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Summary

Dendritic cells (DCs) are promising therapeutic agents in the field of

cancer immunotherapy due to their intrinsic immune-priming capacity.

The potency of DCs, however, is readily attenuated immediately after

their administration in patients as tumours and various immune cells,

including DCs, produce various immunosuppressive factors such as

interleukin (IL)-10 and transforming growth factor (TGF)-b that hamper

the function of DCs. In this study, we used small interfering RNA

(siRNA) to silence the expression of endogenous molecules in DCs, which

can sense immunosuppressive factors. Among the siRNAs targeting

various immunosuppressive molecules, we observed that DCs transfected

with siRNA targeting IL-10 receptor alpha (siIL-10RA) initiated the

strongest antigen-specific CD81 T cell immune responses. The potency of

siIL-10RA was enhanced further by combining it with siRNA targeting

TGF-b receptor (siTGF-bR), which was the next best option during the

screening of this study, or the previously selected immunoadjuvant siRNA

targeting phosphatase and tensin homologue deleted on chromosome 10

(PTEN) or Bcl-2-like protein 11 (BIM). In the midst of sorting out the

siRNA cocktails, the cocktail of siIL-10RA and siTGF-bR generated the

strongest antigen-specific CD81 T cell immunity. Concordantly, the

knock-down of both IL-10RA and TGF-bR in DCs induced the strongest

anti-tumour effects in the TC-1 P0 tumour model, a cervical cancer

model expressing the human papillomavirus (HPV)-16 E7 antigen, and

even in the immune-resistant TC-1 (P3) tumour model that secretes more

IL-10 and TGF-b than the parental tumour cells (TC-1 P0). These results

provide the groundwork for future clinical development of the siRNA

cocktail-mediated strategy by co-targeting immunosuppressive molecules

to enhance the potency of DC-based vaccines.
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Introduction

Dendritic cells (DCs) serve as a fascinating target in can-

cer immunotherapy due to their capacity to act as

antigen-presenting cells (APCs), which play a critical role

in the induction and regulation of immune responses

[1,2]. The immunological efficacy of DC-based cancer

vaccines has been demonstrated successfully in numerous

murine tumour models [3,4]. However, the clinical out-

comes of DC-based vaccination against cancer have not

been very promising. One of the limitations in the clinical

application of DC-based cancer vaccine may be the pres-

ence of various immunosuppressive factors produced by

established tumours.

Tumours produce a variety of immunosuppressive

cytokines and metabolites, including interleukin (IL)-10,

transforming growth factor (TGF)-b, prostaglandin E2

(PGE2), cyclooxygenase-2 (COX2) and nitric oxide syn-

thase 2 (NOS2) [5–7]. These immunosuppressive mole-

cules not only inhibit the immune response by inducing

regulatory T cells (Tregs) and tolerogenic DCs, but also

constrain DC differentiation and function. Among these,

IL-10, also known as human cytokine synthesis inhibitory
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factor, converts immature DCs into tolerogenic APCs

through decreased expression of co-stimulatory mole-

cules, such as major histocompatibility complex (MHC)-

II, CD80 and CD86. IL-10 promotes DC apoptosis and

inhibits DC migration to the secondary lymphoid organs

[8,9]. Conversely, TGF-b shows pleiotropic features, act-

ing as both a tumour suppressor and a tumour promoter

according to the physiological setting. In the tumour

microenvironment a high level of TGF-b, however, causes

evasion of immune surveillance [10]. TGF-b reduces the

expression of co-stimulatory molecules and chemokine

receptors, leading to the inhibition of tumour-specific T

cell responses and migration of DCs to the draining

lymph nodes [5,11]. In addition, IL-1R-associated kinase

3 (IRAK-3), suppressors of cytokine signalling 1 (SOCS-

1) and src homology-2 domain-containing inositol 5-

phosphatase 1 (SHIP-1) were reported as negative regula-

tors of various immune responses, including lipopolysac-

charide (LPS) tolerance, and consequently they are

responsible for the limited efficacy of DC-based vaccines

[12–15]. Thus, tumour-derived immunosuppression

could be the main obstacle in the clinical application of

DC-based vaccines, depending on the local micro milieu

and cytokine environment.

RNA interference (RNAi) technology is used widely to

silence a variety of genes in vitro and in vivo due to its

ability to specifically destroy the target mRNA. Our study

and other studies have demonstrated successfully that

silencing of endogenous enzymes, cytokines or receptors

involved in DC apoptosis and immunosuppressive signal-

ling improves antigen-specific CD81 cytotoxic T lympho-

cyte (CTL) responses against a tumour antigen in vitro

and in vivo [16–22]. We have demonstrated that the

siRNA targeting Bcl-2-like protein 11 (BIM) or phospha-

tase and tensin homologue deleted on chromosome 10

(PTEN) is a potent immunoadjuvant siRNA for DC-

based vaccines, considering its ability to generate antigen-

specific CD81 T cell immune responses. These siRNAs

render DCs resistant to apoptotic cell death and activate

protein kinase B (Akt) survival signalling, respectively

[20,21]. Although the potency of the siRNA-treated DC

vaccination therapy was profoundly improved in a

tumour-bearing mouse model, the overall outcome was

not satisfactory and an improvement in the outcome is

needed.

In the current study, we tried to further increase the

potency of DCs using cocktail siRNA to silence the

expression of endogenous molecules in the DCs that can

sense the presence of tumour-derived immunosuppressive

factors which constrain the function of DCs. The knock-

down of the immunosuppression-related targets substan-

tially enhanced anti-tumour CD81 T cell responses in

tumour-bearing mice. In particular, although single

silencing of a leading immunosuppressive molecule, IL-10

receptor alpha (hereafter IL-10RA), generated the strong-

est antigen-specific CD81 T cell immunity, co-silencing

of immunosuppressive signalling receptors with the cock-

tail, which was made by mixing siIL-10RA and siTGF-bR,

enhanced more effectively the frequency of antigen-

specific CD81 CTLs and anti-tumour effects in the TC-1

(P0) tumour model, a cervical cancer model expressing

the human papillomavirus (HPV)-16 E7 antigen. More

importantly, we also observed that the siRNA cocktail-

treated DCs exhibited profound anti-tumour effects

against highly immunosuppressive tumour cells (TC-1

P3) that secrete more IL-10 and TGF-b than the parental

tumour cells, TC-1 (P0) [16–18]. These findings would

support future clinical development of DC-based cancer

immunotherapy.

