
Abstract. The T-helper 1 (Th1) immune reaction is most
important in dendritic cell (DC)-based immunotherapy.
Interleukin 12 (IL-12) and granulocyte macrophage colony-
stimulating factor (GM-CSF) play a pivotal role in inducing
Th1 and cytotoxic T lymphocyte (CTL) responses. In this
study, DCs expressing the natural tumor antigen gp70 of
BALB/c-derived CT26 were adenovirally transduced with
the IL-12 gene and/or GM-CSF gene, and it was examined
whether vaccinations using these genetically engineered DCs
can induce strong therapeutic antitumor immunity. Mice
were immunized once by subcutaneous (s.c.) injection with
genetically modified DCs. The cytotoxic activity of splenocytes
against CT26 was assayed in a 51Cr-release assay 14 days
after immunization. The therapeutic efficacy of the vaccination
was examined in s.c. tumor models. The cytotoxic activity of
CTLs against CT26 in mice immunized with DCs expressing
gp70 (DC-AxCAgp70) was significantly augmented by co-
transduction with the GM-CSF/IL-12 gene (p<0.0001) and
remarkably reduced by the depletion of CD4+ or CD8+ cells
(p<0.01). The cytotoxic activity against CT26 of the plain
spleen cells in mice immunized with DC-AxCAgp70/GM-CSF/
IL-12 was significantly higher than that in mice immunized
with DC-AxCAgp70 (p<0.0001), and this activity decreased
to almost 50% upon the depletion of NK cells. Vaccinations
using DC-AxCAgp70/GM-CSF/IL-12 or DC-AxCAgp70/
IL-12 could elicit potent therapeutic immunity in s.c. tumor
models; tumor-free mice were observed in these vaccination
groups. However, there was no significant difference between
these two groups. A vaccination therapy using DCs co-
transduced with the TAA gene and Th 1-type cytokine genes,

especially the IL-12 gene, is ideal for immunotherapy in terms
of the activation of DCs, NK cells, CD4+ T cells and CD8+

T cells, and may be useful in the clinical application of a
cancer vaccine therapy.

Introduction

DCs are potent antigen-presenting cells (APCs), capable of
inducing a T cell-dependent immune response (1). Antigen-
loaded DCs migrate to lymphoid centers where they interact
with effector cells and trigger immune responses through the
expression of co-stimulatory and adhesion molecules on their
surface (2,3).

We have studied a gene-based vaccination strategy using
DCs adenovirally transduced with the whole tumor-associated
antigen (TAA) gene. This approach has several advantages in
that DCs expressing whole TAA produce multiple and/or
undefined antigenic epitopes independent of major histo-
compatibility complex (MHC) alleles, leading to potent
antitumor immunity. In fact, we previously reported that DCs
transduced with the entire gene encoding endogenous TAA
induced the generation of tumor-specific CD4+ and CD8+

T cells, providing an advantage over DCs pulsed with
immunodominant peptides in terms of antitumor immune
response (4).

The functions of DCs are affected by several immuno-
stimulatory cytokines within the local tissue environment (5).
In particular, GM-CSF is a potent stimulator of DCs (6). We
also previously reported that a vaccination using DCs co-
transduced with TAA and GM-CSF enhanced in vivo
functions of DCs, especially the migratory capacity for draining
the lymph node by up-regulation of CC chemokine receptor 7
(CCR7) expression, and achieved a more efficient tumor
suppression in mouse models than a vaccination using DCs
expressing TAA only (7). However, these findings were not
reflected in the survival advantage, and no mice were free of
tumors although the in vivo treatment model was a single
subcutaneous immunization with genetically modified DCs.
Considering the potential clinical applications of this strategy,
additional devices are necessary to achieve a satisfactory
response.

