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Summary

Improving dendritic cell (DC) functions is highly promising for therapeutic
intervention of diverse diseases, including cancer. Immunosuppressive cyto-
kines such as interleukin (IL)-10 produced by DCs themselves (autocrine) and
other regulatory immune cells (paracrine) down-regulate functional profiles
of DCs through specific cell surface receptors such as IL-10R. Here, we tried to
improve DC functions using small interfering RNA (siRNA) technology to
block an IL-10R-mediated immunosuppressive axis. DCs modified with
siRNA targeting against IL-10R or IL-10 (DC/siIL-10R or DC/siIL-10) led to
up-regulation of major histocompatibility complex (MHC) class II, CD40
co-stimulatory molecule, and IL-12 proinflammatory cytokine after
lipopolysacharide (LPS) stimulation compared to DC/siGFP. Notably, the
LPS-induced functional profiles of DC/siIL-10R were strongly resistant to the
addition of recombinant IL-10, which mimicked paracrine IL-10. In contrast,
those of DC/siIL-10 were reversed by adding exogenous IL-10. Consistently,
DC/siIL-10R generated more human papilloma virus (HPV) E7-specific CD8+

T cells and stronger anti-tumour effects against E7-expressing TC-1 tumour
cells in vaccinated mice than DC/siGFP, as well as DC/siIL-10. Taken together,
these results provide the groundwork for future clinical translation of siRNA-
mediated strategy targeting IL-10R to enhance DC-based vaccine potency.
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Introduction

Dendritic cells (DCs) are considered to be the most potent
antigen-presenting cells (APCs) because they have a distinct
capacity to prime immune responses including anti-tumour
immunity [1]. For this reason, there has been much interest
in the use of these cells for clinical cancer immunotherapy.
However, clinical trial results have not been promising. One
limitation of the clinical applications of DC-based vaccines
is the initiation of immunosuppressive processes by tumour
cells or various immune cells, including DCs themselves. In
particular, one of the most immunosuppressive of these
mechanisms is immunosuppressive cytokine production.

Many cytokines secreted by either tumour or various
immune cells have immunosuppressive effects. Among these,
the negative effects of interleukin (IL)-10 on the host immune

system have been well characterized, including the inhibition
of T lymphocyte proliferation, lymphokine-activated killer
cell cytotoxicity, proinflammatory cytokine production,
down-regulation of both the initiation and the effector phase
of inflammatory responses and delayed-type hypersensitivity
responses in vitro and in vivo [2–4]. Furthermore, elevated
levels of IL-10 have been found in patients with various solid
tumours and may have prognostic significance in a variety of
cancers [2,3,5]. Thus, IL-10 might play a central role in one of
the mechanisms responsible for immune deregulation in
cancer patients. In particular, IL-10 production by DCs them-
selves after stimulation with Toll-like receptor (TLR) ligands
such as lipopolysaccharide (LPS) and other immune cells
such as regulatory T cells can serve as a potent mechanism in
DC malfunction such as limitation of maturation and the
capacity to initiate T helper type 1 (Th1) responses [6].
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The biological effects of cytokines are mediated through
their specific surface receptors. These receptors transduce
the binding of their cognate cytokines into cytoplasmic
signals that eventually trigger a cascade of intracellular
responses. The functional receptor complex of IL-10 consists
of at least two subunits: IL-10R1 and IL-10R2. IL-10R1 is a
cell surface receptor with a single transmembrane domain
and is a member of the class II cytokine receptor family [6,7].
IL-10R2 utilizes an accessory subunit for signalling. There-
fore, IL-10R1 represents a potentially ideal target of the
IL-10/IL-10R immunosuppressive axis for preventing IL-10-
related malfunction in DCs stimulated with TLR ligands,
including LPS.

RNA interference (RNAi) by small interfering RNA
(siRNA) is a mechanism for post-transcriptional gene silenc-
ing of messenger RNA (mRNA) in a sequence-specific
manner [8]. This technology has recently yielded several
solid insights into the immune system by helping to eluci-
date numerous mechanisms that regulate the development,
activation and function of immune cells, including DCs. Due
to its ability to suppress target gene expression effectively,
this technology has also been applied to regulate DC func-
tions for therapeutic purposes [9]. In our previous studies,
we demonstrated that ex vivo manipulation of DCs using
siRNAs targeting to pro-apoptotic molecules could prolong
the DC lifespan and protect DCs from in vivo cytotoxic T
lymphocyte (CTL)-mediated clearing [10–14].