Materials and methods

Tumour cell culture

The HPV-16 E7-expressing murine tumour model, TC-1,

was generated as described previously [16]. In brief,

HPV-16 E6, E7 and H-Ras oncogenes were introduced to

transform primary C57BL/6 mice lung epithelial cells to

generate TC-1 (P0). Immune-resistant TC-1 (P3) cells

were established previously through in-vivo selection of a

susceptible cell line (TC-1 P0) in the mice immunized

with a vaccinia virus encoding an endosome-targeted E7,

sightless (Sig)/E7/lysosomal-associated membrane protein

1 (LAMP-1) [16–18]. Cells were grown in RPMI-1640

medium supplemented with 5% fetal bovine serum

(FBS), 2 mM L-glutamine, 1 mM sodium pyruvate,

100 units/ml penicillin, 100 units/ml streptomycin and

100 mM non-essential amino acids at 37 �C in 5% CO2.

In-vitro stimulation of bone marrow-derived dendritic
cells (BMDCs)

BMDCs were generated from bone marrow progenitor

cells as described previously [20]. For the stimulation of

BMDCs, 2 3 105 cells/ml isolated BMDCs were cultured

in the presence of LPS at a concentration of 1 lg/ml for

18 h. After stimulation, the LPS-containing medium was

changed with fresh media.

Preparation of siRNAs and transfection

siRNA targeting cyclooxygenase-2 (COX-2), inducible

nitric oxide synthase (iNOS), IRAK-3, mothers against

decapentaplegic homologue 2 (SMAD2), SMAD3, SOCS-

1, SHIP-1, IL-10, IL-10RA, TGF-b, TGF-bR, BIM, PTEN

and green fluorescent protein (GFP) were synthesized by

Bioneer (Daejeon, Korea). The sense strand of each

siRNA duplex consisted of an 18–23 nt target sequence

followed by a dTdT 30 overhang. The anti-sense strand

was composed of nucleotides that are complementary to

the target sequence and the dTdT 30 overhang. The

Adjuvant siRNA cocktail for DC-based vaccine
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siRNA sequences are summarized in the Supporting

information, Table S1. The RNAs were deprotected and

annealed according to the manufacturer’s instructions.

GFP-targeting siRNA (siGFP) was used as an irrelevant

non-specific control. DCs on a six-well vessel (2 3 105

cell/well) were transfected twice with 300 pmol of the

synthesized siRNA using lipofectamine 2000 (Invitrogen,

Carlsbad, CA, USA), according to the manufacturer’s

instructions at an interval of 1 day. The transfected cells

were used for subsequent experiments 2 days later. We

used fluorescein isothiocyanate (FITC)-labelled siRNA

(Bioneer) to demonstrate the transfection efficiency of

the DCs using flow cytometry analysis. More than 95% of

the DCs were transfected successfully with siRNAs (data

not shown). The rate of cell survival was also measured

by the trypan blue staining method. More than 95% of

the DCs were alive up to 3 days after the transfection of

the siRNAs. The siGFP treatment did not alter the expres-

sion of surface molecules on the transfected DCs com-

pared to that on the non-transfected DCs, as reported

previously [19,20].

Reverse transcription–polymerase chain reaction (RT–
PCR) analysis

To assess the mRNA expression of each target gene, total

RNA was isolated from the DCs using a Qiagen RNeasy

Mini Kit (Qiagen, Valencia, CA, USA), according to the

manufacturer’s instructions. RNA concentration was

determined by a spectrophotometer. Then, 1 ug of RNA

from each sample was reverse-transcribed with Super-

Script II (Invitrogen, Frederick, MD, USA). For PCR

amplification, the primer sets mentioned in the Support-

ing information, Table S2 were used. To ensure equal

loading of all lanes, samples were subjected to RT–PCR

amplification of the constitutively expressed b-actin gene.

Amplified PCR products were measured quantitatively

using scanning densitometry.

Immunization with DCs

Six–8-week-old female C57BL/6 mice were acquired from

Daehan Biolink (Chungbuk, Korea). All animal procedures

were performed according to the protocol approved by the

Korea University Institutional Animal Care and Use Com-

mittee (KUIACUC-2010-98 and KUIACUC-2013-210).

BMDCs were generated from bone marrow progenitor

cells, as described previously [20]. The DCs were trans-

fected with the synthesized siRNAs, as described previously

[19,20]. Two days after transfection, the DCs transfected

with various siRNAs were pulsed with HPV-16 E7 aa49-57

peptide (aa49-57, RAHYNIVTF) (10 lg/ml) at 37 �C for

2 h. IL-10RA siRNA transfected BMDCs that were not

pulsed with E7 peptide were used as the negative control.

The cells were then washed with RPMI-1640, supplemented

with 10% fetal calf serum (FCS) and Hanks’s balanced salt

solution (HBSS) and resuspended in HBSS at a final con-

centration of 1 3 107 cells/ml. BMDCs were injected into

mice via the footpad at a rate of 2 3 105 cells/mouse. One

week later, the mice were boosted once with the same dose.

Several chemical inhibitors were used to analyse the expres-

sion level of proteins involved in signal transduction.

PD98059, an extracellular-regulated kinase (ERK) inhibi-

tor, API2, a protein kinase B (AKT) inhibitor and

SB203580, a p38 inhibitor, were purchased from Calbio-

chem (Merck, Darmstadt, Germany). MG132, a ubiquitin

inhibitor, was purchased from Sigma Chemical Co. (St

Louis, MO, USA).

Intracellular cytokine staining and flow cytometry
analysis

Splenocytes were harvested from mice (five mice per

group) 1 week after the last vaccination. Prior to intracel-

lular cytokine staining, 5 3 106 pooled splenocytes from

each vaccination group were incubated overnight with

1 lg/ml of E7 peptide or ovalbumin (OVA) peptide con-

taining a major histocompatibility complex (MHC) class

I epitope for the detection of E7 or OVA-specific CD81 T

cell precursors. Interferon (IFN)-g staining and flow

cytometry analysis were conducted as described previ-

ously [23]. Analysis was conducted on a Becton Dickin-

son fluorescence activated cell sorter (FACS)can with the

CellQuest software (Becton Dickinson Immunocytometry

Systems, Mountain View, CA, USA). The number of E7

or OVA-specific IFN-g-secreting CD81 T cells was deter-

mined using intracellular cytokine staining and FACScan

analysis, as described previously [23].

Cytokine analysis using cytometric bead array (CBA)

Cytokine levels were determined using CBA (CBATM; BD

Biosciences, San Jose, CA, USA). The procedure was car-

ried out according to the manufacturer’s instructions.

