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Tumor-associated antigen/IL-21-transduced dendritic cell
vaccines enhance immunity and inhibit immunosuppressive
cells in metastatic melanoma
K Aravindaram1,3, P-H Wang2,3, S-Y Yin2 and N-S Yang2

Dendritic cell (DC)-based vaccine approaches are being actively evaluated for developing immunotherapeutic agents against
cancers. In this study, we investigated the use of engineered DCs expressing transgenic tumor-associated antigen hgp100 and
the regulatory cytokine interleukin-21, namely DC-hgp100/mIL-21, as a therapeutic vaccine against melanoma. Tumor-bearing
mice were injected intratumorally with transgenic DCs followed by three booster injections. Transgenic DC-hgp100/mIL-21
showed significant reduction in primary tumor growth and metastasis compared with DC-hgp100 alone and DC-mIL-21 alone.
In vivo depletion of specific immune cell types (CD8+ T, CD4+ T and Natural killer (NK)-1.1+ cells) effectively blocked the
protective effect of this combinational vaccine. In adoptive transfer experiments, a survival rate of nearly 90% was observed at 60
days post-tumor inoculation for the combinational vaccine group. In contrast, all mice in the DC-hgp100 and DC-mIL-21-only
groups died within 43–46 days after tumor challenge. Considerably increased levels of interferon (IFN)-γ, tumor necrosis factor
(TNF)-α, granulocyte macrophage colony-stimulating factor (GM-CSF) and cytotoxic T lymphocytes (CTLs) were detected with the
combination vaccine group compared with other individual treatment groups. In comparison with the DC-hgp100 or mIL-21
groups, the combinational DC-hgp100/mIL-21 vaccine also drastically suppressed the myeloid-derived suppressor cells (MDSCs)
and T-regulatory (Treg) cell populations. Our findings suggest that a combinational DC- and gene-based hgp100 and mIL-21
vaccine therapy strategy warrants further evaluation as a clinically relevant cancer vaccine approach for human melanoma
patients.
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INTRODUCTION
Dendritic cells (DCs) are potent antigen-presenting cells (APCs)1

that have been extensively employed to initiate or enhance the
presentation of tumor-associated antigens (TAA) or augment
cytokine/chemokine-specific immune responses in animal models
and clinical trials. A number of studies have shown that DCs
modified ex vivo by pulsing with tumor lysates or TAA peptides
can induce enhanced antitumor immunity.2–5 Recently, the FDA
approved a new prostate cancer vaccine, called Provenge
(Dendreon), which uses patient’s own DCs for therapeutic
vaccination.6 Specific virus-based vector systems hand have been
reported to confer a high DC transduction efficiency and are able
to generate strong and sustained CD4+ T-helper cell activity and
cytotoxic T-cell responses against test tumors.4,7–12 Recombinant
modified vaccinia virus Ankara (rMVA) vectors have been shown
to initiate a cascade of viral gene expression, allowing for the
engineering of recombinant transgenes under the transcriptional
control of vaccinia virus late promoters, which result in abundant
synthesis of heterologous transgenic proteins—for example,
various TAAs. DCs have been used with rMVA as vaccines to
express transgenic antigens and cytokine adjuvants designed to
induce a highly potent, target antigen-specific, immune context of
DC-mediated signaling systems.13,14 Findings on significant
activation of human gp100 and tyrosinase-specific CD8+ T cells

have been reported, suggesting an efficient transgenic antigen
presentation upon rMVA infection of DCs.13,15,16

We have previously reported that human gp100 (hgp100) is a
promising target antigen for melanoma, which is capable of
inducing specific humoral and cellular-mediated immunity.13,17

Immunization with hgp100-expressing viral vectors was shown to
overcome self-tolerance to mouse gp100 in C57BL/6 mice because
the approach is able to induce hgp100-specific as well as murine
B16 melanoma-cross-reactive T-cell responses.18–21 Interleukin-21
(IL-21) is a type I cytokine that shares a common cytokine receptor
γ chain with other members of the IL-2 family. IL-21 can act as a
key element in driving the transition from NK cell responses to
specific cytotoxic T lymphocyte (CTL) responses. In T cells, IL-21
can block IL-2-induced apoptosis and promote the differentiation
and long-term survival of CD8+ T cells.22 Tumor cells genetically
engineered to secrete IL-21 were shown to induce protective
immunity, abrogate T-regulatory (Treg) cells, recruit NK and CD8+

T cells and mediate expression of interferon (IFN)-γ.23 We have
reported that granulocyte macrophage colony-stimulating factor
(GM-CSF) complementary DNA (cDNA) and chemotactic chemo-
kine CCL5 (RANTES) can enhance antitumor immunity induced by
hgp100 DNA vaccination in a mouse melanoma model.13,24

However, as most tumors are known for not being rich in DCs,
we consider that one therapeutic strategy is to take advantage of
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an engineered tumor microenvironment and to inject or target an
abundant number of autologous DCs directly into the tumor
tissues.
With the above considerations, we hence evaluated whether an

overexpression of transgenic IL-21 in DCs can significantly
enhance the efficacy of an engineered hgp100-DC vaccine on
melanoma and whether such induction of antitumor immunity
could be mediated via the inhibition of relevant immunosuppres-
sive cells (for example, myeloid-derived suppressor cells (MDSCs)
and Treg cells).7,8,25 Our finding from this study shows that the
combinational use of DCs and rMVA vectors to deliver trans-
genically specific TAA and cytokine adjuvants into the tumor
microenvironment may provide a useful approach as cell- and
gene-based cancer vaccines. Specifics on possible future applica-
tion of DC-based cancer vaccines against melanoma in cancer
patients are discussed.