In DC-based immunotherapy, the Th1 immune reaction is
most important to activate CTLs. IL-12 is a key cytokine in
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immune regulation, originally identified as natural killer cell
stimulatory factor, and is important for the induction of Th1
and CTL immunity (8-10). IL-12 presumably acts on Th1
induction as a potent enhancer of interferon (IFN)-Á

production by DCs (11,12). In addition, IL-12 and IFN-Á

derived from DCs probably influence innate immunity such
as responses of NK and NKT cells. DCs play a predominant
role in the activation of NK cells, and NK cells appearing
early in tumor lesions play a pivotal role in the innate
immunity against tumor cells (13-15). When mice bearing
liver tumors were immunized with an adenoviral vector
expressing IL-12 intratumorally, a regression of metastatic
lesions in the lung occurred through the activation of both T
cells and NK cells (14). Therefore, we decided that a
vaccination using genetically modified DCs co-transduced
with the TAA gene and IL-12 gene would elicit an ideal
antitumor immune response by activating both NK cells and
tumor-specific CTLs.

In this study, murine DCs expressing the natural tumor
antigen gp70 of BALB/c-derived CT26 were adenovirally
transduced with both the IL-12 gene and GM-CSF gene, and
it was examined whether vaccinations using these genetically
engineered DCs induce a much stronger therapeutic antitumor
immunity against CT26 tumors than vaccinations using DCs
expressing gp70 alone (16). Furthermore, we investigated the
mechanism of the boosting effects of co-transduction of DCs
with the IL-12 and GM-CSF genes.

Materials and methods

Mice and cell lines. Female 6- to 8-week old BALB/c mice
(H-2d) (Japan SLC Inc., Hamamatsu) were used for the
experiments. All animal experiments were performed in
accordance with the Japanese Government's Animal Protection
and Management Law (no. 105) and Notification on Feeding
and Safekeeping of Animals (no. 6), and the guidelines for
animal experiments of Wakayama Medical University. The
syngeneic tumor cell line, CT26 (H-2d), an undifferentiated
low-immunogenic murine colorectal adenocarcinoma cell
line (kindly provided by Hoffman-La Roche, Kamakura,
Japan) and human embryonic kidney cell line, 293 (American
Type Culture Collection, Rockville, MD, USA), were grown
in DMEM (Nissui Pharmaceutical Co, Tokyo, Japan)
supplemented with 10% fetal bovine serum (FBS) (Invitrogen,
Carlsbad, CA, USA), 2 mM L-glutamine (Invitrogen),
100 U/ml penicillin and 100 μg/ml streptomycin (Invitrogen).
Meth-A (H-2d), a methylcholanthrene-induced sarcoma cell
line (RIKEN BioResource Center, Ibaraki, Japan), and
SP2/0 (H-2d), a myeloma cell line (RIKEN), were grown in
RPMI-1640 medium (Nissui) supplemented with 10% FBS,
2 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml
streptomycin.

Recombinant adenoviral vectors. Recombinant AxCAgp70,
AxCAGM-CSF and AxCALacZ were generated by the COS-
TPC method as previously described (7,17,18). AxCAp35
(Adex1 CAmIL12p35) and AxCAp40 (Adex1 CAmIL12p40),
which express murine IL-12, were obtained from RIKEN
BioResource Center. The titer of virus was measured by
standard plaque assay in 293 cells (19). 

Generation of immature DCs from bone marrow. For the
generation of DCs and induction of CTLs, RPMI-1640
medium supplemented with 10% FBS, 2 mM L-glutamine,
50 μM 2-mercaptoethanol (Invitrogen), 100 U/ml penicillin
and 100 μg/ml streptomycin was used (complete medium).
DCs were prepared from murine bone marrow precursors as
described previously (7,20). Briefly, murine bone marrow
cells were cultured in complete medium containing 200 U/ml
recombinant murine (rm) GM-CSF (Kirin Brewery Co.,
Tokyo, Japan) for 10 days. On day 10, nonadherent cells
were collected and used as immature DCs (iDCs). These DC
preparations were stained with FITC-conjugated monoclonal
antibodies against murine cell surface molecules, and examined
by flow cytometry. Approximately 90% of the cells showed
high levels of CD11c (HL3), more than 99% of the cells
showed high levels of H-2d (SF1-1.1) and I-Ad (AMS-32.1),
and approximately 10% of the cells showed low levels of
CD40 (3/23) and CD86 (GL1) (all from BD PharMingen,
San Diego, CA, USA) (data not shown).