Briefly, 10 ll of each mouse capture bead suspension was

mixed in 50 ll of each cell culture supernatant sample

from TC-1 (P0) or TC-1 (P3) cell line or in 50 ll of

serum derived from TC-1 (P0) or TC-1 (P3) tumour-

bearing mice, and the mixed bead suspensions were trans-

ferred to the assay tubes. Plain cell culture medium was

used as a negative control to demonstrate the background

level of cytokines. Standard dilutions or test samples were

added to the appropriate tubes (50 ll/tube), and phycoer-

ythrin (PE) detection reagent (50 ll) was added. After

2 h incubation in the dark at room temperature (RT),

the samples were washed and analysed on FACSCalibur

(BD Biosciences) using the supplied cytometer set-up

beads and the CellQuestTM software.

In-vivo tumour treatment

TC-1 (P0) and immune-resistant TC-1 (P3) cells were

used for evaluating the immunoadjuvant efficacy of

Y.-H. Ahn et al.
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siIL-10RA and siTGF-bR. C57BL/6 mice (five per

group) were inoculated subcutaneously (s.c.) with

1 3 105 TC-1 (P0) or TC-1 (P3) cells/mouse into the

armpit of the right limb at 7 days (P0) or 1 day (P3)

prior to immunization with E7 or OVA peptide-pulsed

BMDCs that were transfected with siRNA targeting vari-

ous immune suppressors or GFP, and after another

week mice were boosted with the E7 peptide-pulsed

BMDCs. Mice were monitored twice a week for evi-

dence of tumour growth by palpation and inspection.

For the determination of tumour volume, the size of

each individual tumour was measured with a caliper

and the tumour volume was calculated using the fol-

lowing equation: tumour volume (mm3) =

width 3 length2/2. To investigate further the therapeutic

potential of the DCs modified with siRNAs targeting

IL-10RA, TGF-bR or IL-10RA1TGF-bR, we evaluated

the anti-tumour effect using a TC-1 lung metastasis

model. Mice were injected with 1 3 105 TC-1 tumour

cells/mouse into the tail vein to simulate haematogene-

ous tumour spread [24]. Mice were treated with DCs

1 day after tumour challenge, and boosted a week later.

Mice were monitored twice a week and killed on day

56 after the vaccination. The mean number of pulmo-

nary nodules in each mouse was counted by experi-

menters blinded to sample identity. In-vivo tumour

experiments were performed at least three times to gen-

erate reproducible data.

Statistical analysis

All data are representative of at least two independent

experiments. Non-parametric one-way or two-way analy-

sis of variance (ANOVA) was performed with SPSS version

12�0 software (IBM, Chicago, IL, USA). Comparisons

between individual data-points were assessed with Stu-

dent’s t-test. A P-value of P < 0�05 was considered statis-

tically significant in all cases.

Fig. 1. Vaccination with dendritic cells (DCs) transfected with small interfering RNA (siRNA) targeting immunosuppressive molecules causes a

significant increase in the number of antigen-specific CD81 T cells. (a) Reverse transcriptase–polymerase chain reaction (RT–PCR) analysis to

detect the expression of cyclooxygenase-2 (COX-2), mothers against decapentaplegic homologue 2 (SMAD2), SMAD3, interleukin (IL)-10, IL-

10RA, inducible nitric oxide synthase (iNOS), IL-1R-associated kinase 3 (IRAK3), suppressors of cytokine signalling 1 (SOCS-1), src homology-2

domain-containing inositol 5-phosphatase 1 (SHIP-1), transforming growth factor (TGF)-b or TGF-bR mRNA in DCs transfected with various

siRNA constructs. DCs were transfected with siRNAs targeting green fluorescent protein (GFP), COX-2, SMAD2, SMAD3, IL-10, IL-10RA, iNOS,

IRAK3, SOCS-1, SHIP-1, TGF-b or TGF-bR. RT–PCR analysis was conducted with 2 lg of the total RNA and specific primer, 48 h after

transfection. b-actin was used as a loading control. (b) Intracellular cytokine staining and flow cytometry analysis were performed to determine

the number of interferon (IFN)-g-producing E7-specific CD81 T cells in mice after immunization with E7 peptide-pulsed DCs transfected with

various siRNA constructs. Mice (five per group) were vaccinated twice with E7 peptide-pulsed DCs transfected with siRNAs targeting GFP, COX-

2, SMAD2, SMAD3, IL-10, IL-10RA, iNOS, IRAK3, SOCS-1, SHIP-1, TGF-b or TGF-bR. There was a 1-week interval between injections of the

transfected DCs for the purpose of vaccination. Splenocytes were harvested 1 week after the last vaccination, stained for CD81 and IFN-g, and

analysed by flow cytometry to detect activated E7-specific CD81 T cells. Representative flow cytometry data for splenocytes harvested from the

vaccinated mice and stimulated with E7 aa49-57 peptide or without peptide stimulation. The bar graph depicts the number of IFN-g-expressing

E7-specific CD81 T cells per 3 3 105 splenocytes from vaccinated mice (mean 6 standard deviation). The data presented in this figure are

representative of two independent experiments.
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Results

IL-10RA is the leading immunosuppressive target
molecule expressed on DCs whose silencing enhances
the antigen-specific CD81 T cell immune responses

We performed RT–PCR analysis to determine whether

transfection of BMDCs with the siRNA targeting immu-

nosuppressive factors (COX-2, NOS2, SMAD2, SMAD3,

SOCS1, SHIP1, IL-10, IL-10RA, TGF-b and TGF-bR)

would down-regulate the expression of the target mRNA

in the transfected cells. As shown in Fig. 1a, the mRNA

expression target gene was decreased substantially to an

undetectable level 48 h after transfection. The expression

of the immunosuppressive genes was suppressed up to

5 days after transfection and then it was first detected

below the normal levels on day 6, but was restored to

normal levels by day 7 after transfection (data not

shown). In contrast, the expression of the target genes

was unchanged in the BMDCs transfected with control

siRNA targeting GFP (siGFP), and the expression levels

were similar to those in BMDCs which were not trans-

fected with siRNA (data not shown). Thus, we confirmed

that the siCOX-2, siNOS, siSMAD2, siSMAD3, siSOCS1,

siSHIP1, siIL-10, siIL-10RA, siTGF-b and siTGF-bR used

in the current study could silence successfully the target

gene expression in our DC system.