RESULTS
Transgene expression in mature transduced DCs
For the appropriate pursuit of the designed gene and cell-based
vaccine approach, we first quantified the transgene expression of
hgp100 and mIL-21 mRNAs in transduced DCs using real-time PCR
analysis. A significant level of hgp100 transcripts was observed in
DCs transduced with hgp100 cDNA or with a combination of
hgp100/mIL-21 cDNAs (Po0.001). No hgp100 mRNA was
detected in other tested treatments, which hence also showed
that, in our test, there was no cross-reaction in this assay
(Figure 1a). Expression of mIL-21 mRNA was significantly higher
in the DC-mIL-21 and the combination of DC-hgp100/mIL-21
mRNA transgene constructs, as compared with other treatments
(Po0.001). Constitutive expression of mIL-21 in DCs was found to
be significantly higher in DC-hgp100 and DC-MVA vector
(Po0.01) treatments compared with non-transduced DC only
treatment (Figure 1b).

Antitumor immunity by DC vaccination
To investigate whether DC-based mIL-21 and DC-hgp100
transgene combination treatment enhances antitumor activity
synergistically, we evaluated the efficacy of different DC-based

vaccines in a B16/hgp100 melanoma mouse model. Vaccination
with a combination of DC-hgp100/mIL-21 resulted in significantly
higher reduction in tumor growth than vaccination with
DC-hgp100 (95% confidence interval (CI) = 163.9–459.3 mm3;
Po0.001) on day 18 after tumor inoculation. On day 21,
suppression of tumor growth under DC-hgp100/mIL-21 combina-
tion treatment was significantly increased compared with
both DC-hgp100 (95% CI = 293.8–571.6 mm3; Po0.001) and
DC-mIL21 (95% CI = 324.6–809.7 mm3; Po0.001) treatments.
During this time period, the DC-MVA vector and DC only treatment
had already resulted in tumors with sizes of >2000 mm3

(Figures 2a and b).
Survival time of mice vaccinated with DC-hgp100/mIL-21 was

significantly longer than those vaccinated with DC-hgp100 and
DC-mIL-21 (Po0.01) individually; of particular note, 80% of the
mice treated with DC-hgp100/mIL-21 were still alive on day 46
post-tumor inoculation, as shown by log-rank test (Figure 2c). By
contrast, all mice treated with DC-MVA vector and DC only died
within 21 days and all mice treated with mIL-21 died within 46
days after tumor inoculation.
Next, the anti-metastatic effect of the DC-hgp100/mIL-21

combination vaccine was evaluated using a melanoma metastasis
model. Mice were intravenously injected with B16/hgp100 tumor
cells and vaccinated 5 days later. As shown in Figure 2d, tumor
metastasis was significantly suppressed in the lung in response to
DC-hgp100/mIL-21 combination treatment on 21 days post-tumor
inoculation in comparison with other treatments (Po0.05).

Role of immune cell subsets in mediating tumor protection
To evaluate the importance of CD4+, CD8+ and NK-1.1+ cells in
determining tumor protection, we injected anti-CD4+, anti-CD8+

or anti-NK-1.1+ monoclonal antibodies intraperitoneally before
and after tumor inoculation and vaccination with DC-hgp100/
mIL-21. All three immune cell subsets are apparently required for
tumor protection (Figure 2e). Depletion of these immune cell
subsets, most significantly CD8+ T cells, followed by CD4+ T cells
and NK-1.1+ cells, blocked the protective effect of this combina-
tional DC-hgp100/mIL-21 vaccine therapy. The rat IgG group
treated with DC-hgp100/mIL-21 had a survival rate >80%, even
on 60 days post-tumor inoculation (Po0.001 versus immune
cell-depleted groups).

Adoptive transfer immune response in tumor protection
To further evaluate the role of combination vaccine therapy in
tumor protection, splenocytes from B16/hgp100-inoculated,
DC-hgp100/mIL-21 vaccine-treated tumor-free mice as well as
splenocytes from other treatment and control groups were
transferred intravenously to naive mice. One day later, the mice
were challenged with B16/hgp100 tumor cells. Mice that received
splenocytes from the combination DC-hgp100/mIL-21 vaccine-
treated mice, but not from other test mice, were highly protected
against a subsequent tumor challenge with B16/hgp100 cells and
had greatly increased survival rate (Po0.001) compared with
other groups (Figure 3a). Nearly 90% of these mice were alive on
day 60 post-tumor inoculation, whereas all mice in the DC-hgp100
and DC-mIL-21 groups died within 43–46 days after tumor
challenge. No tumor protection was observed in mice treated
with PBS, DC-only and DC-MVA vector, mirroring the results from
the therapeutic vaccination experiment (Figure 2c).

Immune responses are enhanced by combination vaccine therapy
To analyze and compare the enhancement of immune responses
by individual versus combination DC-based vaccinations,
we collected CD8+ T cells from vaccinated and control mice
at particular time points after treatments. Enzyme-linked
immunospot (ELISPOT) assay showed much higher numbers of

Figure 1. Quantification of transgene expression in rMVA-
transduced mature DCs. Transgenic mRNA levels of hgp100 (a)
and mIL-21 (b) in rMVA-transduced DCs. ***Po0.001, compared
with DC-MVA vector; **Po0.01 compared with DC-only. N.D: not
detectable.
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IFN-γ-secreting cells in the DC-hgp100/mIL-21 treatment group
compared with the DC-hgp100 (95% CI = 221–309.7; Po0.001)
and DC-mIL-21 (95% CI = 259.7–333.6; Po0.001) groups
(Figure 3b). In turn, the individual treatment DC-hgp100