In this study, siRNA technology was used to inhibit the
IL-10/IL-10R immunosuppressive axis in DCs and enhance
their vaccine potency. DC modification with IL-10R siRNA
resulted in an augmented Th1 response,and in turn generated
strong antigen-specific CD8+ T cell immune responses and
anti-tumour effects in vaccinated mice compared to DCs with
green fluorescent protein (GFP) siRNA or even IL-10 siRNA.
These encouraging results suggest a potential clinical transla-
tion of siRNA strategies for targeting immunosuppressive
cytokine receptors to enhance DC-based vaccine potency.

Materials and methods

Mice

Six- to 8-week-old female C57BL/6 mice were purchased
from Daehan Biolink (Chungbuk, South Korea). All animal
procedures were performed in accordance with National
Institutes of Health (NIH) guidelines for the proper use and
care of laboratory animals [Public Health Service (PHS)-
approved animal welfare assurance number, Korea Univer-
sity A5806-01].

Tumour cell culture

TC-1 cells were generated as described previously [10]. In
brief, HPV-16 E6, E7, and H-Ras oncogenes were used to
transform primary C57BL/6 mice lung epithelial cells. TC-1

cells were grown in RPMI-1640 medium containing 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.

Preparation of DCs

Bone marrow-derived dendritic cells (BM-DCs) were gener-
ated from bone marrow progenitor cells as described [10]
with some modifications. Briefly, bone marrow cells were
flushed from the femurs and tibiae of 5–8-week-old C57BL/6
mice. The cells were washed twice with RPMI-1640 and then
the red blood cells were lysed and resuspended at a density of
1 ¥ 106 cells/ml in RPMI-1640 supplemented with 2 mM
glutamine, 1 mM sodium pyruvate, 100 mM non-essential
amino acids, 5 ¥ 10-5 M b-mercaptoethanol, 100 IU/ml peni-
cillin, 100 mg/ml streptomycin, 10% FBS and 20 ng/ml
recombinant murine granulocyte–macrophage colony-
stimulating factor (GM-CSF) (PeproTech, Rocky Hill, NJ,
USA). The cells were then cultured in a 24-well plate (1 ml/
well) at 37°C in 5% CO2.The wells were replenished with fresh
medium supplemented with 2 mM glutamine, 1 mM sodium
pyruvate, 100 mM non-essential amino acids, 5 ¥ 10-5 M
b-mercaptoethanol, 100 IU/ml penicillin, 100 mg/ml strepto-
mycin, 10% FBS and 20 ng/ml recombinant murine GM-CSF
on days 2 and 4. The average percentage of CD11C+ obtained
after BM-DC differentiation was greater than 90%. The
BM-DCs were harvested after 6 days and used for siRNA
transfection. We also used retrovirally transduced DC2·4 cells
endogenously expressing Sig/E7/lysosome-associated mem-
brane protein 1 (LAMP-1) (DC2·4-Sig/E7/LAMP-1) for
siRNA transfection to measure E7-specific CD4+ and CD8+ T
cell immune responses [15]. Linking E7 with the sorting
signal of the lysosome-associated membrane protein 1 (Sig/
LAMP-1) allows E7 to target endosomal and lysosomal com-
partments, thereby increasing MHC class II presentation as
well as MHC class I presentation of E7 antigen.

Preparation of siRNA and transfection

siRNA was synthesized using 2′-O-ACE-RNA phosphora-
mides (Dharmacon, Lafayette, CO, USA). The sense and
anti-sense strands of the siRNA were: IL-10, 5′P-ACAU
ACUGCUAACCGACUCdTdT-3′ (sense), 5′P- GAGUCGG
UUAGCAGUA GUdTdT-3′ (anti-sense); IL-10R1 5′P-CCU
GAGCAUCUUAGUCAUAdTdT-3′ (sense), 5′P- UAUGACU
AAGAUGCUCAGGdTdT-3′ (anti-sense); P represents the 5′
phosphate. The RNA molecules were deprotected and
annealed according to the manufacturer’s instructions.
Control siRNA targeting an irrelevant GFP (GFP siRNA;
target: 5′-GCAUCAAGGUGAACUUCAAdTdT-3′ (sense),
5′UUGAAGUUCACCUUGAUGCdTdT-3′ (anti-sense)-3′
was also acquired from Dharmacon. A total of 200 000 DCs
in a six-well vessel were transfected with 300 pmol of the
synthesized siRNA using Welfect EX-PLUS (Welgene, Seoul,
South Korea), according to the manufacturer’s instructions.
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We used fluorescein isothiocyanate (FITC)-labelled siRNA
to document transfection efficiency of the DCs with flow
cytometry analysis. Virtually 95% of the DCs were trans-
fected successfully with siRNA (data not shown). These
transfected DC cells with each of siRNAs were named
DC/siIL-10, DC/siIL-10R and DC/siGFP, respectively. The
expression of IL-10 or IL-10R in the DCs was confirmed by
flow cytometry analysis.

