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Enhanced Tumor-Specific Long-Term Immunity of
Hemaggluttinating Virus of Japan-Mediated Dendritic
Cell-Tumor Fused Cell Vaccination by Coadministration with
CpG Oligodeoxynucleotides1
Kazuya Hiraoka,*† Seiji Yamamoto,* Satoru Otsuru,* Seiji Nakai,* Katsuto Tamai,*
Ryuichi Morishita,‡ Toshio Ogihara,† and Yasufumi Kaneda2*
Immunization with dendritic cells (DCs) using various Ag-loading approaches has shown promising results in tumor-specific
immunotherapy and immunoprevention. Fused cells (FCs) that are generated from DCs and tumor cells are one of effective cancer
vaccines because both known and unknown tumor Ags are presented on the FCs and recognized by T cells. In this study, we
attempted to augment antitumor immunity by the combination of DC-tumor FC vaccination with immunostimulatory oligodeoxynucleotides containing CpG motif (CpG ODN). Murine DCs were fused with syngeneic tumor cells ex vivo using inactivated
hemagglutinating virus of Japan (Sendai virus). Mice were intradermally (i.d.) immunized with FCs and/or CpG ODN. Coadministration of CpG ODN enhanced the phenotypical maturation of FCs and unfused DCs, and the production of Th1 cytokines,
such as IFN-␥ and IL-12, leading to the induction of tumor-specific CTLs without falling into T cell anergy. In addition, immunization with FCs ⴙ CpG ODN provided significant protection against lethal s.c. tumor challenge and spontaneous lung metastasis
compared with that with either FCs or CpG ODN alone. Furthermore, among mice that rejected tumor challenge, the mice
immunized with FCs ⴙ CpG ODN, but not the mice immunized with FCs or CpG ODN alone, completely rejected tumor
rechallenge, indicating that CpG ODN provided long-term maintenance of tumor-specific immunity induced by FCs. Thus, the
combination of DC-tumor FCs and CpG ODN is an effective and feasible cancer vaccine to prevent the generation and recurrence
of cancers. The Journal of Immunology, 2004, 173: 4297– 4307.

A

lthough surgery, chemotherapy, and radiotherapy are effective cancer treatments, some cancers are refractory to
these treatments. Effective treatment of advanced and
metastatic cancers and the prevention of recurrence are especially
difficult. Immunotherapy and immunoprevention are promising approaches to cancer treatment and prevention that may someday
overcome the shortcomings of traditional cancer managements.
Two different signals are required to prime and activate naive
CD4⫹ and CD8⫹ T cells (1). First, antigenic peptides must be
presented on the surface of activated APCs by MHC class I or II
molecules to CD8⫹ or CD4⫹ T cells, respectively. The binding of
peptide/MHC complexes to TCRs mediates a signal into the T
cells. A second signal must be mediated from costimulatory molecules on activated APCs to T cells. Thus, it is essential for cancer
vaccines to activate APCs, such as dendritic cells (DCs),3 that can
recognize and present tumor Ags to T cells (2).
*Division of Gene Therapy Science, †Department of Geriatric Medicine, and ‡Division of Clinical Gene Therapy, Graduate School of Medicine, Osaka University,
Suita, Osaka, Japan
Received for publication March 11, 2004. Accepted for publication July 22, 2004.
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1
This work was supported by Grant 13218069 from the Ministry of Education, Culture, Sports, Science and Technology of Japan.
2
Address correspondence and reprint requests to Dr. Yasufumi Kaneda, Division of
Gene Therapy Science, Graduate School of Medicine, Osaka University, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan. E-mail address: kaneday@gts.med.osaka-u.ac.jp
3
Abbreviations used in this paper: DC, dendritic cell; TAA, tumor-associated Ag;
FC, fused cell; CpG ODN, oligodeoxynucleotides containing CpG motif; HVJ, he-

Copyright © 2004 by The American Association of Immunologists, Inc.

Tumor-associated Ags (TAAs) presented by mature DCs are
needed to evoke tumor-specific immune response. Several melanoma Ags recognized by T cells have been identified, including
MAGE, gp100, MART-1, TRP-1, TRP-2, and tyrosinase (3). DCs
treated with TAA peptides or tumor lysates enhanced tumor immunity in melanoma patients (4). TAAs have also been identified
in cancers other than melanoma (5). However, TAAs in many
cancers have not been identified.
To solve this problem, hybrid cell vaccines have been developed
by fusing mature DCs with tumor cells. DC-tumor fused cells
(FCs) express known and unknown TAAs, as well as high levels
of MHC class I and II molecules and costimulatory molecules that
can prime and activate naive CD4⫹ and CD8⫹ T cells (6). Therefore, even though tumor cells lose the expression of MHC class I
molecules, TAAs can be presented on the surface of FCs by DCderived MHC class I molecules.
It has been reported that vaccinations of mice with DC-tumor
FCs induce therapeutic and protective immune responses against
established and spontaneous tumors, which included both immunogenic and poorly immunogenic tumors (7–12). In these studies,
FCs were generated by polyethylene glycol (PEG) (7–10) or electrofusion (11, 12). In vitro studies using human cells have shown
that DC-tumor FCs present both known and unknown TAAs in the
context of HLA class I molecules and induce tumor-specific CTL
response (10). In clinical trials, patients with malignant glioma
(13) or melanoma (14) were vaccinated with autologous DC-tumor
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FCs generated by PEG. These vaccinations were safe, but only
induced weak clinical responses.
TAA alone is not sufficient for producing effective vaccines, and
the aid of adjuvants to enhance vaccine effects has been pointed
out (15). Adjuvants play an important role in determining the quality and quantity of immune response to Ags. Many adjuvants including recombinant Th1 cytokines, such as IL-2 and IL-12, as
well as Freund’s adjuvant, aluminum salts, and monophosphoryl
lipid have been used in animals and humans (16). However, these
adjuvants resulted in little or no immune enhancement and caused
toxicity in some cases.
Recently, synthetic oligodeoxynucleotides containing specific
bacterial unmethylated CpG motif (CpG ODN), which are one of
so-called pathogen-associated molecular patterns, have attracted a
great deal of attention as a novel and safe adjuvant (17–19). CpG
ODN are recognized by cells of innate immune system of vertebrates, such as B cells, macrophages, monocytes, and DCs, and
activate these cells (17, 18). CpG ODN preferentially induce Th1
immune response through its receptor, TLR9, with the production
of cytokines, such as TNF-␣, IL-12, and IFN-␥, appropriate for the
development of antitumor immunity (20). Indeed, the use of CpG
ODN as an adjuvant combined with other immunotherapies, such
as TAA peptide-pulsed DCs (21), or as a monotherapy (22) induced antitumor response in mice, while TAA peptide-pulsed DCs
alone were not effective. The effect of CpG ODN on human cancers is currently being evaluated in clinical trials (23).
Several studies of DC-tumor FC vaccines in mice have reported
that coadministration of FCs with rIL-2 (8) or IL-12 (9, 11) by i.p.
injection as an adjuvant enhances the antitumor effect more effectively compared with that induced by either FCs or the adjuvant
alone. These results suggest the need of adjuvant to enhance antitumor immunity in the use of FCs for cancer vaccines.
In this study, we investigated whether CpG ODN could safely
enhance tumor-specific immune response induced by DC-tumor
FC vaccines generated by inactivated hemagglutinating virus of
Japan (HVJ; Sendai virus).