(95% CI = 153.4–231.2; Po0.01) and DC-mIL-21 (95% CI = 130.9–-
191.1; Po0.01) groups contained more IFN-γ-secreting cells than
the DC-MVA vector group. These results suggest that the
combination of hgp100 and mIL-21 apparently has a synergistic
activity that can confer an improved protection against B16/
hgp100 tumor in mice.
Next, we evaluated the specific cytolytic activity of CD8+

T cells induced by vaccination of mice with the various
treatments. Cytotoxic CD8+ T cells from mice vaccinated with
the DC-hgp100/mIL-21 combination had a significantly higher
cytotoxic effect, killing more B16/hgp100 tumor cells than CD8+

T cells from the DC-hgp100 treatment group at effector-to-target
cell ratios of 100:1 (95% CI = 22.67–28.77%; Po0.001), 50:1
(95% CI = 14.83–18.89%; Po0.001), 25:1 (95% CI = 8.88–12.53%;
Po0.001) and 12.5:1 (95% CI = 3.28–5.23%; Po0.01; Figure 3c).
Similar results were observed for the DC-mIL-21 versus the
combinational vaccine group. Furthermore, a substantially higher
cytotoxic effect was observed in the DC-hgp100 and DC-mIL-21
groups in comparison with the DC-MVA vector, DC only or PBS
groups (Figure 3c).
To further characterize these immune responses, we used ELISA

to determine the release of cytokines IFN-γ, IL-10, tumor necrosis
factor (TNF)-α and GM-CSF from splenocytes 48 h after stimulation
with MMC-treated B16/hgp100 cells. Secretion of the Th1 cytokine
IFN-γ from splenocytes was two- to threefold higher in the
DC-hgp100/mIL-21 combination treatment group than in the
DC-hgp100 (95% CI =1220–1362 pgml�1; Po0.001) and DC-mIL-21
(95% CI = 1469–1596 pgml�1; Po0.001) groups (Figure 4a).
Interestingly, we also found that secretion of the Th2 cytokine
IL-10 from splenocytes of the DC-hgp100/mIL-21 combination
treatment group was much lower than in the DC-MVA vector or
PBS control groups; it was also significantly lower than in the
individual DC-hgp100 (95% CI = 29.11–82.46 pgml�1; Po0.01)
and DC-mIL-21 (95% CI = 47.51–92.56 pgml�1; Po0.01) treat-
ment groups (Figure 4b). There was no statistically significant
difference in IL-10 secretion between the DC-hgp100 and
DC-mIL-21 groups (95% CI = 17.91–46.41 pgml�1; Po0.286).
We also determined the expression of two other important
cytokines, TNF-α and GM-CSF. TNF-α secretion in the DC-hgp100/
mIL-21 treatment group was considerably higher than in the
DC-hgp100 (95% CI = 159.5–238.8 pgml�1; Po0.001) and
DC-mIL-21 (95% CI = 194.5–275.4 pgml�1; Po0.001) groups
(Figure 4c); similarly, GM-CSF secretion was also increased in the
DC-hgp100/mIL-21 group as compared with the DC-hgp100

Figure 2. Protective immunity of rMVA-transduced DC vaccine
against primary and metastatic melanoma. (a) Primary tumor model.
C57BL/6 mice were inoculated with B16/hgp100 and vaccinated
with rMVA-transduced DCs as described in Materials and methods.
Data represent the means with upper 95% confidence intervals
(n= 8 mice per group) ***Po0.001, DC-hgp100/mIL-21 compared
with the DC-hgp100 at 18 and 21 days after tumor inoculation.
(b) Representative images of tumor appearance in mice receiving
different treatments, as (i) PBS, (ii) DC only, (iii) DC-MVA vector,
(iv) DC-hgp100, (v) DC-mIL-21 and (vi) DC-hgp100/mIL-21. (c) Survival
time. **Po0.01, DC-hgp100/mIL-21 compared with the DC-hgp100
on day 46 post-tumor inoculation. (d) Metastasis model. C57BL/6
mice (n= 8 each) in test groups were injected intravenously with
B16/hgp100 cells and tumor metastasis into the lung was scored by
estimating the percentage of surface area covered by metastasis as
follows: 0, no metastasis; 1,o25%; 2, 25–50%; 3, 50–75%; and 4,
>75% metastasis. Bars represent the mean metastasis scores for
each treatment. *Po0.05 compared with DC-hgp100. (e) Assess-
ment of immune cell subsets responsible for the DC-based vaccine
immunity against melanoma. Depletion of CD4+ T7 CD8+ T cells and
NK1.1+ cells was monitored using flow cytometry ***Po0.001
compared with anti-CD4+ and anti-NK-1.1+ cells. Experiments were
repeated at least twice.
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(95% CI= 125.3–229.6 pgml�1; Po0.01) and DC-mIL-21 (95%
CI = 156.9–265.3 pgml�1; Po0.01) groups (Figure 4c).
As T-bet is a critical transcription factor for Th1 cell

differentiation26 and IFN-γ is a Th1 cytokine that also has an
important role in cell-mediated immunity, we have further
analyzed and compared the effect of DC-hgp100/mIL-21 combi-
nation vaccine on the expression of these functional molecules in
CD4+ splenocytes using flow cytometry analysis. In this experi-
ment, different subpopulations of CD4+ cells were compared for
such molecular specificities. By comparison, we found that the
populations of IFN-γ CD4+ T cells and T-bet+ CD4+ cells were
drastically increased in DC-hgp100/mIL-21-vaccinated mice;
however, this combinational vaccine also reduced the populations

of IL-10+ CD4+ and IL17+ CD4+ cells in mice as compared with
those of the PBS control and DC-MVA vector group mice
(Figure 4d). In consistent with the result of IFN-γ secretion level
(Figure 4a), these findings suggest that DC-hgp100/mIL-21
combination vaccine can effectively induce precursor CD4+

T cells toward the differentiation into Th1 cells, exhibiting an
enhanced antigen presentation activity.