Adenoviral vector-mediated gene transfer into DCs. Immature
DCs were transfected with each recombinant adenoviral (Ad)
vector using a centrifugal method as described previously
(7). Briefly, DCs were mixed with Ad vectors at a multiplicity
of infection (MOI), and centrifuged at 2000 x g at 37˚C for 2 h.
Our previous study showed that the optimal MOI for
AxCAgp70 and AxCAGM-CSF was 100 and 5, respectively,
in terms of the induction of CTL activity (7). Therefore, the
MOI values of these vectors were fixed in this study. To
determine the optimal dose of Ad vectors expressing IL-12,
DCs were transfected simultaneously with AxCAgp70 (MOI
of 100) and AxCAp35/AxCAp40 (MOI of 1/MOI of 1.5, 2/3,
40/60). DCs were then placed at 2x106/well in 10 ml of
complete medium with 10 μg/ml of lipopolysaccharide (LPS)
(Escherichia coli 0127:B8; Sigma, St. Louis, MO, USA).
After 48 h, DCs were used for the experiments. Abbreviations
for the vectors used are: DC-AxCAgp70, DCs transfected
with AxCAgp70; and DC-AxCAgp70/GM-CSF/IL-12, DCs
transfected with AxCAgp70, AxCAGM-CSF and
AxCAp35/AxCAp40. Approximately 10% of immature DCs
showed low levels of CD40 and CD86. Mature DCs induced
by treatment with LPS showed augmented expression of CD40
(75%) and CD86 (30%). The expression of co-stimulatory
molecules in DCs was induced by adenoviral transduction,
and markedly augmented by co-transduction with the IL-12
gene; DC-AxCAgp70/IL-12 showed 84% CD40 and 56%
CD86 (data not shown).

Generation of CTLs by in vitro restimulation with target cells
and cytotoxicity assay. To determine whether the antitumor
activity induced by immunization with DCs expressing gp70
would be enhanced by co-transduction of the GM-CSF and
IL-12 genes, DCs were simultaneously transfected with
AxCAgp70 and AxCAGM-CSF and AxCAp35/AxCAp40.
BALB/c mice were immunized once by s.c. injection of
5x105 genetically modified DCs suspended in 200 μl of PBS.
Spleen cells were isolated 14 days after the DC immunization,
and the in vivo-primed splenocytes were pooled and co-
cultured (4x106/ml) with irradiated (10,000 rads) CT26
cells (4x105/ml) in a 6-well plate (4 ml/well) with rmIL-2
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50 IU/ml (BD PharMingen). To investigate the cytotoxic
activity of the unstimulated spleen cells in mice immunized
with genetically modified DCs, we also used plain splenocytes
without in vitro restimulation as effector cells. After 5 days
of co-culture, the in vitro-restimulated splenocytes or spleen
cells (harvested in complete medium with rmIL-2 50 IU/ml
without CT26 for 3 days) were assayed using a 4-h 51Cr-
release assay as described previously (7,21). 

Antibody blocking assay. To assess the functional phenotypes
of CTLs generated by the immunization of genetically
engineered DCs, the effector cells or target cells were incubated
with anti-mouse CD4 (H129.19; BD PharMingen), anti-
mouse CD8a (53-6.7; BD PharMingen), anti-mouse H-2d

(SF1-1.1; BD PharMingen), or rat immunoglobulin G (IgG)
(control antibody; Sigma) at a dose of 10 μg/well for 30 min
at 4˚C before a 4-h 51Cr-release assay.

