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Abstract Active immunotherapy and cancer vaccines
that promote host antitumor immune responses promise to
be eVective and less toxic alternatives to current cytotoxic
drugs for the treatment of cancer. However, the success of
tumor immunotherapeutics and vaccines is dependent on
identifying approaches for circumventing the immunosup-
pressive eVects of regulatory T (Treg) cells induced by the
growing tumor and by immunotherapeutic molecules,
including Toll-like receptor (TLR) agonists. Here, we show
that tumors secrete high concentrations of active TGF-�1, a
cytokine that can convert naive T cells into Foxp3+ Treg
cells. Silencing TGF-�1 mRNA using small interfering
RNA (siRNA) in tumor cells inhibited active TGF-�1 pro-
duction in vitro and restrained their growth in vivo. Prophy-
lactic but not therapeutic administration of TGF-�1 siRNA
reduced the growth of CT26 tumors in vivo. Furthermore,
suppressing TGF-�1 expression at the site of a tumor, using
siRNA before, during and after therapeutic administration
of a TLR-activated antigen-pulsed dendritic cell vaccine
signiWcantly reduced the growth of B16 melanoma in mice.
The protective eVect of co-administering TGF-�1 siRNA
with the DC vaccine was associated with suppression of
CD25+Foxp3+ and CD25+IL-10+ T cells and enhancement
of tumor inWltrating CD4 and CD8 T cells. Our Wndings
suggest that transient suppression of TGF-�1 may be a
promising approach for enhancing the eYcacy of tumor
vaccines in humans.
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Introduction

Active immunotherapy has the potential to be a less toxic
and more eVective approach than current cytotoxic drugs
for treating malignancies. The majority of immunothera-
peutic and vaccine strategies in development for the treat-
ment of cancer involve manipulating the cooperation
between the innate and adaptive immunity to promote
eVective cytotoxic T-lymphocyte (CTL) and Th1 response
against the tumor [1]. Dendritic cells (DC) are key antigen
presenting cells and play a crucial role in directing adaptive
immune responses, consequently DC have been targeted in
the development of cancer vaccines [2]. DC pulsed with
tumor antigens and stimulated to mature with cytokines or
immunomodulatory molecules such as TLR agonists can
induce Th1 responses in vitro. However, this has not
always translated to eVective immunotherapy when trans-
ferred in vivo.

One explanation for the relatively modest success with
active immunotherapeutics and vaccine approaches to can-
cer is the relatively high prevalence of regulatory T (Treg)
cells inWltrating the tumor. CD4+CD25+ natural Treg cells
which constitutively express Foxp3 are ordinarily a beneW-
cial component of a healthy immune system, playing a crit-
ical role in maintaining self-tolerance and preventing the
development of autoimmune diseases. However, Treg cells
are also induced by infection and tumors where they can be
beneWcial to the host in preventing immunopathology, but
also subvert host immunity to pathogens and tumors [3, 4].
In addition to natural Treg cells, Treg cells can be induced
under the inXuence of IL-10 and TGF-�, and these inducible
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Treg cells, which secrete further IL-10 and TGF-�, sup-
press protective immune responses against tumors [5].

Patients with diVerent cancers have increased numbers
of Tregs cells [6]. Tumors have adapted to produce and
secrete molecules such as VEGF, PGE-2, and TGF-� which
maintain DC in an immature state and induce diVerentiation
of Treg cells from naïve T cells [7]. Production of TGF-�
by tumors appears to be an evasion strategy to ensure tumor
survival [8]. TGF-� can act directly on naive CD4+ T cells
to induce Foxp3 expression, converting them to a Treg phe-
notype [9, 10]. Approaches which target Treg cells and
break self-tolerance also have considerable potential for
enhancing the eYcacy of vaccines or active immunothera-
peutics against tumors.