Combination DC vaccine therapy induces potent inhibition of
immunosuppressive MDSC and Treg cells
The importance of Treg and MDSC in the regulation of tumor
growth is now well documented. We hence went on to analyze
the effect of various test vaccines on the inhibition of MDSC and
Treg cells in immunized animals. There are two main subsets of
MDSCs, the monocytic (CD11b+Ly6C+Ly6G-) and granulocytic
(CD11b+Ly6ClowLy6G+) MDSC cells. The monocytic cells were
previously shown to inhibit T-cell proliferation in vitro, whereas the
granulocytic MDSCs were found to not inhibit such T-cell
proliferation.27 In our present study, as shown in Figure 5a, the
populations of monocytic MDSCs in spleen, blood, bone marrow
and tumor infiltrating lymphocyte (TIL) tissues of various
vaccinated mice were detected and compared. As compared with
the DC-MVA vector group, the MDSC levels in DC-hgp100/mIL-21-
vaccinated mice were significantly reduced to ~ 57% (26.1%
versus 45.7%) in blood, and between 75 and 85% levels were
detected for spleen, bone marrow and TIL tissues. For the single
transgene-vaccinated groups (DC-mIL-21 and DC-hgp100), little or
no effect was observed for most tested tissues, except for the TIL
tissue samples, whereas a reduction to 53% was observed for
DC-hgp100-vaccinated mice. On the other hand, the population of
granulocytic MDSCs was drastically decreased to only 7% in TIL
tissues of DC-hgp100/mIL-21-vaccinated mice; there was no
significant change (that is, o10%) in the percentage of
granulocytic MDSCs in spleen, blood or bone marrow tissues, as
compared with those in DC-MVA vector-treated groups. These
results suggest that the DC-hgp100/mIL-21 combination vaccine
can most effectively suppress the monocytic MDSCs in blood
tissues, whereas the level of granulocytic MDSCs was only
suppressed in the TIL tissues.
The Treg cells, a subpopulation of the CD4+ T cells expressing

CD25 and transcription factor FOXP3, are known to have a key role
in promoting the growth and progression of tumors by inhibiting
specific host immune response against the cancer.28,29 As shown
in Figure 5b, we also compared the effect of different test vaccine
groups on the population of Treg cells in different organs. We
observed that the populations of Treg cells in bone marrow,
spleen and TIL tissues were strongly suppressed in mice treated
with the DC-hgp100/mIL-21 combination vaccine as compared
with the DC-MVA vector-treated group. However, this suppressive
effect on Treg cells was not detected in blood tissues tested. The
single transgene vaccines, namely DC-mIL-21 and DC-hgp100,
conferred some modest to substantial effect on bone marrow and
TIL tissues but had little or no effect on spleen and blood tissues.

Inhibition of angiogenesis and increased immune cell infiltration
into tumor tissues
Immunohistochemical staining analysis revealed that a large
number of immune cells, mainly CD4+, CD8+ and NK-1.1 cell
populations, were detected within test tumors in mice that were
intratumorally injected with the DC-hgp100/mIL-21 combinational
vaccine. In comparison, only a small number of immune cells
infiltrated into test tumors in mice treated with PBS or DC-MVA
vector (Figures 6a and b). In parallel, expression of hypoxia
inducible factor-1α (HIF-1α), angiogenesis marker (vascular
endothelial growth factor (VEGF)), platelet endothelial cell
adhesion molecule (CD31) and matrix metalloproteinase-9
(MMP-9) was greatly suppressed in tumors of mice treated with

Figure 3. Adoptive transfer immune responses and induction of
CD8+ T-cell-based immune responses of DC-based vaccine against
melanoma. (a) Transfer of splenocytes from rMVA-transduced
DC-vaccinated mice to naive mice were performed as described in
Materials and methods. ***Po0.001, as DC-hgp100/mIL-21 group
compared with DC-mIL-21 on day 60 after tumor inoculation.
(b) IFN-γ-secreting CD8+ T-cell levels. CD8+ T cells from splenocytes
were collected from test mice, stimulated and quantified ex vivo
using ELISPOT assay. Results are expressed as IFN-γ-positive spot-
forming CD8+ T cells (SFCs; 105). Data are the means of three
independent experiments. ***Po0.001 compared with DC-hgp100;
**Po0.01 compared with DC-MVA vector. (c) B16/hgp100 tumor-
specific CTL activity in vaccinated and control mice. CD8+ T cells
obtained from vaccinated or control mice were tested against target
cells at the indicated effector:target ratios, and results are expressed
as specific lysis (%). Data are the means of three independent
experiments. ***Po0.001, **Po0.01 compared with indicated
effector:target ratio of DC-hgp100.
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Figure 4. Vaccination using rMVA-transduced-DCs expressing transgenic hgp100 and mIL-21 offers antigen-specific Th1 immunity. Splenocytes
from test mice (n= 3) were cocultured with MMC-treated B16/hgp100 tumor cells for 48 h, and supernatants from triplicate cultures/mouse were
analyzed for IFN-γ (a), IL-10 (b), TNF-α and GM-CSF (c) by ELISA. ***Po0.001, **Po0.01 compared with DC-hgp100. (d) Expression of cytokine
IFN-γ, IL-10, IL-17 and transcription factor T-bet-positive CD4+ T cell in vaccine-immunized mice. Seven days after last vaccination, spleen cells
were collected from immunized mice, stimulated with phorbol 12-myristate 13-acetate and ionomycin, and labeled with anti-CD4-FITC, and
stained for intracellular detection of IFN-γ, IL-10, IL-17 and T-bet. The percentage of cytokine-positive, CD4+ T cells is shown.
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Figure 5. Organ-specific reduction of MDSC population in mice immunized with DC-based vaccines. (a) Effect of vaccines on levels (%) of
monocytic (M) and granulocytic (G) MDSCs in various tissues of test mice, quantified using flow cytometry. MDSC subpopulations were
analyzed using the FACS DIVA software and gated on CD11b+ cells. (b) Suppression of Treg cell population in transgenic DC-vaccinated mice.
Seven days post last vaccination, test cells were isolated from spleen, blood, bone marrow and TIL tissues of various DC vaccine- and control-
immunized mice. The levels (%) of Treg cells were quantified using flow cytometry, as analyzed using the FACS DIVA software and gated on
CD4+ cells.