In vivo NK cell or T cell subset depletion assay. To investigate
the mechanism of the cytotoxic activity against CT26
induced by the immunization of genetically engineered DCs,
NK cells or CD4+/CD8+ T cells were depleted in vivo before
immunization. The mice were intraperitoneally injected with
rabbit anti-asialo GM1 (Wako Pure Chemical Industries,
Osaka, Japan) (20 μg per mouse on days -3, 0, +3, +6, +9,
and +12), PBS, or control rabbit serum (Sigma) (200 μl per
mouse on days -3, 0, +3, +6, +9, and +12), anti-CD4
(H129.19; BD PharMingen), anti-CD8a (53-6.7; BD
PharMingen), or control rat IgG (Sigma) (200 μg per mouse
on days -3, 0, +3, +6, and +9) (8). Our flow cytometric
analyses showed that >99% of the targeted cells were
specifically depleted (data not shown). On day 0, immuno-
depleted mice (n=4/group) were immunized once with
DC-AxCAgp70/GM-CSF/IL-12. Fourteen days after the
immunization of asialo GM1-treated mice, spleen cells were
harvested and cultured in complete medium with rmIL-2
50 IU/ml without CT26 for 3 days, and cytotoxic activity
against CT26 and SP2/0 was tested in a 4-h 51Cr-release
assay. On the other hand, 14 days after the immunization of
anti-CD4- or CD8-treated mice, splenocytes were restimulated
with CT26 in vitro for 5 days, and CTL activity against CT26
was tested in a 4-h 51Cr-release assay.

Assay for cytokine secretion. Genetically modified DCs were
seeded at a concentration of 5x105 cells/well and cultured for
48 h. Supernatants were then harvested, and murine IFN-Á

and IL-12 (p70) levels were measured using mIFN-Á ELISA
and mIL-12 p70 ELISA kits (Endogen, Woburn, MA, USA).

Experiment design of in vivo antitumor therapy for s.c. tumor
models. BALB/c mice were inoculated subcutaneously in the
right flank with 1x106 CT26. After 5 days, tumor-bearing
mice (n=6/group) were injected s.c. in the opposite flank with
5x105 genetically modified DCs: group 1, PBS; group 2,
DC-AxCALacZ; group 3, DC-AxCAgp70; group 4, DC-
AxCAgp70/IL-12; group 5, DC-AxCAgp70/GM-CSF; and
group 6, DC-AxCAgp70/GM-CSF/IL-12. When the tumor
diameter exceeded 15 mm, tumor-bearing mice were
sacrificed. Otherwise, 19 days after treatment, all mice were
sacrificed and the size of the s.c. tumor was estimated using

the following formula: (short diameter)2 x long diameter
x0.52. 

Statistical analysis. StatView 5.0 software (Abacus Concepts,
Inc., Berkeley, CA, USA) was used for all statistical
analyses. Quantitative results are expressed as the mean ±
SD. Statistical analysis was performed with ANOVA and
Fisher's test. A p-value of <0.05 was considered to be
significant.

Results

CTL responses induced by immunization with DCs expressing
the TAA gene, GM-CSF gene and/or IL-12 gene. We first
examined the optimal MOI of Ad vectors AxCAp35 and
AxCAp40 expressing IL-12 in terms of enhancing CTL
activity. The CTL activity of spleen cells against CT26 in
mice immunized with DCs expressing murine TAA gp70
was significantly enhanced by co-transduction of the IL-12
gene, and the optimal dose of AxCAp35 and AxCAp40 was
suggested to be an MOI of 2 and 3, respectively (data not
shown). In this study, the dose of AxCAIL-12 was fixed at an
MOI of 2 for AxCAp35 and an MOI of 3 for AxCAp40.
The CTL activity of spleen cells against CT26 induced by
immunization with DCs expressing gp70 was compared to
those with DCs simultaneously expressing the gp70 gene,
GM-CSF gene and/or IL-12 gene. The cytotoxic activity
against CT26 in mice immunized with DC-AxCAgp70 was
significantly augmented by co-transduction with the GM-CSF
gene and/or IL-12 gene, especially in the mice immunized
with DCs simultaneously expressing gp70, GM-CSF and
IL-12 (p<0.0001; Fig. 1A). On the other hand, the CTL activity
against Meth-A, which does not express gp70, was <5% in
all groups (data not shown). The CTL activity of spleen cells
against CT26 induced by immunization with genetically
engineered DCs simultaneously expressing gp70, GM-CSF
and IL-12 was completely blocked by anti-CD8 antibody and
anti-H-2d antibody, suggesting that these genetically engineered
DCs induced an MHC class I-restricted TAA-specific CD8+

CTL response (p<0.0001; Fig. 1B).