To examine whether the transfection of DCs with the

siRNA would influence their ability to generate E7-

specific IFN-g1CD81 T cell precursors in vaccinated

mice, we next performed intracellular cytokine staining

and flow cytometry analysis using splenocytes from mice

vaccinated with siRNA-transfected DCs that were pulsed

with MHC class I epitopic E7 peptide (aa49-57). As

shown in Fig. 1b, vaccination with the BMDCs trans-

fected with siRNAs targeting all the above immunosup-

pressive molecules led to an increase in the number of

E7-specific CD81 T cell responses. Among all mice, those

vaccinated with DCs transfected with siIL-10RA exhibited

the highest frequency of E7-specific IFN-g1 CD81 T cell

precursors (628�7 6 13�5/3 3 105 splenocytes), and this

finding was consistent with the result of our previous

study [22]; a 12-fold increase compared to the number

of T cells in mice that were vaccinated with the siGFP-

transfected DCs (50�9 6 14�3/3 3 105 splenocytes)

(P < 0�0003). The next greatest increase in E7-specific

IFN-g1 CD81 T cell precursors was observed in mice

vaccinated with siTGF-bR-transfected DCs (427�7 6 17�2/

3 3 105 splenocytes), which enhanced the E7-specific

CD81 T cell responses. In contrast, vaccination with

BMDCs transfected with siIL-10RA without peptide puls-

ing failed to generate significant E7-specific CD81 T cell

responses (26�7 6 5�5/3 3 105 splenocytes), thereby sug-

gesting that the E7-specific CD81 T cell responses

induced by immunization with the E7 peptide-pulsed

BM-DCs transfected with siIL-10RA are specific to the E7

antigen. Taken together, these data demonstrate that

immunization with DCs transfected with siRNAs silencing

key immunosuppressive molecules can cause a marked

induction of antigen-specific CD81 T cell immune

responses. Among the siRNAs targeting various

Fig. 2. The expression of interleukin (IL)-10RA, phosphatase and tensin homologue deleted on chromosome 10 (PTEN), Bcl-2-like protein 11

(BIM) and transforming growth factor (TGF)-bR in dendritic cells (DCs) transfected with various small interfering RNA (siRNA) constructs.

DCs were transfected with siRNA cocktails co-targeting green fluorescent protein (GFP), PTEN, BIM or TGF-b with IL-10RA. (a) Reverse

transcriptase–polymerase chain reaction (RT–PCR) analysis to detect the expression of IL-10RA, PTEN, BIM and TGF-bR mRNA in DCs

transfected with various siRNA constructs. RT–PCR analysis was conducted with 2 lg of the total RNA and specific primer, 48 h after

transfection. b-actin was used as a loading control. (b) Western blot analysis for expression of IL-10RA, PTEN, BIM and TGF-bR in DCs

transfected with the siRNAs. Equal amounts of protein (50 mg) were loaded and separated by sodium dodecyl sulphate-polymerase gel

electrophoresis (SDS-PAGE). Western blot analysis was performed with the cell lysate and monoclonal antibodies against IL-10RA, PTEN, BIM

and TGF-b. Numbers represent fold changes in expression under various experimental conditions, which is normalized to b-actin. The data

presented in this figure are representative of three independent experiments.
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immunosuppressive molecules, siIL-10RA generated the

strongest antigen-specific CD81 T cell immune responses.

Therefore, siIL-10RA was selected as the main component

of immunoadjuvant siRNA cocktail for DC-based vacci-

nation therapy.

TGF-bR is reciprocally independent of IL-10RA in
DCs transfected with various cocktails of the IL-
10RA-based immunoadjuvant siRNAs

We have previously reported siBIM and siPTEN as the

potent immunoadjuvant siRNAs for DC-based vaccines,

considering their ability to generate antigen-specific CD81

T cell immune responses, by rendering DCs resistant to

apoptotic cell death and activating Akt signalling, respec-

tively [20,21]. Along with the second-best adjuvant siTGF-

bR in this study, siBIM and siPTEN were therefore chosen

as components of the immunoadjuvant siRNA cocktail,

and they were co-transfected in turn with siIL-10RA, desig-

nated as DC/siIL-10RA1siGFP, DC/siIL-10RA1siPTEN,

DC/siIL-10RA1siBIM and DC/siIL-10RA1TGF-bR. In

this setting, siGFP was used as a negative control (DC/

siGFP1siGFP). We first investigated whether knock-down

of the selected immunosuppressive molecules with siRNA

could cause cross-interference in their expression. For this

purpose, we analysed the mRNA and protein levels of the

target molecules in DCs transfected with the cocktails of

siRNAs targeting immunosuppressive molecules. The

results of RT–PCR analysis showed that the target gene

mRNA expression was decreased substantially to an almost

undetectable level, as shown in Fig. 2a. In contrast, the

expressions of the target genes were unchanged in the DCs

transfected with control siGFP, and the levels of expression

were similar to those in the DCs that were not transfected

with the siRNAs (data not shown). For analysing the target

protein expression, we conducted Western blotting in the

siRNA cocktail-transfected DCs. Protein expressions of

TGF-bR and PTEN were not influenced reciprocally by IL-

10RA in DCs transfected with these siRNA cocktails,

whereas protein expression of BIM was regulated negatively

by IL-10RA (Fig. 2b). Collectively, the expressions of TGF-

bR and PTEN were independent of IL-10RA at both

mRNA and protein levels in DCs transfected with the

siRNA cocktails, but the expression of BIM was not inde-

pendent of IL-10RA. Hence, the results suggest that it is

feasible to target IL-10RA and TGF-bR or PTEN simulta-

neously using the siRNA cocktail without any interference

in their expression.

IL-10RA regulates negatively a pro-apoptotic protein,
BIM, via an ERK-dependent pathway in DCs

Contrary to our expectation, blocking IL-10RA caused

interference in the BIM expression, as described above.

Fig. 3. Interleukin (IL)-10RA down-regulates a pro-apoptotic protein, Bcl-2-like protein 11 (BIM), via an extracellular-regulated kinase (ERK)-

dependent pathway in dendritic cells (DCs). DCs were transfected with small interfering RNA (siRNA) targeting green fluorescent protein (GFP)

or IL-10RA. (a) Western blot analysis for expression of protein kinase B (AKT), p-AKT, ERK, pERK, p38, pp38 and BIM in DCs transfected with

the siRNA. Equal amounts of protein were loaded and separated by sodium dodecyl sulphate-polymerase gel electrophoresis (SDS-PAGE).