DC- and gene-based cancer vaccine against melanoma
K Aravindaram et al

462

Gene Therapy (2014) 457 – 467 © 2014 Macmillan Publishers Limited



the combinational vaccine as compared with that observed in
tumors treated with PBS or DC-MVA vector (Po0.001).

DISCUSSION
Suppression of tumor growth by host immune systems is now
recognized as critical machinery for the control of progression
versus regression of various human cancers. Many cancer
immunologists believe that successful immunotherapy for cancer
will likely be achieved by enhancing effector immune cells,
whereas concomitantly inhibiting the immunosuppressive cells
(for example, the MDSC and Treg cells involved in tumor
tolerance) rather than by employing only one arm of these two
approaches. Recently, DC-based cancer vaccines have attracted
considerable attention as vehicles for the delivery of tumor-
associated antigens, chemokines and cytokines.4,30 In this study,
our DC-hgp100/mIL-21 combination vaccine strategy greatly
enhanced the survival rate of test mice, especially during the late
phase of tumor progression (Figure 1c). On the basis of our
observations and knowledge, extension of lifespan of test mice to
this extent is not common for most mouse tumor models.
Similarly, compelling the same results were also observed in the
therapeutic metastatic tumor model experiments (Figure 2d). All
these enhanced in vivo antitumor effects suggest that a highly
potent synergistic activity may be involved in the efficacy of the
DC-hgp100/mIL-21 combinational vaccine in combating the
growth of both primary and metastatic tumors.
Previous studies have reported that a DC-based hgp100 vaccine

is effective against melanoma31 and that a DNA-based mIL-21
vaccine, either alone23,32 or in combination with other cytokines
such as mIL-15,33 can exhibit significant antitumor activity against
various cancer types. We observed in this study that IL-2134 and
rMVA35 can confer the ability to suppress some DC maturation
activities in response to stimuli such as LPS. However, the
immunogenicity of rMVA/IL-21-transduced DC vaccine in our
study is apparently dependent not only on the DC maturation
activity but also on the expression of specific cytokines from test
DCs and the molecular and cellular interaction between DC and
other types of immune cells. On one hand, rMVA has been
reported to serve as a very good adjuvant in cancer immuno-
therapy studies,16 and the DCs infected by rMVA can retain
immunogenicity in vivo.7 On the other hand, IL-21 does have the
ability to induce potent innate and adaptive immune responses.36

Additional studies showed that genetic modification of DCs and T
cells with IL-21 could significantly enhance tumor-specific
immunity.37,38 Furthermore, IL-21 not only could enhance
proliferation, cytotoxicity and survival of CD8+ T cells39 but also
can function as a pro-inflammatory cytokine, priming CD4+ T cells
for differentiation into Th17 cells.40 In our current study, we found
that IL-21 expression in DC vaccines could directly or indirectly
suppress the populations of immunosuppressive MDSCs and Treg
cells (Figure 5). These activities of DC vaccines may further
modulate or enhance the immunity of CD8+ T cells, CD4+ T cells
and NK cells, as shown in Figure 2e. Taken together, although the
rMVA/IL-21-combined vaccine can partially suppress DC matura-
tion as recently reported by Tao et al.,35 our results strongly
suggest that this IL-21-enhanced tumor-specific immunity is
highly potent, and it can overcome the associated suppressive
effect on DC maturation. The observed vaccine effect, we
consider, can be further induced by cytokine (IL-21)-derived
tumor-specific immunity against tumors in vivo. We suggest that
IL-21 may directly or indirectly enhance the tumor-specific
immunity via the activation of CD8+ T cells, differentiation of
CD4+ T cells and the activation of NK and NKT cells.
Whereas populations of IFN-γ+ CD4+ T cells and T-bet+ CD4+

cells, as Th1 cells, were drastically increased in DC-hgp100/mIL-21-
vaccinated mice, reduced levels of IL-10+ CD4+ and IL-17+ CD4+

cells as Th2 cells were observed, as compared with control vector

groups (Figure 4d). In consistency, enhanced levels for IFN-γ, TNF-
α and GM-CSF secretion were also defected from splenocytes of
these mice (Figures 4a–c). Our findings thus suggest mechan-
istically that the DC-hgp100/mIL-21 combination vaccine is
mediated by Th1 but not by Th2 response. Our results may also
imply that the high-level induction of IFN-γ, TNF-α, GM-CSF and
CTLs in the combination group could activate DCs through an IFN-
γ-dependent pathway and a subsequent enhancement of CTL
activity as a specific cell-mediated immunity.
Inhibition of tumor-specific CD8+ effector T cells and elimination