In vivo T cell subset depletion assay. We examined the role
of CD4+ and CD8+ T cells in the induction of CTL responses
against CT26 in mice immunized with DCs expressing
gp70 and GM-CSF/IL-12 by depleting each cell in vivo
with anti-CD4 or anti-CD8 monoclonal antibodies. As shown
in Fig. 1C, immunodepletion of CD4+ or CD8+ cells resulted
in a significant reduction in cytotoxic activity of CTLs
against CT26 compared to controls (anti-CD4, p<0.0001;
anti-CD8, p<0.01). Of note, the impact of CD4+ cell
depletion was stronger than that of CD8+ cell depletion in
terms of the reduction in cytotoxicity (anti-CD4 vs. anti-
CD8, p<0.01).

Cytotoxic activity against CT26 of spleen cells without
in vitro restimulation by CT26. The cytotoxic activity against
CT26 of the spleen cells not restimulated with CT26 in vitro
in mice immunized with DC-AxCAgp70 or DC-AxCAgp70/
GM-CSF was as low as that in mice immunized with DC-
AxCALacZ. However, the activity in mice immunized with
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DC-AxCAgp70/GM-CSF/IL-12 was remarkably greater
than that in mice immunized with DC-AxCAgp70 or DC-
AxCAgp70/GM-CSF (p<0.0001; Fig. 2A). The cytotoxic
activity against SP2/0 of the spleen cells in mice immunized
with DC-AxCAgp70/GM-CSF/IL-12 was significantly
higher than that in mice immunized with DC-AxCAgp70 or

DC-AxCAgp70/GM-CSF (p<0.001; Fig. 2B). On the other
hand, the cytotoxic activity against Meth-A was low in all
groups (Fig. 2C). Accordingly, it was suggested that the
NK activity in mice immunized with DCs simultaneously
expressing gp70 and GM-CSF was strongly enhanced by co-
transduction of the IL-12 gene.

In vivo NK depletion assay. To determine the role of the NK
cells in the cytotoxic activity against CT26 of the spleen cells
in mice immunized with DCs expressing gp70 and GM-CSF/
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Figure 2. Cytotoxic activity of the spleen cells in mice immunized with
genetically modified DCs expressing TAA, GM-CSF and IL-12. BALB/c
mice were immunized once by s.c. injection of DC-AxCAgp70/GM-
CSF/IL-12 (●), DC-AxCAgp70/GM-CSF (‡), DC-AxCAgp70 (■), and DC-
AxCALacZ (∫). Fourteen days after immunization, spleen cells were
harvested in complete medium, and incubated without CT26 for 3 days. The
cytotoxic activity was then examined by 51Cr-release assay. CT26 (A),
SP2/0 (B) and Meth-A (C) were used as target cells. Results are shown as
the mean ± SD (n=5 for each group). (A) *Significantly different from DC-
AxCAgp70, DC-AxCAgp70/GM-CSF and DC-AxCALacZ (p<0.0001).
(B) **Significantly different from DC-AxCAgp70, DC-AxCAgp70/GM-CSF
and DC-AxCALacZ (p<0.001).

Figure 3. In vivo NK cell depletion assay. Mice were treated with various
antibodies and then immunized once with DC-AxCAgp70/GM-CSF/IL-12.
Fourteen days after immunization, spleen cells were harvested, cultured for
3 days without CT26, and cytotoxic activity was examined by 51Cr-release
assay. CT26 (A) and SP2/0 (B) were used as target cells. Results are shown
as the mean ± SD (n=4 for each group). (A) *Significantly different from
PBS and rabbit serum (p<0.01). (B) **Significantly different from PBS and
rabbit serum (p<0.001).