Western blot analysis was performed with the cell lysate and the identical monoclonal antibodies. b-actin was used as a loading control. (b)

Western blot analysis of BIM in lysates of DCs transfected with siIL-10RA after overnight treatment with various kinase inhibitors such as an

ERK inhibitor PD98059, an AKT inhibitor API2 and a p38 inhibitor SB203580. (c). Western blot analysis of BIM in lysates of DCs transfected

with siGFP or siIL-10RA after 4 h of treatment with MG132 (a ubiquitin inhibitor). The data presented in this figure are representative of three

independent experiments.
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Therefore, we investigated further the underlying mecha-

nism for the siIL-10RA-mediated interference in BIM

expression. As it has been reported that activation of BIM

is related to the AKT, ERK and p38 pathways, we first

examined the activity of these kinases in LPS-stimulated

DC/siIL-10RA. Kinase activation was determined by West-

ern blotting using antibodies that specifically recognize

both the non-phosphorylated and phosphorylated forms

of these kinases, implying inactive and active status,

respectively [25–27]. The results demonstrated that ERK

was activated in DC/siIL-10RA, as shown in Fig. 3a. To

investigate further whether the activation of ERK was

responsible for the down-regulation of BIM induced by

silencing of IL-10RA in DCs, we applied kinase inhibitors

such as an ERK inhibitor PD98059, an AKT inhibitor

API2 and a p38 inhibitor SB203580 to DC/siIL-10RA

stimulated with LPS, and protein levels of BIM were ana-

lysed 24 h after treatment. The result showed that inhibition

of ERK led to an increase in the BIM protein level, but inhi-

bition of AKT and p38 did not induce an increase in the

BIM protein level, indicating that the activation of ERK

caused by siIL-10RA treatment regulates BIM expression

negatively in DCs (Fig. 3b). There have been reports sug-

gesting that BIM was degraded via the proteasome pathway

when it was phosphorylated by ERK [28]. Therefore, we

applied a ubiquitin inhibitor, MG132, for 24 h in DC/siIL-

10RA and DC/siGFP as a negative control, to confirm that

the activation of ERK and the decrease in BIM protein level

are involved in the ubiquitination. As shown in Fig. 3c, the

BIM protein expression level was not decreased in MG132-

treated DC/siIL-10RA, unlike that in MG132-untreated DC/

siIL-10RA. Overall, in DC/siIL-10RA, ERK was activated

and it consequently facilitated the ubiquitin-mediated deg-

radation of BIM. These data suggest that targeting IL-10RA

leads to pERK-dependent degradation of a key pro-

apoptotic molecule, BIM, in DCs.

Vaccination with DCs transfected with the cocktail of
siRNA targeting IL-10RA and TGF-bR leads to a
significant increase in the number of E7-specific
CD81 T cells

To assess whether transfection of DCs with a variety of

siRNA constructs and their cocktails increased their abil-

ity to produce E7-specific IFN-g1 CD81 T cell precur-

sors in vaccinated mice, we injected DCs transfected

with each set of siRNA cocktails into the footpad after

pulsing with the E7 peptide. For immunization, the DCs

were injected twice at an interval of 1 week. The num-

ber of E7-specific IFN-g-secreting CD81 T cells gener-

ated by the DCs was counted using a flow cytometer, as

described previously [23]. As shown in Fig. 4, although

all the tested siRNAs substantially increased the

Fig. 4. Vaccination with dendritic cells (DCs) transfected with various small interfering RNA (siRNA) increases the number of E7-specific CD81

T cells. (a) Intracellular cytokine staining and flow cytometry analysis to determine the number of interferon (IFN)-g-producing E7-specific CD81 T

cells in mice after immunization with E7 peptide-pulsed DCs transfected with various siRNA constructs. Mice (five per group) were vaccinated twice

with E7 peptide-pulsed DCs transfected with siRNA targeting green fluorescent protein (GFP), phosphatase and tensin homologue deleted on

chromosome 10 (PTEN), Bcl-2-like protein 11 (BIM) interleukin (IL)-10RA, transforming growth factor (TGF)-bR, IL-10RA1PTEN, IL-10RA1BIM

or IL-10RA1TGF-bR. There was a 1-week interval between injections of the transfected DCs for the purpose of vaccination. Splenocytes were

harvested 1 week after the last vaccination, stained for CD81 and IFN-g, and analysed by flow cytometry to detect activated E7-specific CD81 T cells.

Representative flow cytometry data for splenocytes harvested from the vaccinated mice and stimulated with E7 aa49-57 peptide or without peptide

stimulation. The naive group has non-transfected DCs without E7 peptide pulsing, while the control group has siGFP transfected DC without E7

peptide pulsing. (b) The bar graph indicates the number of IFN-g-expressing E7-specific CD81 T cells per 3 3 105 splenocytes from vaccinated mice

(mean 6 standard deviation). The data presented in this figure are representative of two independent experiments.
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frequency of E7-specific IFN-g1 CD81 T cell precursors,

DC/siIL-10RA1siTGF-bR generated the highest fre-

quency of E7-specific IFN-g1 CD81 T cell precursors

(980 6 45/3 3 105 splenocytes) (P < 0�04), a 17-fold

increase compared to the number of T cells in mice vac-

cinated with the DC/siGFP1siGFP (58�0 6 11�5/

3 3 105 splenocytes) (P < 0�0003). Taken together, these

data demonstrate that co-targeting IL-10RA and TGF-bR

can synergistically augment the immune-priming

capacity of IL-10RA-silenced DCs.

DCs transfected with the cocktail of siRNA targeting
IL-10RA and TGF-bR express high levels of MHC-I, -
II, CD40, CD80, CD86 and CCR7

To evaluate further the immunoadjuvant effects of the

siRNA cocktail, we compared the difference in maturation

phenotype among DC/siIL-10RA, DC/siTGF-bR and DC/

siIL-10RA1siTGF-bR by measuring the expression levels

of MHC-I, -II, CD40, CD80, CD86 and CCR7, and DC/

siGFP1siGFP was used as a negative control. The results

showed that the expression of all phenotype factors was

increased significantly in the DC/siIL-10RA compared to a

negative control, as shown in Fig. 5. Notably, the expres-

sion levels of MHC-II, CD40, CD80, CD86 and CCR7 in

DC/siIL-10RA1siTGF-bR were higher than those in DC/

siIL-10RA and DC/siTGF-bR. Thus, these data suggest that

the profound immune-enhancing effects of the siRNA

cocktails might be due to an increase in the expression of

molecules involved in antigen presentation such as CD40,

CD80, CD86, MHC-I and -II and molecules involved in

the migration of T cells to secondary lymphoid organs

such as CCR7 in the DCs.