of MDSC and Treg in mouse tumor models have previously been
shown to, result in efficacious tumor regression.4,23 In our present
study, the population levels of monocytic MDSCs in spleen, blood,
bone marrow and TIL tissues of DC-hgp100/mIL21-vaccinated
mice were considerably lower than those in PBS or DC-MVA
vector-vaccinated mice (Figure 5a). In contrast, there was no
significant change in percentages of granulocytic MDSCs in
spleen, blood and bone marrow as compared with those in PBS
or empty vector-vaccinated mice. These results suggest that
DC-hgp100/mIL-21 combination vaccine can preferentially suppress
the population levels of monocytic MDSCs in various test organs;
however, the granulocytic MDSCs were mainly, if not only,
suppressed in the TIL tissues. The population levels of Treg cells
in spleen, bone marrow and TIL tissues were found to be strongly
suppressed by treatment with DC-hgp100/mIL21 combination
vaccine as compared with PBS and DC-MVA vector-vaccinated
group (Figure 5b). This suppressive effect on Treg cells, however,
was not detected in blood tissues. The organismic and physiogical
significance levels of these vaccine effects on MDSC and Treg cell
populations are not clear to us based on the result from the
present study. These findings, however, may indicate that a
coordinated effect was involved in the inhibition of Treg cells in
the tumor microenvironment, which could have resulted in a
substantial reduction in tumor growth in vivo. As enhanced
immune cell infiltration (mainly CD4+, CD8+ and NK-1.1+ cells) into
the test tumor microenvironment and the concomitant suppres-
sion of VEGF, CD31, MMP-9 and HIF-1α activities were clearly
detected for the combination DC-hgp100/mIL-21 vaccine therapy
(Figures 6a and b), we consider that these activities in tumor may
also curtail functional impairment of DCs in the tumor micro-
environment that fails to induce a full antitumor immune
response.
In conclusion, we have shown that a DC-hgp100/mIL-21

combination vaccine is able to effectively suppress primary and
metastatic B16/hpg100 melanoma by enhancing various specific
antitumor immune responses. This profound effect is likely
mediated by timely immune cell proliferation and enhanced
production of specific Th1 cytokines (IFN-γ) and a concomitant
suppression of specific Th2 cytokines (IL-10), angiogenesis growth
factor VEGF, platelet endothelial cell adhesion molecule CD31,
HIF-1α, MMP-9 and the active expansion of effector CD4+ and
CD8+ T cells and, in parallel, a potent inhibition of immuno-
suppressive MDSCs and Treg cells within the tumor microenviron-
ment. In the future, this combination DC-hgp100/mIL-21 vaccine
therapy approach needs to be further evaluated in preclinical and
clinical studies for possible application to treatment of human
melanoma patients.

MATERIALS AND METHODS
Animals
Female C57BL/6JNarl mice (6–8 weeks old) were purchased from the
National Laboratory Animal Breeding and Research Center, Taipei, Taiwan.
All mice were maintained in a laminar air flow cabinet in a room kept at
24± 2 °C, with 40–70% humidity and a 12-h light/12-h dark cycle under
specific pathogen-free conditions. All facilities were approved by the
Academia Sinica Institutional Animal Care and Utilization Committee, and
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Figure 6. Effect of DC-hgp100/mIL-21 vaccine on immune cell infiltration and suppression of angiogenic and MMPs cascade activities in
treated mice, using immunohistochemical staining analysis. (a) Representative images of specific immune cells, including CD4+, CD8+ and
NK-1.1+ cells, detected inside test tumors. (b) Quantification of the CD4+, CD8+, NK-1.1+ cell populations and the expression of HIF-1α,
VEGF, CD31 and MMP-9-positive cells in test tumor tissues. Data were obtained as the means of the cell numbers counted from 10 different
and representative microscopic fields (×200), with upper 95% confidence intervals from three mice per treatment group ***Po0.001 of
DC-hgp100/mIL-21, as compared with PBS and DC-MVA vector groups.
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all animal experiments were conducted under the institutional guidelines
established by the Animal Core Facility at Academia Sinica, Taipei.

Cell lines
The mouse B16 melanoma and hamster fibroblast BHK21 cell lines were
obtained from American Type Culture Collection (ATCC; Manassas, VA,
USA). Tumor cell cultures were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 1.5 g l�1 sodium bicarbonate, 10% fetal bovine
serum, 100 μgml�1 streptomycin and penicillin, and 2mM L-glutamine.

Recombinant MVA vector construction
For B16 cell transfection, a cDNA vector construct pNASS/CMV-hgp100 was
generated by inserting an hgp100 cDNA fragment, excised from the
pWRG1644 vector, into the pNASS/CMV-neo vector.41 B16 cells stably
transfected with this hgp100 cDNA vector, designated as B16/hgp100,
were obtained as previously reported.24 The hgp100 cDNA was amplified
and subcloned into the SalI-PstI site of the pLW44 transfer vector (provided
by Dr Bernard Moss, NIH, Bethesda, MD, USA), bringing it under the control
of a vaccinia virus-modified H5 early–late promoter.42 The Igκ leader
sequence was subcloned into the SmaI–SalI site of pLW44 for secretion of
the transgene product, as previously described.13 Murine IL-21 cDNA was
purchased from Invivogen (San Diego, CA, USA). Recombinant MVA was
made by transfecting transfer plasmids into BHK-21 cells infected with 0.05
plaque-forming units of MVA per cell. Fluorescent plaques were cloned by
eight successive rounds of plaque isolation and then propagated in
BHK-21. Titers of rMVA were determined by staining the plaques with anti-
vaccinia virus rabbit antibody.43

Preparation of bone marrow DCs
Bone marrow DCs were prepared as described previously with slight
modifications.13,44 Briefly, Bone marrow DCs prepared from femur and tibia
of C57BL/6JNarl mice were depleted of red blood cells with 0.84%
Tris-ammonium chloride and plated in DC culture medium (RPMI plus 10%
FBS, GM-CSF (20 ngml�1) and IL-4 (20 ngml�1)). Nonadherent granulo-
cytes, T and B cells were gently removed and fresh medium was added on
the fifth day. Nonadherent cells were harvested on the seventh day. DCs
generated in this manner showed expression of CD11c, co-stimulatory
factors (CD40, CD80 and CD86) and MHC class II in response to
lipopolysaccharide for 24 h (data not shown). These well-differentiated
mature DCs were then used for in vitro MVA DC transduction.