Figure 1. (A) CTL activity induced by immunization using genetically
modified DCs. BALB/c mice were immunized once by s.c. injection of DCs
with: DC-AxCAgp70 (Δ), DC-AxCAgp70/IL-12 (■), DC-AxCAgp70/GM-
CSF (●), DC-AxCAgp70/GM-CSF/IL-12 (‡), DC-AxCALacZ (∫), or PBS (▲).
Fourteen days after immunization, spleen cells were restimulated in vitro
for 5 days with CT26. CT26 was used as a target. Results are shown as
the mean ± SD (n=5 for each group). *Significantly different from DC-
AxCAgp70/GM-CSF/IL-12 and DC-AxCAgp70/GM-CSF (E/T: 50,
p<0.0001) and from DC-AxCAgp70/IL-12 (p<0.001). **Significantly
different from DC-AxCAgp70 (p<0.0001). (B) Antibody blocking assay.
Blocking the CTL activity induced by DC-AxCAgp70/GM-CSF/IL-12 was
achieved by incubating effector cells or target cells with anti-CD4 (anti-
CD4), anti-CD8a (anti-CD8), anti-H-2d (anti-class I), and control rat IgG
(rat IgG) antibodies before a 4-h 51Cr-release assay. CT26 was used as a
target. Results are shown as the mean ± SD (n=3 for each group, E/T: 25).
*Significantly different from PBS and rat IgG (p<0.0001). (C) In vivo T cell
depletion assay. Mice were treated with anti-CD4, anti-CD8 or rat IgG, and
then immunized once with DC-AxCAgp70/GM-CSF/IL-12. Fourteen days
after immunization, splenocytes were restimulated in vitro with CT26, and
CTL activity was tested in a 4-h 51Cr-release assay. CT26 was used as a
target. Results are shown as the mean ± SD (n=4 for each group).
**Significantly different from PBS and rat IgG (p<0.0001) and *significantly
different from PBS and rat IgG (p<0.01). The difference between anti-CD4
and anti-CD8 was significant (p<0.01).
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IL-12, mice were injected with anti-asialo GM1 antibody to
deplete NK cells in vivo. The cytotoxic activity against CT26
of the spleen cells in anti-asialo GM1-treated mice decreased
to almost half of that in mice treated with control rabbit serum
or PBS (p<0.01; Fig. 3A). In contrast, the cytotoxic activity
against SP2/0 of the spleen cells in anti-asialo GM1-treated
mice was almost eliminated (p<0.001; Fig. 3B).

Secretion of Th 1-type cytokines from genetically modified DCs.
Although neither IL-12 nor IFN-Á was detected in immature
DCs, mature DCs produced some IL-12 and IFN-Á. Adenoviral

transduction of the gp70 gene increased the amount of these
cytokines, and co-transduction of the IL-12 gene enhanced the
production further. Interestingly, DCs transduced simultan-
eously with both the GM-CSF gene and IL-12 gene produced
significantly augmented levels of not only IL-12, but also
IFN-Á (p<0.0001 and p<0.05; Fig. 4A and B).

Therapeutic efficacy of genetically modified DCs in s.c.
tumor models. We examined the therapeutic efficacy of
vaccinations using genetically modified DCs simultaneously
expressing gp70, GM-CSF and/or IL-12 in vivo. A single
vaccination using DC-AxCAgp70, DC-AxCAgp70/IL-12,
DC-AxCAgp70/GM-CSF or DC-AxCAgp70/GM-CSF/IL-12
showed remarkable therapeutic efficacy in this pre-existing
tumor model (p<0.0001). In particular, the vaccination of
DC-AxCAgp70/IL-12 or DC-AxCAgp70/GM-CSF/IL-12
elicited a more potent efficacy than that of DC-AxCAgp70 or
DC-AxCAgp70/GM-CSF (p<0.05), and tumor-free mice
were observed in the DC-AxCAgp70/GM-CSF/IL-12 (2/6)
and DC-AxCAgp70/IL-12 (3/6) vaccination groups on day 24
(Fig. 5). However, there was no significant difference between
these two vaccination groups (Fig. 5).