Fig. 5. Surface expression of CD40, CD80, CD86, major histocompatibility complex (MHC)-I, -II, and CCR7 on dendritic cells (DCs) transfected

with small interfering RNA (siRNA) targeting green fluorescent protein (GFP), interleukin (IL)-10RA, transforming growth factor (TGF)-bR, or

IL-10RA1TGF-bR. DCs transfected with siGFP, siIL-10RA, siTGF-b, or siIL-10RA1siTGF-bR were treated with 1 mg/ml lipopolysaccharide

(LPS) for 18 h and then collected for analysis of expression of each molecule to characterize the maturation phenotypes. Bar graphs describing

the mean fluorescence intensity (MFI) indicate MHC-I, -II, CD40, CD80, CD86 and CCR7 expression, respectively. The data presented in the

figure are from one representative experiment out of three.
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Silencing of IL-10RA and TGF-bR in DCs provoked
Th1-favouring but T helper type 2 (Th2)-non-
favouring effects

It is well established that the Th1 response is crucial for

priming of antigen-specific CD81 T cells. Type 1 (Th1-

like) cytokines include IL-2, IL-12, IFN-g and tumour

necrosis factor (TNF)-a. In contrast, type 2 (Th2-like)

cytokines include IL-4, IL-5, IL-6, IL-10 and TGF-b. Th2

cytokines, however, counteract the Th1 responses. For

instance, IL-10 inhibits differentiation of Th1 cells and

function of DCs [29], whereas IL-12, a prototypical DC-

derived cytokine, was considered as a key factor for the

development of Th1 responses [30]. A high level of TGF-

b in the tumour microenvironment plays a major role in

evasion from immune surveillance [10]. Our previous

studies demonstrated that silencing of IL-10 and IL-10RA

induced a significant increase in IL-12 secretion from

DCs, indicating their Th1-favouring effect [22]. In the

current study, we determined whether silencing of IL-

10RA and TGF-bR affected the secretion of cytokines

such as IL-10, TGF-b, IL-12 and TNF-a from BMDCs.

Supernatants from all modified BMDCs were collected to

analyse the expression level by flow cytometry using cyto-

metric bead array. As shown in Fig. 6, the concentration

of IL-10 in supernatants from DC/siIL-10RA and the con-

centration of TGF-b in DC/siTGF-bR were decreased,

compared to that in supernatants from negative control

Fig. 6. Secretion of cytokines from dendritic cells (DCs) transfected with small interfering RNA (siRNA) targeting green fluorescent protein (GFP),

interleukin (IL)-10RA, transforming growth factor (TGF)-bR or IL-10RA1TGF-bR. Expression of secreted cytokines such as IL-10, TGF-b, tumour

necrosis factor (TNF)-a and IL-12 in DCs transfected with siRNAs targeting GFP, IL-10RA, TGF-bR or IL-10RA1TGF-bR. Transfected DCs were

stimulated with lipopolysaccharide (LPS) for 18 h, and then the culture medium was collected for flow cytometry analysis with cytometric bead

array (CBA). The bar graph represents the concentration of each secreted cytokine in the medium from DCs transfected with siGFP, siIL-10RA or

siTGF-bR. The fluorescence activated cell sorter (FACS) data are presented as the mean 6 standard deviation of three independent experiments.
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DC/siGFP, indicating that silencing of the IL-10 and

TGF-b receptors caused a decrease in the IL-10 and

TGF-b secretion from DCs, respectively. In contrast, the

concentration of the Th1 cytokine, TNF-a, in both DC/

siIL-10RA and DC/siTGF-bR was increased more than

1�5-fold and the concentration of the Th1 cytokine,

TNF-a, in DC/siIL-10RA1siTGF-bR was increased more

than fourfold, respectively, compared to that in DC/

siGFP. Consistently, the expression level of IL-12 protein

in DC/siIL-10RA1siTGF-bR was also increased com-

pared to that in DC/siGFP. Hence, we demonstrated that

Th2 cytokines were secreted less and Th1 cytokines were

secreted more from DCs transfected with the siRNA

cocktail targeting IL-10RA and TGF-bR than from a

negative control. These findings imply that silencing of

IL-10RA and TGF-bR in DCs triggered Th1-favouring

effects.

Vaccination with E7 peptide-loaded BM-DCs
transfected with the cocktail of siIL-10RA and siTGF-
bR dramatically enhanced anti-tumour effects

To determine if the enhancement in E7-specific CD81

T cell immune responses induced by DC/siIL-

10RA1siTGF-bR can cause an increase in E7-specific

anti-tumour effects, we conducted an in-vivo tumour

treatment experiment using the previously described

E7-expressing tumour model (TC-1 P0 cells). Mice

were first injected s.c. with 1 3 l05 TC-1 cells/mouse,

followed by treatment with the DCs 7 days after

tumour challenge, and 1 week later the mice were

boosted as described in Fig. 4. Tumour volume was

monitored for up to 34 days after tumour challenge.

As shown in Fig. 7a, mice treated with the DCs trans-

fected with the cocktail of siIL-10RA and siTGF-bR

demonstrated the smallest tumour volume compared to

mice treated with the DCs transfected with siGFP,

siGFP1siIL-10RA (P < 0�0006) or siGFP1siTGF-bR

(P < 0�0005). Next, we investigated the anti-tumour

effect of siRNA cocktail targeting IL-10RA and TGF-bR

using a TC-1 lung metastasis model. Mice were chal-

lenged by intravenous (i.v.) injection of 1 3 105 TC-1

tumour cells/mouse to simulate haematogeneous tumour

spread [24] and immunized as described in Fig. 7. Mice

were monitored twice a week and killed on day 56 after

the vaccination. Mice immunized with DC/siIL-

10RA1siTGF-bR had a remarkably low mean number of

pulmonary nodules (2 6 1) compared to mice immu-

nized with DC/siGFP1siIL-10RA (22 6 12; P < 0�03),

DC/siGFP1siTGF-bR (32 6 12; P < 0�01) or DC/

siGFP1siGFP (63 6 11; P < 0�002), as shown in Fig.

7b,c. Together with the results in Fig. 4, these data indi-

cate that the cocktail of siIL-10RA and siTGF-bR could

be a suitable candidate as an immunoadjuvant for DC-

mediated vaccine immunotherapy.

Fig. 7. In-vivo TC-1 (P0) tumour treatment experiments in mice vaccinated with dendritic cells (DCs) transfected with small interfering RNA

(siRNA) targeting green fluorescent protein (GFP), interleukin (IL)-10RA, transforming growth factor (TGF)-bR or IL-10RA1TGF-bR. Mice

were inoculated with 1 3 105 TC-1 (P0) cells/mouse into the right limb armpits and then treated with E7 peptide-pulsed DCs transfected with

GFP, IL-10RA, TGF-bR or IL-10RA1TGF-bR 7 days after inoculation via subcutaneous injection (a), and 1 day after inoculation via intravenous

injection (b). Bone marrow (BM)DCs transfected with siIL-10RA without peptide pulsing were used as control. Mice were boosted with the same

dose and regimen of E7 peptide-loaded DCs 1 week later. (a) Mice were monitored for evidence of tumour growth by palpation and inspection

twice a week. For the determination of tumour volume, each individual tumour size was measured with a caliper. Line and scatterplot graphs

depicting the tumour volume (mm3) are presented. Data are expressed as the tumour volumes (mm3) from each group recorded for 34 days

after tumour innoculation and (b) the number of metastatic lung nodules in mice at 56 days after the last vaccination. Error bars represent the

mean 6 standard deviation. The data presented in this figure (c) are from one representative experiment out of three.
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Immune-resistant TC-1 (P3) tumour is more
immunosuppressive than the parental TC-1 (P0)
tumour due partially to an increase in IL-10 and
TGF-b secretion