Flow cytometry analysis

Flow cytometry analysis was performed to evaluate the
expression of DC-associated markers in the siRNA-
transfected DCs after LPS stimulation with or without
recombinant IL-10 (PeproTech). The expression level of
IL-10 or IL-10R on the surface of the DCs was also measured
by flow cytometry analysis. For this, the DCs were incubated
with phycoerythrin (PE)-labelled anti-mouse antibodies for
30 min at 4°C and analysed on a fluorescence activated cell
sorter (FACScan) flow cytometer (Becton Dickson, Sunny-
vale, CA, USA). PE anti-mouse I-Ab (AF6-120·1), CD40
(3/23), IL-10 and IL-10R antibodies were purchased from
Pharmingen (San Diego, CA, USA) [10,12,15]. Staining for
intracellular IL-12 (Becton Dickson) and flow cytometry
analysis were performed similarly, as described above.

Immunization with DCs

DC2·4-Sig/E7/LAMP-1 cells or BM-DCs were transfected
with the synthesized IL-10 siRNA, IL-10R1 siRNA or GFP
siRNA used for vaccination. BM-DCs modified with the
siRNA were pulsed with HPV-16 E7 aa49-57 peptide (aa49-
57, RA YNIVTF) (10 mg/ml) at 37°C for 2 h. The peptide-
pulsed BM-DCs were then washed with RPMI-1640,
supplemented with 5% FBS and Hanks’s balanced salt solu-
tion (HBSS) and resuspended in HBSS at a final concentra-
tion of 1 ¥ 107/ml. The BM-DCs were injected into mice
footpads at 5 ¥ 105 cells/mouse for immunization. The
DC2·4-Sig/E7/LAMP-1 cells transfected with the siRNAs
were also injected into mice footpads at 1 ¥ 106 cells/mouse
for immunization. One week later, the mice were boosted
once with the same immunization regimen and dose.

Intracellular cytokine staining

Prior to intracellular cytokine staining, 4 ¥ 106 splenocytes
from each mouse in each vaccination group were incubated
overnight with 1 mg/ml of E7 (RAHYNIVTF) peptide con-
taining an MHC class I epitope (aa 49–57) to detect
E7-specific CD8+ T cell precursors or 10 mg/ml of E7 peptide
(aa 30–67) containing an MHC class II epitope to measure
E7-specific CD4+ T cell precursors in the presence of Golgi-
Plug (BD Pharmingen, San Diego, CA, USA). Cell surface
marker staining of CD8 or CD4 and intracellular cytokine
staining for IFN-g or IL-4 were performed using conditions
described previously (ref. staining for intracellular Il-12 and

IFN-g and flow cytometry analysis were performed as
described previously [12,15]. Analysis was performed on a
Becton Dickinson FACScan with CellQuest™ software
(Becton Dickinson Immunocytometry System, Mountain
View, CA, USA).

Cytokine analysis using a cytometric bead array (CBA)

Cytokine levels were determined using a CBA. The proce-
dure was carried out according to the manufacturer’s
instructions (CBA™; BD Biosciences, San Jose, CA, USA).
Briefly, 10 ml of each mouse capture bead suspension were
mixed in 50 ml of each supernatant sample, and the mixed
bead suspensions were transferred to the assay tubes. Stan-
dard dilutions or test samples were added to the appropriate
tubes (50 ml/tube), and PE detection reagent (50 ml) was
added. After a 2-h incubation in the dark at room tempera-
ture, the samples were washed and analysed on a FACSCali-
bur (BD Biosciences) using the supplied cytometer setup
beads and CellQuest™ Software.

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

Total RNA was isolated using a Trizol Kit (Invitrogen Life
Technologies) according to the manufacturer’s protocol, and
cDNA was generated using the ThermoScript™ RT–PCR
System for RT–PCR (Invitrogen Life Technologies, Carlsbad,
CA, USA), according to the manufacturer’s protocol. cDNA
was used as a template for quantitative RT–PCR using SYBR
Green Master Mix (Applied Biosystems Foster City, CA,
USA); the gene-specific primers are listed below. RT–PCR
and analysis were performed using a 9700 GeneAmp
Sequence Detector (Applied Biosystems). Relative expression
was normalized to levels of glucose-6-phosphate dehydro-
gase (G6PDH): for G6PDH; 5′-AGAACCACCTCCTG
CAGATG-3′ and 5′-TCCCACCGTTCATTCTC CAC-3′; for
IL-12, 5′-AAGACCCTGACCATCACTGTC-3′ and 5′-CAG
AGACACCA TTCCACATGT-3′. To correlate the threshold
(Ct) values from IL-12 cDNA amplification plots with copy
number, a standard curve was generated using a plasmid
incorporating murine IL-12 cDNA.