Depletion of Treg cells has already been shown to pro-
mote antitumor immune responses in vivo in mouse models
[11, 12]. Furthermore, blockade of CTLA4, constitutively
expressed on Treg cells, using the humanized monoclonal
antibodies ipilimumab and tremelimumab has shown some
eYcacy against a range of human cancers [1]. Furthermore,
ipilimumab and tremelimumab have been assessed in the
clinic in combination with peptide or DC vaccines [13, 14].
The cell-based cancer vaccine Provenge has already
licensed for human use [15], but there is considerable scope
for improved eYcacy by attenuation of regulatory
responses using a number of approaches, including block-
ade of CTLA4 or TGF-�. However, persistent suppression
of CTLA4 can be associated with the development of coli-
tis and autoimmune diseases [16]. Alternatively transient
suppression of TGF-�1 and consequently Treg responses
may allow development of antitumor immune responses in
vivo, especially when administered with a tumor vaccine.
Small interfering RNAs (siRNA) oligos are an eVective
means of silencing gene expression and have been assessed
in clinical trials as therapies for respiratory disease and
macular degeneration [17]. Here, we have used siRNA to
silence the expression of tumor-derived TGF-�1. We dem-
onstrate that silencing TGF-�1 mRNA suppresses Treg cell
induction and signiWcantly enhances antitumor immunity
induced with a DC vaccine in a poorly immunogenic tumor
model.

Materials and methods

siRNA oligos

siRNA oligos speciWc for TGF-�1 were purchased from
AMBION, (Austin, Texas) siRNA ID 187280 with the
sequence CCAAGGAGACGGAAUACAGtt. This sequence
was designed and generated by AMBION using stringent
algorithms to eliminate oV-target eVects and spans exon 3

and 4 in the transcript starting at nucleotide 1494 (to nuc
1512). The TGF-�1 siRNA is speciWc for mouse and does
not knockdown human TGF-�1. The non-speciWc control
siRNA (RISC-FREE) was purchased from Dharmacon,
(Lafayette, CO).

Mice

Six to eight week old C57BL/6 and BALB/c female mice
were purchased from Harlan Laboratories, (Oxen, UK).
Animal experiments and maintenance were approved and
regulated by the university ethics committee and the Irish
Department of Health.

Tumor models

The B16F10 murine melanoma and CT26 colon carcinoma
cell lines were purchased from the American Type Culture
Collection (ATCC; Manassas, VA) and used for tumor
induction in C57BL/6 and BALB/c mice, respectively, by
subcutaneously (s.c.) administration into the Xank. Tumor
growth was recorded every 2–3 days and animals were
killed when tumors measured 15 mm in diameter. Tumor
volume (V) was calculated as V = (�/6) (d12 £ d2) where
d1 is the shortest diameter measurement.

siRNA transfection

CT26 cells were transfected with siRNA (100 nM) using
oligofectamine (Invitrogen) according to manufacturer’s
protocol. Supernatants were removed on indicated days to
determine TGF-�1 concentrations by ELISA (R&D Sys-
tems, catalog number DY1679).

DC tumor vaccine

Murine bone marrow-derived immature DCs were gener-
ated as described [18]. DC were loaded at a 1:1 ratio with
heat-shocked (43°C for 1 h), �-irradiated (200 Gy) (hs/irr)
tumor cells followed by stimulation with CpG (5 �g/ml) for
18 h. DC were washed and injected (5 £ 105) s.c. into the
tumor site days 3, 10, and 17 after tumor inoculation. For
siRNA treatments, 5 �g of siRNA was complexed with
oligofectamine and administered s.c. in a volume of 100 �l.

Treg cell conversion assay

CD4+CD25¡ cells were puriWed from the spleens of naive
mice using MACS cell sorter. Cells were cultured with
plate-bound �-CD3 (2 �g/ml, BD) soluble �-CD28 (BD)
and 20 U/ml IL-2 (BD) and where indicated recombinant
TGF-�1 (5 ng/ml; R&D Systems).
123



Cancer Immunol Immunother (2012) 61:425–431 427
Flow cytometric analysis

For conversion assay, cells were stained with antibodies
speciWc for CD4, CD25, and Foxp3 after 7 days incubation
and analyzed by FACS. Tumors were removed on day 21
and single-cell suspensions were prepared. Cells were stim-
ulated with PMA (50 ng/ml) and ionomycin (500 ng/ml)
for 2 h and then brefeldin A (5 �g/ml) was added for further
4 h at 37°C. Cells were stained with antibodies to CD4 or
CD8 (eBioscience). Cells were then Wxed and permeab-
lized, then incubated with anti-IL-10 or anti-Foxp3 (eBio-
science). ImmunoXuorescence was analyzed using a CyAn
(Dakocytomation) with FloJo (Stanford University) soft-
ware.