Discussion

The activation of Th1-type immunity is crucial for tumor
immunotherapy in order to overcome the immunosuppressive
conditions in a tumor-bearing host, as a Th1-biased cytokine
balance regulated by IL-12 and IFN-Á is desirable for not
only sensitizing CTLs to TAA via APCs, but also activating
innate immunity involving NK cells and NKT cells (14,22).
Therefore, in this study, genetically modified murine DCs
expressing the natural tumor antigen gp70 and GM-CSF were
adenovirally co-transduced with the IL-12 gene to in vivo
augment the antitumor immunity induced by vaccinations
using these DCs. Our results showed that the vaccination using
DCs simultaneously expressing gp70, GM-CSF and IL-12
elicited a potent therapeutic immunity in s.c. tumor models,
and tumor-free mice were observed in the group vaccinated
with these DCs. Moreover, the antitumor immune responses
in those mice involved both an NK cell-mediated innate
response and a tumor-specific acquired T cell response.

Analyses of immunological characteristics of DCs are
imperative for the development of DC-based immunotherapy
because the polarity of the immune response is greatly
influenced by the activity and maturity of DCs during T cell
sensitization (23,24). It is well known that GM-CSF is
indispensable for the differentiation and activation of DCs
(25,26), and our previous study has also shown that GM-CSF
enhances the T cell response through the activation of DC
functions, especially the capacity to migrate to draining
lymph nodes (7). It has been demonstrated that IL-12 gene-
transduced human DCs display a more mature phenotype
than non-transduced DCs, as judged by increased expression
of CD83, CD80, CD86, and MHC class I and II molecules,
and those DCs were significantly superior to non-transduced
DCs in terms of the stimulation of autologous and allogenic
T lymphocyte responses (27). In this study, the expression of
co-stimulatory molecules on DCs adenovirally transduced
with the IL-12 gene was markedly enhanced, and DCs
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Figure 4. Secretion of Th 1-type cytokines from genetically modified DCs.
Immature DCs, LPS-stimulated DCs (mature DC), or genetically modified
DCs were plated on a 48-well plate (5x105 cells/well), and each well was
filled to a final volume of 1 ml with complete medium. After incubation at
37˚C for 48 h, supernatants were collected and measured with ELISA kits
specific for respective cytokines (A, IL-12; B, IFN-Á). Results are shown as
the mean ± SD (n=3 for each group). (A) *Significantly different from
mature DC, DC-AxCAgp70, DC-AxCAgp70/IL-12 and DC-AxCAgp70/
GM-CSF (p<0.0001). (B) **Significantly different from mature DC (p<0.001),
and from DC-AxCAgp70, DC-AxCAgp70/GM-CSF (p<0.05).

Figure 5. Tumor growth suppression in mice immunized with genetically
modified DCs in s.c. tumor models. BALB/c mice were inoculated
subcutaneously in the right flank with 1x106 CT26 cells. Five days later,
tumor-bearing mice (n=6 for each group) were treated with s.c. injection in
the opposite flank of 5x105 DC-AxCALacZ (●), DC-AxCAgp70 (∫), DC-
AxCAgp70/IL-12 (grey circle), DC-AxCAgp70/GM-CSF (▲), DC-
AxCAgp70/GM-CSF/IL-12 (Δ), or PBS (grey square). Results are presented
as mean tumor volumes in each group. **Significantly different from PBS,
DC-AxCALacZ (day 15, p<0.0001). *Significantly different from DC-
AxCAgp70 (day 24, p<0.01), and from DC-AxCAgp70/GM-CSF (day 24,
p<0.05). The difference between DC-AxCAgp70/GM-CSF/IL-12 and DC-
AxCAgp70/IL-12 was not significant.
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transduced simultaneously with the GM-CSF gene and IL-12
gene produced high levels of IFN-Á and IL-12, suggesting
the presence of an autocrine-positive feedback pathway of
transduced cytokines around DCs.

NK cells are efficient innate killers of tumor cells,
especially during the early phase of tumorigenesis. NK cells
also directly participate in acquired immune responses,
primarily by interacting with DCs (28). It has been reported
that human DCs, induced to mature by LPS, increased the
expression of CD69 on peripheral blood NK cells and
enhanced the cytotoxic activity of NK cells against NK-
sensitive target cells and NK-resistant target cells (29). The
importance of the DC-NK cell interaction in tumor rejection
is suggested by the finding that injected DCs augment NK
cell-mediated antitumor immunity in tumor-bearing mice (30).
The interaction between DC and NK cells is also established
in vitro (30). In the present study, the cytotoxic activity
against CT26 of spleen cells in mice vaccinated with DCs
expressing gp70 and GM-CSF/IL-12 was remarkably reduced
by the depletion of NK cells. This suggests that genetically
modified DCs can activate NK cells through IL-12 and GM-
CSF produced by DCs in the microenvironment, and that
activated NK cells could play an important role as efficient
killers of tumor cells in vivo.