In vivo tumour treatments

For the in vivo tumour treatment experiment, mice (five per
group) were challenged by subcutaneously injecting 5 ¥ 105

TC-1 tumour cells/mouse into the right leg. Mice were
treated with DCs 3 days after the tumour challenge. Mice
were monitored twice a week for 19 days after the tumour
challenge. To determine the tumour volume, each individual
tumour size was measured with calipers and the tumour
volume was calculated using the following equation:

tumour volume mm width length( ) /3 2 2= ×

Using a TC-1 lung metastasis model, we further examined
the therapeutic potential of the DCs modified with IL-10R
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siRNA. For this, mice were challenged with 1 ¥ 105 TC-1
tumour cells/mouse injected into the tail vein to simulate
haematogenous tumour spread [11]. Mice were treated
with the DCs 3 days after the tumour challenge. Mice were
monitored twice a week and killed on day 42 after the
vaccination. The mean number of pulmonary nodules in
each mouse was determined by experimenters blinded to
sample identities.

Statistical analysis

The data presented in this study are from one representative
experiment of three experiments and are expressed as the
mean � standard deviation (s.d.). The number of samples in
each group for any given experiment was > 3. Results for the
intracellular cytokine staining with flow cytometry analysis
and the tumour treatment experiments were evaluated by an
analysis of variance (one-way anova) and the Turkey–
Kramer multiple comparison test. Comparisons between
individual data points were performed using Student’s t-test.
All P-values < 0·05 were considered significant.

Results

Transfection of DCs with IL-10 or IL-10R siRNA
down-regulates IL-10 and IL-10R1 expression

It has been reported that the expression of IL-10 and
IL-10R increases after LPS treatment [16]. These data
suggest that the IL-10/IL-10R axis may provide negative
feedback regulation of DC maturation in an autocrine
manner. Given this assumption, we decided to block the
IL-10/IL-10R axis by using siRNA technology in order to
reverse the immunosuppressive functions of LPS-
stimulated DCs. For this, siRNA targeting IL-10R (siIL-10R)

was introduced into BM-DCs, subsequently named
DC/siIL-10R. siIL-10 was also transfected into BM-DCs
(DC/siIL-10) for comparison. DC/siGFP, BM-DCs trans-
fected with a siRNA targeting an irrelevant protein, GFP,
was used as a negative control. To confirm the down-
regulation of IL-10 or IL-10R in each BM-DC, flow cytom-
etry analysis was performed. As shown in Fig. 1, the
expression of IL-10 or IL-10R in the LPS-treated DCs was
significantly reduced 40 h after transfection of DCs with
siIL-10 or siIL-10R in terms of mean fluorescence intensity
(MFI) values (P < 0·05). The down-regulation of IL-10 and
IL-10R was maintained by days 7–9, and expression
returned to normal levels by days 9–11 after transfection
(unpublished observation). Similar expression profiles of
target proteins were also observed after transfection of DCs
with siBAK and siBAX [11].

DCs treated with IL-10R siRNA highly express
MHC II and CD40, which are not influenced by
exogenous IL-10

It has been reported that IL-10 produced by matured DCs
themselves (autocrine) or other regulatory immune cells
(paracrine) induces the down-regulation of MHC class II
and co-stimulatory molecules, such as CD40, on the DC
surface [16]. Therefore, we investigated the expression level
of MHC II and CD40 in DC/siILl-10 and DC/siIL-10R
after LPS stimulation with or without exogenous recombi-
nant IL-10. DC/siGFP was used as a negative control. As
shown in Fig. 2, the expression of both MHC II and CD40
were increased significantly in the DC/siIL-10 and DC/siIL-
10R after LPS treatment compared to the untreated cells.
Notably, the expression levels of both MHC II and CD40
on DC/siIL-10R were slightly higher than those on
DC/siIL-10.
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Fig. 1. Down-regulation of interleukin (IL)-10

and IL-10R expression in bone marrow-derived

dendritic cells (BM-DCs) transfected with small

interfering RNA (siRNA) targeting IL-10 or

IL-10R. siRNA targeting IL-10 or IL-10R1 was

introduced into BM-DCs subsequently named

DC/siIL-10 or DC/siIL-10R, respectively. The

expression levels of IL-10 (a) or IL-10R (c)

protein were measured by staining the cells with

anti-IL-10 or IL-10R antibody and analysing by

flow cytometry. The shaded area represents an

isotype control which was BM-DC-stained with

an isotype immunoglobulin (Ig)G antibody.