Statistical analysis

Statistical analysis was performed using GraphPad Instat.
Anova or Student’s t test was used to compare statistical
diVerences of means between groups.

Results

We Wrst examined the production of TGF-�1 by two tumor
cell lines in vitro relative to other cell types. CT26 and B16
tumor cells secreted high concentrations of TGF-�1 when
compared with DC and CD4 T cells (Fig. 1a). We next
examined the capacity of TGF-�1 to convert naive T cells
to Treg cells in vitro. Naive CD4+ T cells were puriWed and
incubated with recombinant TGF-�1 and IL-2 for 7 days
and analyzed for Foxp3 and CD25 expression. Foxp3
expression was upregulated in TGF-�1-treated cells, indi-
cating their conversion to a Treg phenotype (Fig. 1b).

To investigate the eVect of tumor-derived TGF-�1 on
tumor growth, we used siRNA to silence expression of the
gene in the CT26 cells. The TGF siRNA was speciWc for
mouse TGF-�1, and this was chosen because recombinant
TGF-�1 induces conversion of naïve CD4 T cells to Foxp3
positive Treg cells in vitro. Expression of TGF-�1 protein
was signiWcantly reduced in siRNA-transfected CT26 cells
compared with untransfected cells and this persisted for

Fig. 1 Gene silencing of TGF-�1 in tumor cells inhibits Treg cell
conversion and growth of tumor cells in vivo. a DC, CD4+ T cells, or
tumor cells (B16 and CT26) were cultured for 24 h, and TGF-�1 was
quantiWed in the supernatants by ELISA. b Naive murine CD4+CD25¡

cells were cultured at 5 £ 105 cells/ml in anti-CD3-coated wells in
medium containing IL-2 and soluble anti-CD28 with or without 5 ng/ml
of recombinant TGF-�1. After 7 days, cells were analyzed by FACS
for the expression of Foxp3 and CD25 after gating on CD4. c siRNA
speciWc for TGF-�1 (100 nM) or a negative control non-speciWc siRNA

were transfected into CT26 cells using oligofectamine. Supernatants
were removed at the indicated times and TGF-� was quantiWed by
ELISA. *P < 0.05, ***P < 0.001 versus untreated; +++P < 0.001 versus
control siRNA. d CT26 cells were transfected in vitro with siRNA spe-
ciWc for TGF-�1 or control siRNA (TGF-�1 siRNA reduced TGF-�1
protein expression by 45% after 5 days and 66% after 9 days in trans-
fected tumors cells compared with control tumor cells) and then inject-
ed s.c. into BALB/c mice 5 days after transfection. Tumor growth was
monitored over a 20-day period. *P < 0.05 versus PBS or control siRNA
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11 days (Fig. 1c). The eVect of reducing TGF-�1 expres-
sion on tumor growth in vivo was assessed by inoculating
BALB/c mice s.c. with CT26 cells (2x105) transfected in
vitro with siRNA speciWc for TGF-�1. The rate of tumor
growth was slower for CT26 cells transfected with TGF-�1
siRNA, when compared with those transfected with a con-
trol siRNA or untransfected cells (Fig. 1d).

We next examined the possibility that silencing TGF-�1
in vivo might have potential to modify tumor growth.
BALB/c mice were given injections of siRNA (5 �g) into
the site of the tumor on day ¡5, ¡3, ¡1, 1, and 3 and CT26
cells were given on day 0. Mice treated with TGF-�1
siRNA had reduced tumor growth compared with mice
treated with control siRNA (Fig. 2a). However, using a

therapeutic approach, where mice were treated with siRNA
every 2 days from day 6, TGF-�1 siRNA did not aVect
tumor growth (Fig. 2b).