Our results suggest that Th 1-type cytokines could augment
the sensitivity of CD8+ CTLs specific for TAA. CD8+ and
CD4+ T lymphocytes are often essential for humoral and
cellular immune responses, and CD4+ T helper (CD4+ Th)
cell responses play a particularly vital role in immunologically
mediated tumor regression (31). CD4+ Th cells can recognize
helper peptides presented in the context of MHC class II
molecules on the surface of DCs, and CD4+ Th1 cells can
support the priming of CD8+ tumor-reactive T cells (32,33).
Our previous study demonstrated that vaccination using
DCs transduced with the whole TAA gene can generate not
only TAA-specific CD8+ T cells, but also CD4+ T cells (4).
Moreover, it has been reported that when mice bearing s.c.
tumors were intratumorally immunized with DCs adenovirally
transduced with IL-12 and IL-18 genes, CD4+ and CD8+ T cells
were required for tumor rejection (34). IL-12 polarizes CD4+

Th cell responses toward Th1-type immunity (34,35). In
concordance with previous reports, we considered that DCs
transduced with the gp70 and GM-CSF/IL-12 genes can
endogenously express gp70-specific helper peptides restricted
MHC class II, and the Th 1-biasing cytokine IL-12 produced
by the DCs can enhance antigen presentation from these DCs
to CD4+ Th 1 cells. In this study, it was demonstrated that the
generation of gp70-specific CD8+ CTLs was dependent on
CD4+ Th cells, and the impact of CD4+ T cell depletion was
stronger than that of CD8+ T cell depletion in terms of
reduction of cytotoxicity against CT26.

The cytotoxic activity against CT26 induced by the
immunization of DCs co-transduced with the gp70 and
GM-CSF/IL-12 genes was significantly higher than that of
mice immunized with DC-AxCAgp70/IL-12. Nevertheless,
in s.c. tumor models, there was no difference in therapeutic
efficacy between the DC-AxCAgp70/GM-CSF/IL-12 and
DC-AxCAgp70/IL-12 vaccination groups, contrary to our
expectations. Several reasons can be provided. First, as we
previously described, GM-CSF gene co-transduction of DCs

enhanced the migratory capacity of DCs with up-regulation
of CCR7 expression (7). Our preliminary data showed that
the CCR7 expression in DCs was augmented by adenoviral
co-transduction, not only with the GM-CSF gene but also with
the IL-12 gene, suggesting that IL-12 also plays a crucial role
in the migratory capacity of DCs to draining lymph nodes in
which DCs can stimulate T cells, leading to an enhanced in vivo
tumor growth suppression (data not shown). Second, it is
generally accepted that CT26 cells have a moderate sensitivity
to NK cells (36). It is considered that NK activity is strongly
enhanced by IL-12, explaining why there was no difference
in antitumor effects against CT26 between mice immunized
with DCs co-transduced with the IL-12 gene alone and mice
immunized with DCs simultaneously co-transduced with the
GM-CSF and IL-12 genes. Co-transduction of the GM-CSF
and IL-12 genes may possibly elicit a more potent efficacy
than that of the IL-12 gene alone when NK-resistant tumor
cells are used.

In conclusion, vaccination therapy using genetically
modified DCs expressing the TAA gene and Th 1-type cytokine
genes resulted in the generation of efficient therapeutic
immune responses against tumors, leading to a complete cure
in s.c. tumor models. In particular, co-transduction of the IL-12
gene into DCs expressing TAA is crucial in this vaccination
therapy in terms of the activation of DCs, NK cells, CD4+

T cells and CD8+ T cells, which are fully involved in antitumor
immunity. This strategy may be useful for clinical application
as a cancer vaccine therapy in the future.
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