(b,d) Bar graphs depicting the mean

fluorescence intensity (MFI) indicating IL-10

or IL-10R expression, respectively. The data

presented in this figure are from one

representative experiment of three.
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In order to mimic paracrine IL-10-mediated suppres-
sion, exogenous rIL-10 protein was added concomitantly
during LPS stimulation of each DC line (LPS + rIL-10
group). Interestingly, the addition of rIL-10 drastically
down-regulated the expression level of both MHC II
and CD40 in DC/siIL-10. In contrast, this was not observed
in DC/siIL-10R. Thus, the DC/siIL-10R phenotype is
not affected by an autocrine IL-10 or paracrine IL-10.
Taken together, these data demonstrate that silencing
the IL-10R can render DCs resistant to IL-10-mediated
immunosuppression.

Blocking the IL-10/IL-10R axis significantly increases
IL-12 release from the modified DCs

One of the regulatory functions of the IL-10/IL-10R axis is
the inhibition of IL-12 production in DCs [17]. IL-12 is a
prototypical DC-derived cytokine which was shown to be a
key factor for the development of Th1 responses [18]. In
addition, the Th1 response is known to be critical for priming
antigen-specific CD8+ T cells. We therefore examined
whether silencing IL-10R1 affected the production of IL-12
from LPS-treated BM-DCs. For this, DC/siGFP, DC/siIL-10

and DC/siIL-10R were treated with 1 mg/ml LPS for 18 h and,
in turn, were collected to analyse the expression levels of
IL-12 mRNA and IL-12 protein by RT–PCR and flow cytom-
etry. IL-12 mRNA expression in both DC/siILl-10 and
DC/siIL-10R was increased more than 15-fold and 90-fold,
respectively, compared to DC/siGFP (Fig. 3a). Protein levels
of intracellular IL-12 in DC/siIL-10 and DC/siIL-10R were
increased more than 1·4-fold and 6·9-fold, respectively, com-
pared to DC/siGFP (Fig. 3b and c). Concentration of IL-12
and IL-10 in supernatants form DC/siGFP, DC/siIL-10 or
DC/siIL-10R was also measured with a cytometric bead
array. The IL-12p70 concentration in both DC/siIL-10 and
DC/siIL-10R was increased more than 1·3-fold and 1·8-fold,
respectively, compared to that in DC/siGFP (Fig. 3d). In con-
trast, IL-10 concentration in both DC/siIL-10 and DC/siIL-
10R was decreased more than 1·6-fold and 1·5-fold,
respectively, compared to DC/siGFP (Fig. 3e). Notably, IL-12
expression in DC/siIL-10R was much higher than that in
DC/siIL-10 at both the mRNA and protein levels. In contrast,
IL-10 expression in DC/siIL-10R was not. These data suggest
that the knock-down of IL-10R on DCs might be more effec-
tive in eliciting a Th1 immune response than that of IL-10
knock-down by increasing IL-12 production.

100

80

60

40

20

0

100 101 102 103 104

100

80

60

40

20

0

100 101 102 103 104

100

80

60

40

20

0

100 101 102 103 104

100

80

60

40

20

0

100 101 102 103 104

100

80

60

40

20

0

100 101 102 103 104

100

80

60

40

20

0

100 101 102 103 104

(a)
siIL-10RsiIL-10siGFP

Isotype control
No treatment
LPS

LPS + rIL-10

C
o

u
n

ts   

30

40

50

30

40

50

30

40

50 MHC II(b)
Isotype control

No treatment

LPS

LPS + rIL-10

0

10

20

0

10

20

0

10

20

M
F

I 
o

f 
M

H
C

 I
I

(c)
siGFP siIL-10 siIL-10R

500

C
o

u
n

ts

CD40

200

300

400

CD40(d) Isotype control

No treatment

LPS

LPS + rIL-10

0

100

200

500

200

300

400

0

100

500

200

300

400

0

100

M
F

I 
o

f 
C

D
4

0

Fig. 2. Surface expression of CD40 and major

histocompatibility complex (MHC) II on bone
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Vaccination with E7-expressing DCs transfected with
IL-10R siRNA leads to an augmented E7-specific CD4+

Th1 response

To determine whether Th1-favoured effects of IL-10/IL-
10R siRNA observed in the LPS-stimulated DCs in vitro
can be translated into an in vivo model, we used the retro-
virally transduced DC2·4 endogenously expressing Sig/E7/
LAMP-1 (DC2·4-Sig/E7/LAMP-1) [15]. Linking E7 with
the sorting signal of the lysosome-associated membrane
protein 1 (Sig/LAMP-1) allow E7 to target endosomal and
lysosomal compartment and increase class II presentation
of E7 antigen. Therefore, DC2·4-Sig/E7/LAMP-1 is an
appropriate DC model to measure E7-specific CD4+ T cell
immune responses. Before immunization, DC2·4-Sig/E7/
LAMP-1 was modified by transfection with siRNA target-
ing IL-10, IL-10R1 or GFP. DC2·4-Sig/E7/LAMP-1 cells
treated with siIL-10 or siIL-10R displayed similar func-
tional phenotypes which were observed in the siRNAs-