We examined the possibility that TGF-�1 siRNA might
work therapeutically using a vaccine approach. We have
reported that TLR-activated DC pulsed with hs/irr tumor
cells can protect against the poorly immunogenic B16
tumor cells when IL-10 signaling is inhibited [19] therefore
we used this model. DC loaded with B16 antigen and stim-
ulated with CpG were injected s.c. 3, 10, and 17 days after
challenge of mice with B16F10 cells. Mice were injected
intratumorally with siRNA the day before, after and same
day as the DC vaccine. The data demonstrate that adminis-
tration of the DC vaccine alone had little eVect on tumor

Fig. 2 Treatment with TGF-�1 
siRNA suppresses Treg cell 
induction and enhances the 
eYcacy of DC tumor vaccine. 
a BALB/c mice were injected 
with 2 £ 105 CT26 colon carci-
noma cells in the Xank on day 0. 
Mice treated from days ¡5, ¡3, 
¡1, 1, and 3 (a) or every 2 days 
from day 6 (b) with 5 �g of 
siRNA for TGF-�1 or control 
siRNA complexed with oligo-
fectamine or with oligofecta-
mine alone. Tumor growth was 
monitored. The experiment was 
terminated when tumors reached 
a diameter of 15 mM. c C57BL/
6 mice were injected in the Xank 
on day 0 with 2 £ 105 cells 
B16F10 melanoma cells. Mice 
were treated on day 3, 10, and 
17, with PBS or a DC vaccine, 
comprising 5 £ 105 DC loaded 
with hs/irr B16F10 cells and 
stimulated with CpG, washed 
and injected into the site of the 
tumor. On day 2, 3, 4, 9, 10, 11, 
16, 17, and 18, the relevant 
groups were also injected with 
5 �g TGF-�1 or control siRNA 
into the tumor site. Growth was 
monitored over 21 days. 
*P < 0.05, **P < 0.01, and 
***P < 0.001 versus PBS or DC 
vaccine with control siRNA. 
d Tumors were removed on day 
21 and cells stimulated with 
PMA and ionomycin overnight 
were stained for CD4, CD8, 
CD25, IL-10, and Foxp3 and 
analyzed by FACS. Results pre-
sented are mean § SD or repre-
sentative FACS plots for 5–6 
mice per group and are represen-
tative of 3 experiments
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growth (Fig. 2a). In contrast, administration of TGF-�1
siRNA signiWcantly enhanced the eYcacy of the DC vac-
cine; the tumor burden was signiWcantly lower in mice
given the DC vaccine in combination with TGF-�1 siRNA,
compared with control siRNA (Fig. 2c).

We examined the inXuence of TGF-�1 silencing on the
frequency of Treg cells in the tumor mass. Mice treated
with the DC vaccine in combination with TGF-�1 siRNA
had enhanced tumor inWltrating CD4 and CD8 T cells, but
fewer CD25+Foxp3+ and CD25+IL-10+ T cells (Fig. 2d).
This was a consistent Wnding between mice in each experi-
mental group and across diVerent experiments. Our Wndings
demonstrate that TGF-�1 produced by or in response tumor
cells can suppress antitumor immunity and compromise the
eYcacy of tumor vaccine and suggest that inhibition of
Treg cell induction by silencing TGF-�1 is a promising
approach for enhancing the eYcacy of a tumor vaccine.

Discussion

In this study, we have demonstrated that suppression of
Treg cell induction by targeting TGF-�1 using siRNA can
enhance the eYcacy of a DC vaccine against a poorly
immunogenic tumor in mice. It is well documented that
growing tumors create an immunosuppressive environ-
ment, which inhibits the generation of antitumor immunity
[12]. Tumor cells secrete or induce production of immuno-
suppressive molecules, including the cytokines TGF-� and
IL-10, which inhibit the function of T cells or innate
immune cells, including DC. DC puriWed from tumor-bear-
ing mice have defective function, including abnormal
diVerentiation, maturation, and migration [20]. Further-
more, growing tumors can recruit, induce, and convert Treg
cells. The detrimental eVect of Treg cells on tumor immu-
nity was clearly demonstrated through the demonstration
that depletion of CD25+ cells can reduce tumor growth in
mice [12, 21]. We have previously reported that active
immunotherapy using TLR ligands or tumor-derived
HSP60 can promote the induction of Treg cells as well as
protective Th1 cells [19, 22]. This is a major obstacle in the
induction of antitumor immune response and has high-
lighted the importance of identifying methods for overcom-
ing tolerance and immunosuppression in the development
of immunotherapies against cancer [23].