In most of the clinical cases, the recurrent tumours after

immunotherapy are frequently refractory to other immu-

notherapeutic agents, including DC-based vaccines, due

presumably to immunosuppression [5]. To characterize

the immune suppressive phenotypes observed in recurrent

tumours, we used an immune-resistant cancer cell line,

called TC-1 (P3), which was established previously by in-

vivo selection of a susceptible cell line (TC-1 P0) in the

mice immunized with a vaccinia virus encoding an

endosome-targeted E7, Sig/E7/LAMP-1 [17,18,27]. To

examine if the TC-1 (P3) tumour has greater immuno-

suppressive capacity than the TC-1 P0 tumour, we immu-

nized non-tumour-bearing mice, TC-1 (P0) tumour-

bearing mice or TC-1 (P3) tumour-bearing mice with

DCs pulsed with MHC class I epitope OVA aa 257-264

peptide. In this experimental setting, we used non-

tumour OVA antigen instead of E7 peptide to distinguish

them from spontaneous E7 antigen-specific CD81 T cell

immune responses initiated by TC-1 tumour models that

express E7 antigen. Using flow cytometry, the number of

OVA-specific IFN-g-secreting CD81 T cells was counted,

as described previously [23]. As shown in Fig. 8a,b, DCs

from the TC-1 (P3) tumour-bearing mice almost failed to

generate the number of OVA-specific CD81 T cells com-

pared with DCs from the TC-1 (P0) tumour-bearing

mice (a fivefold decrease, 104�3 6 14�2 versus

20�9 6 5�66/3 3 105 splenocytes). To elucidate the rela-

tionship between TC-1 (P3)-mediated immunosuppres-

sion and IL-10 and TGF-b secretion, we measured the

concentration of IL-10 in cell culture medium and in the

Fig. 8. Intracellular cytokine staining and flow cytometry analysis to determine the number of interferon (IFN)-g-producing ovalbumin (OVA)-

specific CD81 T cells in TC-1 (P0) or TC-1 (P3) tumour-bearing mice after immunization with OVA peptide-pulsed dendritic cells (DCs) and

secretion of cytokines from TC-1 (P0) or TC-1 (P3). OVA peptide-pulsed bone marrow dendritic cells (BMDCs) were administered 7 days after

TC-1(P0) or TC-1(P3) tumour challenge (1 3 105 cells/mouse) via the subcutaneous route. One week later, mice were boosted with the same

dose and regimen of OVA peptide-loaded BMDCs. (a) Representative flow cytometry data for splenocytes harvested from the vaccinated mice

and stimulated with OVA aa257-264 peptide or without peptide stimulation, and (b) the bar graph depicts the number of IFN-g-expressing

OVA-specific CD81 T cells per 3 3 105 splenocytes from vaccinated mice (mean 6 standard deviation). Proinflammatory cytokines were

secreted by tumours in vitro and in vivo. (c) Concentration of interleukin (IL)-10 (pg/ml) in TC-1 (P0) or TC-1 (P3) culture media as measured

by cytometric bead array (CBA). Culture media was used as a control. (d) Concentration of IL-10 (pg/ml) in plasma of naive, TC-1 (P0) or TC-

1 (P3) tumour-bearing mice as measured by CBA. The data presented are representative of two independent experiments.
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serum from TC-1 (P0) or TC-1 (P3) tumour-bearing

mice. As shown in Fig. 8c,d, the amount of IL-10 and

TGF-b secretion in TC-1 (P3) was increased definitively

compared with that in TC-1 (P0), in both in-vitro cell

culture media (10�5 6 0�7 pg/ml versus 7�8 6 0�3 pg/ml

for IL-10; 14�0 6 1�2 pg/ml versus 11�8 6 0�3 pg/ml for

TGF-b) and in-vivo serum (1400 6 30 pg/ml versus

890 6 10 pg/ml for IL-10; 95 6 2 pg/ml versus

71 6 1 pg/ml for TGF-b). Collectively, these data indicate

that TC-1 P3 tumour is a highly immunosuppressive

tumour model that secretes immunosuppressive cytokines

such as IL-10 and TGF-b.

Vaccination with DC/siIL-10RA1siTGF-bR causes a
significant increase in the number of antigen-specific
CD81 T cells and anti-tumour effects in mice bearing
a highly immunosuppressive TC-1 (P3) tumour

To determine if the immune adjuvant effects of siIL-

10RA1siTGF-bR in TC-1 (P0) tumour-bearing mice subsist

in immunosuppressive TC-1 (P3) tumour-bearing mice, we

immunized mice with OVA peptide-pulsed DC/siGFP1

siGFP and OVA peptide-pulsed DC/siIL-10RA1siTGF-bR.

After peptide pulsing, each group of DCs was injected into

the footpad of TC-1 P3 tumour-bearing mice four times at a

4-day interval. DC/siIL-10RA1siTGF-bR that were not

pulsed with OVA peptide were used as control DCs. As

shown in Fig. 9a,b, vaccination with DC/siIL-10RA1siTGF-

bR increased the number of OVA-specific CD81 T cells

drastically compared to that after vaccination with DC/

siGFP1siGFP (405�5 6 12.8 versus 72 6 32�3/3 3 105 sple-

nocytes). Thus, blocking IL-10RA and TGF-bR in DCs using

the siRNA technology can significantly enhance antigen-

specific CD81 T cell immune responses in the presence of

an immunosuppressive tumour.

To determine whether the enhancement in antigen-

specific CD81 T cell immune responses induced by

DC/siIL-10RA1siTGF-bR could lead to an increase in

the tumour antigen-specific anti-tumour effects, we

conducted an in-vivo tumour treatment experiment

Fig. 9. Intracellular cytokine staining and flow cytometry analysis to determine the number of interferon (IFN)-g-producing ovalbumin (OVA)-

specific CD81 T cells in TC-1 (P3) tumour-bearing mice after immunization with dendritic cells (DCs) transfected with small interfering RNA

(siRNA) targeting interleukin (IL)-10RA and transforming growth factor (TGF)-bR and in-vivo TC-1 (P3) tumour treatment experiments. (a)

Intracellular cytokine staining and flow cytometry analysis to determine the number of IFN-g-producing OVA-specific CD81 T cells in tumour-

bearing mice after immunization with DCs transfected with siRNA targeting IL-10RA and TGF-bR. Mice were inoculated with 5 3 105 TC-1

(P3) tumour cells/mouse into the armpits of the right limb and then immunized with OVA peptide- pulsed DCs at 7 days after inoculation.