transfected BM-DCs (data not shown). Each of the
transfected DCs were injected into mouse footpads twice at
1-week intervals for immunization. DC2·4-no insert trans-
fected with IL-10R siRNA was used as a negative control.
To determine the nature of the E7-specific CD4+ T cell
response, we performed intracellular cytokine staining for
IFN-g (secreted by Th1 cells) or IL-4 (secreted by Th2 cells)
with flow cytometry analysis using mouse splenocytes
taken from immunized mice 1 week after the last vaccina-
tion and cultured overnight with or without MHC class II
E7 peptide (aa 30–67). As shown in Fig. 4a, mice vaccinated
with DC2·4-Sig/E7/LAMP-1 cells that treated with IL-10R
siRNA generated the highest number of E7-specific Th1
CD4+ T cells, more than 3·5-fold greater than mice with
DCs transfected with GFP siRNA (69·8 � 12·7 versus
25·8 � 8·9/3 ¥ 105 splenocytes; P < 0·003). However, there
was no difference in the number of Th1 CD4+ T cells
without MHC class II E7 peptide stimulation between these
two groups, meaning that Th1 CD4+ T cell responses
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Fig. 3. Expression of interleukin (IL)-12 in bone marrow-derived dendritic cells (BM-DCs) transfected with small interfering RNA (siRNA)

green fluorescent protein (siGFP), siRNA siIL-10 or siIL-10R. BM-DCs transfected with siGFP, siIL-10 or siIL-10R were stimulated with

lipopolysaccharide (LPS) for 18 h and then collected for reverse transcription–polymerase chain reaction (RT–PCR), real-time PCR and flow

cytometry analysis. Total RNA was extracted from the LPS-stimulated cells. IL-12 mRNA levels were determined by real-time PCR. Non-tranfected

BM-DCs were also analysed for comparison (no treatment group) (a). To measure the protein expression levels of IL-12, each cell line was treated

with 1 mg/ml LPS for 18 h and then analysed by flow cytometry. The shaded area represents an isotype control which was BM-DC-stained with an
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IL-10 receptor siRNA enhances DC-based vaccine potency

185© 2011 The Authors
Clinical and Experimental Immunology © 2011 British Society for Immunology, Clinical and Experimental Immunology, 165: 180–189



induced by siIL-10R were E7-specific. Similarly, vaccination
with DCs transfected with siIL-10 also led to a signifi-
cant increase in the number of E7-specific Th1 CD4+ T
cells [40·3 � 11·2 versus 18·2 � 2·4/3 ¥ 105 splenocytes
(P < 0·05)], although this increase was not higher than that
observed in mice immunized with the DCs transfected with
siIL-10R (P < 0·05). In contrast, DC2·4-Sig/E7/LAMP-1
transfected with siIL-10R failed to generate more Th2 CD4+

T cells after immunization than DCs transfected with IL-10
siRNA or GFP siRNA, as shown in Fig. 4c. These results
suggest that the down-regulation of IL-10R in DCs can
promote increases of antigen-specific Th1 CD4+ T cells in
vaccinated mice.

Vaccination with DCs transfected with siIL-10R leads
to a significant increase in the number of E7-specific
CD8+ T cells

To determine if the immune adjuvant effects of IL-10/IL-10R
siRNA observed in DCs in vitro and in vivo can be translated
into an increase of CD8+ T cell responses in vivo, we used
DC2·4-Sig/E7/LAMP-1 for immunization. DC2·4-Sig/E7/
LAMP-1 cells were only transfected with siRNA targeting
IL-10, IL-10R or GFP without E7 peptide pulsing. DC2·4-no
insert cells transfected with Il-10R siRNA were used as a
negative control. BM-DCs were also used to determine
whether the IL-10R siRNA technology is applicable to clini-

cal settings as BM-DCs are thought to be a more appropriate
DC type for clinical applications than immortalized DC cell
lines such as DC2·4. In the case of BM-DCs, the cells were
first transfected with the relevant siRNAs and then pulsed
with MHC class I E7 peptide (aa 49–57) for 2 h prior to
immunization. BM-DCs that were transfected IL-10R siRNA
but not pulsed with the E7 peptide were used as a negative
control. For immunization, each group of the DCs was
injected into the mouse footpad twice at 1-week intervals.
Using flow cytometry, the number of E7-specific IFN-g-
secreting CD8+ T cell was counted as described previously
after overnight incubation of splenocytes with or without E7
peptide (aa 49–57) [9]. As shown in Fig. 5, IL-10R siRNA
transfection drastically increased the number of E7-specific
CD8+ T cells in mice immunized with all types of DCs we
tested compared with GFP siRNA: DC2·4-Sig/E7/LAMP-1
(162·3 � 23·1 versus 47·3 � 3·7/3 ¥ 105 splenocytes;
P < 0·005); BM-DCs (526·3 � 42·8 versus 60·4 � 12·5/
3 ¥ 105 splenocytes (P < 0·005). However, there was no dif-
ference in the number of IFN-g-secreting CD8+ T cell
without the E7 peptide stimulation between these groups,
meaning that CD8+ T cell responses induced by siIL-10R
were E7-specific. Similarly, IL-10 siRNA also increased the
number of E7-specific CD8+ T cells in all types of DCs we
tested compared to GFP siRNA. However, DCs transfected
with IL-10R siRNA generated more E7-specific CD8+ T cells
after immunization than did those transfected with IL-10
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Fig. 4. Vaccination with E7-expressing DCs