MVA transduction of bone marrow DCs
The rMVA-containing human gp100 and mIL-21 transgenes were
constructed and DC transduction was performed as described previously
with slight modification.45,46 In brief, DCs (2 × 106) were collected on the
seventh day and resuspended in a six-well plate with 1ml medium
containing rMVA (with multiplicity of infection = 5). The cells were then
centrifuged, re-suspended with gentle shaking and rested for 1 h at 37 °C.
The cells were washed again with medium, resuspended with 3ml of
conditioned medium containing lipopolysaccharide (1 μgml� l) and then
rested overnight in an incubator at 37 °C.

Mixed lymphocyte reaction
Mixed lymphocyte reaction was performed to evaluate the allostimulatory
function of DCs as previously described.30 Immature and mature DCs
transduced with MVA as described above were washed and cocultured
with allogeneic (Balb/c) naive CD4 T cells (1 × 105 cells per well) in 96-well
plates at indicated ratios. T-cell proliferation was measured on day 4 using
a BrdU cell proliferation ELISA kit (Roche, Penzberg, Germany) according to
the manufacturer’s instructions.

Real-time PCR
Quantification of hgp100 and mIL-21 mRNA expression from DCs obtained
after various treatments was performed using high performance SYBR
green real-time PCR (LightCycler, Roche, Indianapolis, IN, USA) as
previously described.47 The primers contained the following sequences:
human gp100 sense primer 5′-TATTGAAAGTGCCGAGATCC-3′ and anti-
sense primer 5′-ACTGGTGCAGAACCAGCTG-3′; mouse IL-21 sense primer
5′-GCGTCGACATGGAGAGGACCCT-3′ and antisense primer 5′-GCTGCATG
CTCACAGTGCCCCTTTA-3′; mouse GAPDH sense primer 5′-CATCACTGCCA
CCCAGAAGACTGTGGA-3′ and antisense primer 5′-TACTCCTTGGAGGC
CATGTAGGCCATG-3′. Each measurement was repeated three times and
GAPDH RNA was used as an internal control.

Animal experiments
Primary tumor model. C57BL/6 mice were divided into six experimental
groups (eight mice per group). B16/hgp100 tumor cells were collected at
80% confluency, washed in phosphate-buffered saline (PBS), centrifuged
(2500 g for 5 min), resuspended in Hanks’ balanced salt solution (Life
Technologies, Rockville, MD, USA) and injected subcutaneously (105 cells
per 100 μl per mouse) into the right flank of mice on day 0. One week after
tumor inoculation (tumor size ~ 80–100mm3), tumor-bearing mice were
injected intratumorally with transgenic DCs (5 × 105 cell per 50 μl per
mouse) expressing hgp100 and mIL21 followed by booster injections at
4-day intervals. The six treatments were as follows: (i) PBS, (ii) DCs only,
(iii) DC-MVA vector, (iv) DC-hgp100, (v) DC-mIL-21 and (vi) DC-hgp100/mIL21.
Test mice were examined twice weekly for tumor appearance and tumor
volumes were determined from the length (a) and width (b) of test tumors
as measured in a blinded manner by calipers using the formula: V= ab2/2.
Survival time of mice was also observed.13

Metastasis model. C57BL/6 mice were divided into six experimental
groups (eight mice per group). Each mouse, depending on the treatment,
was injected intravenously with B16/hgp100 tumor cells (105 cells per
100 μl per mouse) on day 0, and 5 days later DC vaccines were delivered
intravenously into test mice (therapeutic model). Vaccinated mice
subsequently received two boosters at 4-day intervals. The experiment
was terminated on day 21, and tumor metastasis into the lung was
determined in a blinded manner. Each experiment was repeated at
least twice.

Adoptive transfer of splenocytes
To determine whether lymphocytes induced by transgenic hgp100 and
mIL21 could protect naive mice from a melanoma challenge, C57BL/6 mice
were inoculated with B16/hgp100 tumor cells (105) and injected
intratumorally with DC-hgp100, DC-mIL21 or DC-hgp100/mIL21 as
described above. After 3 weeks, splenocytes were harvested and 2× 107

cells were infused intravenously into naive mice. Control groups of mice
received splenocytes from B16/hgp100 tumor-bearing mice treated with
PBS, DCs only or DC-MVA vector. One day later, mice were subcutaneously
challenged with B16/hgp100 (105) cells and monitored for tumor volume
and survival.

Figure 6. Continued.
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In vivo depletion of immune cell subsets
Right flanks of C57BL/6 mice (n= 7) were subcutaneously inoculated with
B16/hgp100 tumor cells (105). One week later, tumor-bearing mice were
injected intratumorally with transgenic DCs expressing hgp100 and mIL21
followed by two booster injections. Rat anti-CD4 (GK1.5), anti-CD8 (53-6.7)
and anti-NK1.1 (PK136) monoclonal antibodies (100 μg per injection per
mouse, all from BioLegend, San Diego, CA, USA) were used to deplete
CD4+ T cells, CD8+ T cells and NK1.1+ cells, respectively, on days -3, 0, 5, 10,
15 and 20. Normal rat IgG was used as a negative control. Target cell
depletion was monitored using flow cytometry of peripheral lymphocytes
isolated from test mouse blood and stained with fluorescein
isothiocyanate-conjugated anti-CD4+, CD8+ and anti-NK-1.1 (data not
shown). Survival of mice was observed up to 60 days after tumor
inoculation.13