There was a 1-week interval between injections of the DCs for the purpose of vaccination. Splenocytes were harvested 1 week after the last

vaccination, stained for CD81 and IFN-g and analysed by flow cytometry to detect activated OVA-specific CD81 T cells. Naive mice served as a

negative control. Representative flow cytometry data for splenocytes harvested from the vaccinated mice and stimulated with OVA aa257-264

peptide or without peptide stimulation. None indicates a non-tumour-bearing group with DC vaccination, while the control indicates a tumour-

bearing group without DC vaccination. (b) The bar graph depicts the number of IFN-g-expressing OVA-specific CD81 T cells per 3 3 105

splenocytes from vaccinated mice (mean 6 standard deviation). (c) Mice were inoculated with 1 3 105 TC-1 (P3) cells/mouse into the right

limb armpits and then treated with the DCs transfected with GFP, IL-10RA, or TGF-bR on the day after inoculation via subcutaneous injection.

BMDCs transfected with siIL-10RA without peptide pulsing were used as control. Mice were boosted with the same dose and regimen of E7

peptide-loaded DCs 4 days later, and there was a 4-day interval on three occasions between injections of the DCs for the purpose of vaccination.

Mice were monitored for evidence of tumour growth by palpation and inspection twice a week. For the determination of tumor volume, each

individual tumour size was measured with a caliper. Line and scatter plot graphs depicting the tumour volume (mm3) are presented. Data are

expressed as the tumour volumes (mm3) from each group recorded for 27 days after tumour inoculation. Error bars represent the

mean 6 standard deviation. The data presented in this figure (c) are from one representative experiment out of three.

Adjuvant siRNA cocktail for DC-based vaccine

VC 2015 British Society for Immunology, Clinical and Experimental Immunology, 181: 164–178 175



with the TC-1 (P3) model. Mice were first injected s.c.

with 1 3 l05 TC-1 (P3) cells/mouse, followed by quad-

ruple treatment with the DCs as described in Fig. 9c.

The tumour volume was monitored for up to 27 days

after tumour challenge. As shown in Fig. 9c, treatment

with E7 peptide-pulsed DC/siGFP1siIL-10RA and DC/

siGFP1TGF-bR suppressed the TC-1 (P3) tumour

growth, due more to silencing of IL-10RA. In contrast,

treatment with E7 peptide-pulsed DC/siGFP1siGFP led

to rapid tumour growth. As a consequence, mice

treated with DC/siGFP1siIL-10RA and DC/

siGFP1siTGF-bR demonstrated the smallest tumour

volume compared to that in mice treated with DC/

siGFP1siGFP (P < 0�002) or mice that did not receive

any treatment (P < 0�003). More importantly, treat-

ment with E7 peptide-pulsed DC/siGFP1siIL-

10RA1siTGF-bR hindered the TC-1 (P3) tumour

growth until the completion of the study. Thus, the

potent immunoadjuvant effects of the siRNA cocktail

targeting IL-10RA and TGF-bR were reproduced even

in an immune-refractory tumour model.

Discussion

DCs are considered to be the most effective APCs that

have the ability to prime tumour antigen-specific T cells

and in turn initiate immune responses against tumours

[31]. Although DC-based anti-cancer therapy is promis-

ing, due to fewer side effects, the efficacy needs to be

improved for clinical applications. One of the limitations

is an intrinsic immunosuppressive mechanism, which

restrains mature DCs in a negative feedback manner after

treatment with Toll-like receptor (TLR) ligands such as

lipopolysaccharide (LPS). In addition, there are many

studies suggesting that tumour-infiltrating DCs lose their

ability to activate anti-tumour T cell responses in a vari-

ety of human cancers due to the generation of anti-

tumour immune responses, such as the increase in

tumour-derived immunosuppressive cytokines in the

tumour microenvironment [32–34]. RNA interference

(RNAi) has been considered to be one of the most potent

biological therapeutics based on molecular-targeted ther-

apy [35,36]. Recently, siRNA cocktails or combinatorial

RNAi therapeutics are an emerging technique that inhib-

its cancer growth and migration more efficiently by

silencing multiple target genes based on consideration of

their interference effects [37–39].

In our previous studies, we attempted to enhance DC

efficacy by blocking negative regulators including pro-

apoptotic Bcl-2 family members such as BAK/BAX and

BIM [19,20], PTEN [21], immunosuppressive cyto-

kines including IL-10 and IL-10RA [22] via a siRNA-

based technology. Along with IL-10, TGF-b serves as a

target immunosuppressive cytokine. In particular,

tumour-derived TGF-b has been shown to immobilize

DCs and prevent migration to tumour-draining lymph

nodes in mouse and human skin cancers [40,41].

In the current study, we set priorities for these selected

targets based on the in-vitro and in-vivo tests. Among the

siRNAs targeting various immunosuppressive molecules,

siIL-10RA and siTGF-bR showed the strongest antigen-

specific CD81 T cell immune responses (Fig. 1). Moreover,

the expression of TGF-bR was not influenced by IL-10RA

knock-down at both mRNA and protein levels in DCs

transfected with the selected immunoadjuvant siRNA cock-

tail as shown in Fig. 2, implying that it is a practicable

strategy to target IL-10RA and TGF-bR simultaneously by

immunoadjuvant siRNAs without interferences in the sig-

nal to improve further the anti-tumour effects of DCs by

in-vitro transfection of various cocktails of the selected

immunoadjuvant siRNAs, with siIL-10RA as the essential

component. As a result, the DCs modified with IL-10RA

and TGF-bR (DC/siIL-10RA1siTGF-bR) generated more

E7-specific CD81 T cells and stronger anti-tumour effects

in vaccinated mice than the DCs modified with other

siRNA cocktails. DC/siIL-10RA1siTGF-bR showed signifi-

cant up-regulation of major histocompatibility complex

(MHC) I, co-stimulatory molecule CD40, CD80, CD86

and chemokine CCR7 after LPS stimulation compared to

DC/siGFP (control DC), DC/siIL-10RA or DC/siTGF-bR.

More importantly, DC/siIL-10RA1siTGF-bR exhibited sig-

nificant anti-tumour effects against highly immune resist-

ant tumour cells (TC-1 P3) that secrete more IL-10 and

TGF-b than the parental tumour cells, TC-1 P0, in mice

bearing the immune-resistant cell line TC-1 (P3) and in

turn showed significant in-vivo anti-tumour effects against

TC-1 (P3) tumour.

Thus, we have demonstrated successfully that the

siRNA technology can be employed to block the IL-10RA

and TGF-bR-mediated immunosuppressive axis in DCs,

and consequently to increase the potency of DC-based

immunotherapeutics against immune-refractory or

immune-resistant tumours.
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