transfected with small interfering RNA (siRNA)

interleukin (siIL)-10 or siIL-10R enhances

E7-specific CD4+ T helper type 1 (Th1)

responses. C57BL/6 mice (five per group) were

vaccinated twice with DC2·4-Sig-E7-lysosome-

associated membrane protein 1 (LAMP-1)

transfected with siIL-10, siIL-10R or siRNA

green fluorescent protein (siGFP) at 1-week

intervals. Splenocytes from mice vaccinated

with DC2·4-no insert transfected with siIL-10R

were used as a control to demonstrate

non-specific background generated by siRNA

transfection. Splenocytes were harvested at 1

week after the last vaccination. To detect

E7-specific CD4+ T cell precursors, the

splenocytes were incubated with 5 mg/ml of E7

peptide containing a major histocompatibility

complex (MHC) class II epitope (aa 30–67).

Intracellular IL-4 and interferon (IFN)-g
staining and flow cytometry analysis were

performed (a,c). Numbers on (a) and (c)

present a number of CD4+ cells that secret

IFN-g or IL-4, respectively. (b,d) Bar graphs

depicting the number of E7-specific IFN-g and

IL-4-secreting CD4+ T cell precursors per

3 ¥ 105 splenocytes, respectively. The data

presented in this figure are from one

representative experiment of three.
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siRNA. Thus, our data indicate that blocking the IL-10/IL-
10R axis in DCs using siRNA technology can significantly
enhance antigen-specific CD8+ T cell immune responses.
Furthermore, IL-10R targeting can be more effective than
IL-10 targeting for generating antigen-specific CD8+ T cells
using DC-mediated vaccine systems.

Vaccination with DC/siIL-10 or DC/siIL-10R inhibits
tumour growth and eradicates established tumours

To determine if the observed enhancement in E7-specific
CD8+ T cell responses leads to an increase in E7-specific
anti-tumour effects, we performed an in vivo tumour treat-
ment experiment using a previously described E7-expressing
tumour model, TC-1. For this, mice first received 5 ¥ 105

TC-1 cells/mouse and were immunized 3 days later with the
transfected BM-DCs, as described in Fig. 5. BM-DCs that
were transfected with IL-10R siRNA but not pulsed with E7
peptide were used as a negative control. As shown in Fig. 6a,
mice immunized with DC/siIL-10R exhibited the smallest
tumour volumes, although mice vaccinated with DC/siIL-10
also had significantly suppressed tumour growth compared
to the control group. In an independent and identical experi-
mental setting, 80% of the mice treated with DC/siIL-10R
remained tumour-free 30 days after tumour challenge,
whereas all of the other groups of mice developed tumours
(data not shown).

Using a TC-1 lung metastasis model, we further examined
the therapeutic potential of BM-DCs modified with IL-10R
siRNA. Mice received 1 ¥ 105 TC-1 cells/mouse and were
immunized as described in Fig. 5. As shown in Fig. 6b, mice
immunized with DC/siIL-10R had the lowest mean number
of pulmonary nodules (1·3 � 1·5) compared to mice immu-
nized with DC/siIL-10 (7·4 � 1·6; P < 0·04) or DC/siGFP
(32·5 � 3·5; P < 0·007). Notably, 60% of the mice treated
with DC/siIL-10R remained tumour-free after the tumour
challenge, whereas all the other groups of mice developed
tumours. Taken together, these data indicate that immuniza-
tion with DCs transfected with IL-10R siRNA leads to a
significant increase of therapeutic effects against established
tumour models in vivo.