TGF-� is involved in or inXuences a number of cell pro-
cesses, including cellular proliferation, survival, diVerentia-
tion, and apoptosis [24]. It is secreted by tumor cells,
supporting their growth and survival [25]. TGF-� also has
anti-inXammatory properties and is secreted by certain pop-
ulations of Treg cells and, at least in part, mediates their
immunosuppressive function. TGF-�-secreting DC and T
cells are found at tumor sites, where it is thought that they

function to suppress eVector T cell responses, thus promot-
ing and maintaining tumor growth [26]. Therefore, target-
ing TGF-� has the potential for enhancing antitumor
immunity. In this study, we used siRNA speciWc for TGF-
�1. All three TGF-� isoforms have been implicated in
tumor regulation but TGF�1 has a particular role in sup-
pressing tumor immunity through the conversion of CD4
cells to a Treg phenotype. Our approach was to improve
vaccine eYcacy through attenuation of immunosuppression
by converted Treg cells and is therefore more speciWc than
previous studies using anti-TGF-� antibodies that block all
three isoforms. Since TGF-� has important functions inde-
pendent of its pro-tumor role, strategies that transiently
remove its tumor-promoting eVect may be safer than those
that completely block this cytokine or Treg cells in general.
For this reason, siRNA may be a more attractive approach
for blocking TGF-�. Furthermore, the use of liposomes to
deliver the siRNA oligos enhances uptake by phagocytic
cells, which should help to target macrophages and DC, the
key APC for driving T cell responses.

Recent studies have shown that cell-based vaccines have
promise for the treatment of cancer, with the recent licens-
ing of Provenge for prostate cancer [15]. The advantage of
the DC vaccine approach is that the DC is activated in vitro
away from the immunosuppressive environment of the
growing tumor. However, in a therapeutic setting, tumor-
induced Treg cells and TGF-� may still compromise the
capacity of the DC vaccine to promote eVective antitumor
immunity. The present study shows that this can be circum-
vented by transiently silencing TGF-�1 immediately before
and after injection of the DC vaccine. We found that a vac-
cine comprising of DC pulsed with hs/irr tumor cells and
activated with the TLR9 agonist CpG had only marginal
therapeutic eYcacy against B16 tumors in mice. In con-
trast, administration of TGF-�1 siRNA signiWcantly
enhanced the eYcacy of the DC vaccine. The reduction in
tumor growth was associated with an expansion of CD4
and CD8 T cells, but a reduction in CD4+CD25+Foxp3+ T
cells inWltrating the tumors. InWltrating DC are detectable in
the human and murine tumors and these have regulatory
phenotype, including TGF-� expression, and promote the
induction of Treg cells [27] (unpublished observations).
The DC therapy approach, which employs DC activated in
vitro with a TLR agonist, when combined with silencing
TGF-�1 expression in vivo circumvented the induction of
Treg cells and allowed the development of protective eVec-
tor T cell responses.

The TGF-�1 siRNA used in this study was delivered
using a liposome-based delivery system. We found this to
be an eVective approach for targeting siRNA to tumor cell
and DC, which are major sources of the TGF-�1 that con-
tribute to immunosuppression in cancer. While these
reagents may not be directly translatable to clinical studies,
123
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a number of approaches have been employed for delivery
of siRNA in humans, including direct injection of naked
siRNA locally in eye disease [17] or systemic delivery of
siRNA-containing nanoparticles for tumor therapy [28].
Methods have been developed to improve safety and guide
delivery to speciWc cellular targets. This together with the
fact that siRNA can be designed to target any gene makes
the likelihood of siRNA being widely used in therapeutics a
real prospect in the very near future. The method of com-
bining siRNA with a DC vaccine reported here has the
potential to be used in combination with any vaccine that is
negatively aVected by Treg cells generated through the
inXuence of TGF-�1 and is therefore broadly applicable to
the Weld of vaccines in general.
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