IFN-γ enzyme-linked immunospot assay
Human gp100-specific IFN-γ-secreting CD8+ T cells from test mice were
enumerated using enzyme-linked immunospot (ELISPOT) assay (R&D
Systems, Minneapolis, MN, USA), as described previously with slight
modifications.13 Briefly, nitrocellulose-backed plates (96-well, MAHA S45;
Millipore, Bedford, MA, USA) were coated with murine IFN-γ-specific Ab R4
(BD PharMingen, San Jose, CA, USA) overnight at 4 °C. Test wells were
washed five times with PBS and blocked using RPMI 1640 supplemented
with 10% fetal bovine serum at 25 °C for 2 h. Freshly purified CD8+ T cells
were isolated from the spleen (105 cells) by using mouse CD8 microbeads,
and mitomycin C (MMC)-treated B16/hgp100 cells were then added into
the wells and incubated for 24 h at 37 °C in 5% CO2. Purified CD8+ T cells
without the MMC-treated B16/hgp100 cells were incubated as a negative
control. IFN-γ spots were counted by using an immunospot analyzer
and confirmed by a computer-based Immunospot software (Cellular
Technology, Shaker Heights, OH, USA). Data from all the wells were
averaged and normalized by comparing the ratio of antigen-specific spots
to negative control spots.

Assay for CTL activity
To show that tumor-specific CTLs had been generated in the immunized or
control mice (n= 3), CD8+ T cells were collected 1 week after the booster
vaccination and used as effector cells. Target cells (B16/hgp100) were Eu-
labeled, and nonradioactive DELFIA EuTDA cytotoxicity assay was
performed as described.13 Briefly, B16/hgp100 tumor cells were collected,
washed once and labeled with DELFIA BATDA reagent (DELFIA, Wellesley,
MA, USA) for 30min at 37 °C. After three additional washes, 5 × 103 targets
(per well) were incubated with effector CD8+ T cells at the indicated ratios
of effector to target cells in 96-well, flat-bottom plates (DELFIA) for 2 h at
37 °C. The proportion of specific lysis was calculated as 100× (experimental
release (counts)-spontaneous release (counts))/(maximum release (counts)-
spontaneous release (counts)).

ELISA for cytokine release
One week after administration of the second boost vaccine, splenocytes
were collected from immunized or control mice (n=3) and washed three
times with PBS. Splenocytes (2 × 106 cells per ml) were then stimulated
with MMC-treated B16/hgp100 cells in a 10:1 ratio. Culture supernatants
were collected after 48 h and assayed for the levels of IFN-γ, IL-10, TNF-α
and GM-CSF using ELISA kits (R&D Systems).

Intracellular staining and flow cytometry assays
For intracellular staining of test cytokines, spleen cells were isolated from
immunized mice and stimulated with 50 ngml-l of phorbol 12-myristate
13-acetate (Sigma, St Louis, MO, USA) and 500 ngml�1 of ionomycin for
6 h, and GolgiPlug (BD PharMingen, San Diego, CA, USA) was added during
the last 2 h. Cells were then stained with fluorescein isothiocyanate (FITC)-
conjugated anti-mouse CD4 (Biolegend) for 30min at 4 °C, subsequently
stained with PE-Cy7-conjugated anti-mouse IFN-γ, APC-conjugated
anti-mouse IL-10, Alexa Fluor 647-conjugated anti-mouse IL-17 and
Per/CP-Cy5-conjugated anti-mouse T-bet, followed by cells permeabilized
with the Cytofix/Cytoperm Plus kit (BD PharMingen) according to the
manufacturer’s protocol. All antibodies and test kits were obtained from
BD PharMingen. Fluorescence signals were detected by a BD LSRII flow
cytometer and analyzed by a FACS DIVA software (BD Biosciences,
San Jose, CA, USA). The percentage of various cytokine-expressing cells
were gated on CD4+ T cells.

For preparation of MDSCs, spleen cells, bone marrow cells, peripheral
blood cells and tumor infiltrating lymphocytes (TILs) from immunized and
control mice were collected, and cells were stained for 30min at 4 °C with
antibodies against specific cell markers, including FITC-conjugated anti-
mouse CD11b (for cell surface), APC-Cy7-conjugated anti-mouse Ly-6C and
PE-conjugated anti-mouse Ly-6G (both for intracellular staining). All three
antibodies were obtained from Biolegend. For Treg cell detection, cells
were surface-stained with FITC-conjugated anti-mouse CD4, PE-conjugated
anti-mouse CD25 and intercellularly stained with APC-conjugated anti-
mouse Foxp3, followed by cell permeabilization with the Cytofix/Cytoperm
Plus kit, according to the manufacturer’s protocol for all three antibodies
and reagent kit from BD PharMingen. Fluorescence signals were detected
using cytometry as described above. The percentages of MDSCs and Treg
cells were gated on CD11b+ cell and CD4+ cell, respectively.48

Immunohistochemical staining analysis
After the indicated time periods, test tumors were harvested, snap-frozen
and cut into 7-μm sections using a cryotome (Microm HM 550, Waltham,
MA, USA). Before incubating with CD4, CD8, NK1.1, MMP-9, VEGF, CD31 or
HIF-1α antibodies, the cryostat sections were placed on glass slides,
air-dried and treated with 0.3% H2O2 for 10min to block endogeneous
peroxidase activities. Slides were sequentially incubated with diluted,
specific primary antibodies overnight at 4 °C, and bound antibodies were
detected using an anti-IgHRP detection kit (BD Biosciences).

Statistical analyses
Data are presented as the means with 95% CI of at least three experiments.
Statistical analyses were carried out with GraphPad Prism 5.01 (San Diego,
CA, USA). Groups were compared by Student’s t-test. Differences in survival
time were evaluated by a log-rank test of the Kaplan–Meier survival curves.
All statistical tests were two-sided. P-values of o0.05 were considered
statistically significant.
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