Discussion

IL-10 is a cytokine with pleiotropic activities associated with
anti-inflammatory and immunosuppressive properties
[6,7]. In particular, IL-10 serves as a potent factor in the
malfunction of DC, such as a limitation of maturation and
diminished capacity to initiate Th1 responses [19]. Previous
studies have shown that IL-10-treated DCs induce antigen-
specific anergy in cytotoxic CD8+ T cells, a process that might
be a tumour-related mechanism that inhibits immune sur-
veillance by converting DCs into tolerogenic antigen-
presenting cells [20–22]. Noticeably, elevated levels of IL-10
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Fig. 5. Vaccination with dendritic cells (DCs)

transfected with small interfering RNA (siRNA)

interleukin (siIL)-10R enhances an

antigen-specific CD8+ T cell immune response.

Intracellular cytokine staining and flow

cytometry analysis were used to determine the

number of interferon (IFN)-g-producing

E7-specific CD8+ T cells in mice after

immunization with DC2·4-Sig/E7/lysosome-

associated membrane protein 1 (LAMP-1) (a,b)

and E7 peptide-pulsed bone marrow (BM)-DCs

(c,d) transfected with siIL-10, siIL-10R or

siRNA green fluorescent protein (siGFP). The

transfected DCs were injected into mice via the

footpad. DC2·4-no insert cells and no-peptide

pulsed BM-DCs transfected with siIL-10R were

used controls, respectively. One week later, the

mice were boosted once with the same

immunization regimen and dose. One week

later, splenocytes were cultured overnight with

E7 peptide (aa 49–57) and stained for both

CD8 and intracellular IFN-g. The number of

CD8+ T cell precursors secreting IFN-g was

determined using flow cytometry (a,c). (a,c)

Numbers present a number of IFN-g-secreting

CD8+ cells. Bar graphs depict the number of

E7-specific DC8+ T cells (b,d). The data

presented in this figure are from one

representative experiment of three.
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have been found in patients with various solid tumours as
well as haematological malignancies [23,24]. Thus, increased
levels of this cytokine have been shown to underlie the mal-
functions of ex vivo-manipulated DCs in both animal
models and human patients.

IL-10 exerts its actions through the heterodimeric mem-
brane receptor formed by a binding chain (IL-10R1) and
transducing chain (IL-10R2), whose mutual interaction acti-
vates a series of intracellular signalling molecules, including
signal transducer and activator of transcription (STAT) pro-
teins [25,26]. IL-10R1 binds IL-10 with high affinity in
co-operation with IL-R2, but IL-10R2 contributes little to
IL-10-binding affinity [26]. The expression level of IL-10R1
in BM-DCs increased after LPS stimulation (data not
shown). This up-regulation of IL-10R1 was highly associated
with IL-10-mediated immunosuppression, as shown in
Fig. 2. The expression of IL-10R is well correlated with the
sensitivity of DCs to exogenous recombinant IL-10-mediated
suppression of MHC II and CD 40 expression. Thus, knock-
down of IL-10R in DCs could be a fundamental solution for
blocking an IL-10-mediated immunosuppression. In con-
trast, reducing IL-10 production could not rescue immuno-
suppressive phenotypes in DCs caused by exogenous IL-10,
as shown in Fig. 2.

We also successfully demonstrated that the DCs trans-
fected with IL-10R siRNA generates robust therapeutic anti-
tumour effects in mice bearing TC-1 tumours which
produce significant levels of IL-10 (data not shown) com-
pared to DCs transfected with control siRNA or even IL-10
siRNA (Fig. 6). This promising adjuvant effect of IL-10R

siRNA seems to be closely related to the increased expression
of co-stimulatory molecules and IL-12 cytokines in our
experimental settings, as shown in Fig. 3. Thus, blocking the
IL-10/IL-10R immunosuppressive axis appears to be a plau-
sible target for enhancing DC-mediated cancer vaccine
potency.

One key finding of this study is the demonstration of a
promising siRNA application as an immune adjuvant of
DCs that blocks IL-10R signalling. Previously, anti-IL-10
antibodies were used to up-regulate anti-cancer T cell
responses by inhibiting the suppressive effects of IL-10 [27].
However, systemic administration of IL-10 antibodies could
non-specifically activate autoreactive T cells and, as a result,
raises significant concerns regarding the potential for
autoimmune diseases similar to IL-10-/- mice that develop
enterocolitis [28]. In contrast to antibody-mediated
immune modulation, our siRNA-based immunization
strategy allows selective activation of tumour antigen-
specific T cells by ex vivo genetic manipulation of tumour
antigen-loading DCs prior to immune priming. Thus, our
data suggest that modifying the function of DCs using
siRNA technology targeting receptors of key immunosup-
pressive proteins, such as IL-4, IL-6 or transforming growth
factor (TGF)-b, could lead to enhanced DC-based vaccine
potency without inducing severe autoreactive immune
responses. Thus, considering the number of well-known
immune-suppressing receptors on DCs, it will be interesting
to determine whether DCs modified by these adjuvant
siRNA molecules could enhance therapeutic immune
responses against tumours.
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