometry on a 
FACSCanto (BD Biosciences).

In transwell assays, 3 × 104 Teff were 
incubated in the bottom chambers of 
Millicel-96 plates (Millipore) in medium 
containing anti-CD3 and anti-CD28 
monoclonal antibodies with or without 
10 μg/mL anti-IL-6 mAb (MP5–20F3 
rat IgG1, BioXCell). Upper chambers 
were filled with medium containing either 
3 × 104 Tregs, Teffs, or Teffs+Tregs 
(3 × 104 cells each). Teff proliferation in 
the bottom chamber was measured after 
72 h by BrdU incorporation.

MVA vectors. MVA-MUC1 was gen-
erated by introducing a modified sequence 
of the human MUC1 cDNA (NCBI 
Nucleotide database# NM_002456.5) 
under the control of the pH5R promoter 
into the natural deletion II of the paren-
tal virus MVA-TGN33.1.43 The MVA-
TGN33.1 vector without any inserted 
transgene (“empty” vector) is designated 
MVA-N33.

Mouse model of cancer immunother-
apy. Female five-week old C57BL/6 mice 
(Charles River Laboratories) were housed 
in a specific-pathogen free animal facility 
and acclimated before the experiments. 
All in vivo experiments were performed in 
compliance with the CEE directive 86/609 
and in compliance with the French laws. 
The RMA-MUC1 lymphoma cell line was 
a gift from Joyce Taylor-Papadimitriou.44 
MUC1 cell surface expression was verified 
by immunostaining using the anti-MUC1 
antibody H23.43 At day 0.5 × 105 RMA-
MUC1 cells were injected subcutaneously 
into the right flanks of mice. Two, eight 
and 15 d later, mice were injected subcuta-
neously with 5 × 107 plaque-forming units 
(p.f.u.) of MVA vectors or vehicle near the 

site of tumor implantation. Twenty-four hours after each injec-
tion of MVA or vehicle (at days 3, 9 and 16), 100 μg of Pam3Cys 
(Pam3CysSK4, InvivoGen) were injected intraperitoneally to 
the indicated mouse groups. Tumor volumes were monitored 
every other day by caliper measurements of each dimension 

co-culture was compared with that of the same total number of 
Teff, in order to limit cytokine or nutrient deprivation effects. 
Cell proliferation was assessed in 72 h cultures using ELISA bro-
modeoxyuridine (BrdU) kit (Roche Diagnostics). Absorbance 
was measured on an ELISA plate reader (Berthold Technologies). 

Figure 6. Pam3Cys induces Th1- and Th2-type cytokine secretion by Teff and IL-17 production 
in Teff:Treg co-cultures ex vivo. The indicated cytokines were quantified in culture supernatants 
from Teffs (left panels) or Teff:Treg co-cultures at ratio 1:1 (right panels). Concentrations shown 
(pg/mL) are means ± SD (n = 4) calculated from two independent experiments.
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specific for Bcl-x
L
 (Cell Signaling) or β actin (Sigma). After incu-

bation with secondary antibodies (Dako), signal was detected 
using the Immun-Star WesternC Chemiluminescence kit (Bio-
Rad), quantified using the ChemiDoc XRS Imager and analyzed 
with the software Image Lab from Bio-Rad.

Cytokine titration. IL-2, IL-6, IL-10, IFNγ, TNFα, IL-4 
and IL-17 were titrated in the culture supernatant from in vitro 
suppression assays using the mouse Th1 / Th2 FlowCytomix 
Pro kit (Bender MedSystems) following the manufacturer’s 
instructions. Samples were acquired on a FACSCanto (BD 
Biosciences) and analyzed using FlowCytomix Pro software 
(Bender MedSystems).

Statistical analysis. Mann-Whitney’s test was performed 
using Prism software (GraphPad) for pairwise comparisons 
between experimental groups in all models, except for the analy-
sis of mouse survival where a Log-rank test was performed using 
Statistica software (StatSoft).
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and calculated using following formula: V = 4/3 π (length/2)
(width/2)(depth/2). Mice were euthanized when tumor volumes 
were above 2 cm3.

Flow cytometry. Staining for cell surface markers was done 
by incubating 1 × 106 splenocytes (pooled from 5 mice per group 
except for day 23, 1 to 5 mice per group depending on survival) 
or 0.5 to 1 × 106 cultured Teffs or Tregs with anti-CD4 and anti-
CD25 mAbs (BD PharMingen) for 30 min at 4°C. For the detec-
tion of FoxP3, cells were fixed and permeabilized using FOXP3 
Fix/Perm solution (BioLegend). Cells were incubated with anti-
FoxP3 mAb or isotype control IgG1 (BioLegend) for 1 h at room 
temperature. Cells were washed with permeabilization buffer and 
analyzed on a FACSAria III using the FACSDiva software (BD 
Biosciences).

ELISpot assay. Mononuclear cells were obtained from sple-
nocytes by density gradient centrifugation on Lympholyte-M 
(Cedarlane). One million mononuclear cells in triplicate wells 
were seeded in 96-well MSIP plates (Millipore) coated with anti-
IFNγ mAb (Mabtech AB) and cultured in complete RPMI-1640 
medium (Sigma) with 10% FCS, in the presence of 1 μg/mL 
of MUC1 peptide (LSYTNPAVAATSANL, 15mer identified as 
a T cell epitope in C57BL/6 mice, unpublished data) or irrel-
evant HPV16-E2 peptide (HIDYWKHMRLECAIY). After 18 
h culture, immunospots were revealed using biotinylated anti-
IFNγ detection mAb (Mabtech), Extravidin (Sigma) and BCIP/
NBT solution (Sigma). Spots were counted using Bioreader 4000 
PRO-S (BIO-SYS).

Western-blot. Thirty-six μg proteins from each whole-cell 
extract were analyzed by Western-blot with primary antibodies 
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