Materials and Methods
Materials
All cell lines, including B16BL6 melanoma (H-2b), EL4 T cell
lymphoma (H-2b), RENCA renal cell carcinoma (H-2d), and CT26
colon adenocarcinoma (H-2d), were purchased from American
Type Culture Collection (Manassas, VA). Synthesized ODN, such
as phosphorothioate-modified CpG ODN (CpG 1668; 5⬘-TCCAT
GACGTTCCTGATGCT-3⬘) and non-CpG ODN (GpG 1668; 5⬘TCCATGAGGTTCCTGATGCT-3⬘) (18), were purchased from
Hokkaido System Science (Sapporo, Japan). Male 8-wk-old
C57BL/6 (H-2b) and BALB/c (H-2d) mice were purchased from
Oriental Yeast (Tokyo, Japan) and maintained in a temperaturecontrolled, pathogen-free room. All animals were handled according to approved protocols and the guidelines of the Animal
Committee of Osaka University.
Preparation and culture of DCs
Murine bone marrow-derived DCs were generated as previously
described (24) with minor modifications (25). Briefly, after flushing out bone marrow of tibia and femur with RPMI 1640 medium,
effluent tissue was passed through 40-m mesh, and erythrocytes
were lysed with ammonium chloride. After washing, 1 ⫻ 106 cells
were plated in 24-well plates (Costar, Corning, NY) in 1 ml of
RPMI 1640 medium supplemented with 10% heat-inactivated FBS
(Equitech-Bio, Kerrville, TX), antibiotics, 50 M 2-ME, and 10
ng/ml recombinant murine GM-CSF (Genzyme-Techne, Minneap-

olis, MN). The cultures were fed every other day by gentle pipetting, aspirating all of the medium, and adding fresh medium. On
day 6 of culture, nonadherent and loosely adherent clusters of proliferating DCs were collected, and 1 ⫻ 106 cells were replated in
24-well plates in 1 ml of DC medium with 100 ng/ml LPS (Escherichia coli 055:B5) (Sigma-Aldrich, St. Louis, MO) for 24 h. On
day 7 of culture, nonadherent DCs were harvested and used for
fusion. More than 90% of these DCs were positive for CD11c and
displayed a typical mature phenotype as confirmed by flow
cytometry.
HVJ-mediated cell fusion
HVJ (Z strain) was purified from chorioallantoic fluid of chick
eggs by centrifugation, and the titer was calculated as previously
described (26). The virus was inactivated by UV irradiation (99
mJ/cm2) just before use. With this preparation, the ability of virus
replication was lost completely, but fusion activity was not affected as previously described (27). To determine optimal fusion
efficiency, mature DCs and tumor cells were labeled with fluorescent red and green, respectively, using PKH26 and PKH67 according to the manufacturer’s instructions (Zynaxis Cell Science,
Malvern, PA). PKH dyes were intensively washed to remove the
unbound dyes and to avoid leakage of the bound dyes between
DCs and tumor cells. Alternatively, mature DCs and B16BL6 cells
were labeled with FITC-conjugated anti-mouse mAb against
CD11c and anti-human gp100 primary mAb (DakoCytomation,
Glostrup, Denmark) followed by PE-conjugated anti-mouse  L
chain secondary mAb (BD Pharmingen, San Diego, CA), respectively. FITC mAbs against CD40, CD80, CD86, or MHC class II
were also used as DC markers. The tumor cells were then irradiated with 100 Gy using 137Cs gamma rays generated by Gammacell (MDS Nordion, Ottawa, Ontario, Canada) and fused with mature DCs at a ratio of 1:2 using HVJ as previously described (28)
with some modifications. Briefly, mature DCs (4 ⫻ 106 cells) suspended in 250 l of balanced salt solution (BSS; 10 mM Tris-Cl
(pH 7.5), 137 mM NaCl, 5.4 mM KCl) containing 2 mM CaCl2
and irradiated tumor cells (2 ⫻ 106 cells) suspended in 250 l of
BSS containing 2 mM CaCl2 and various amounts of HVJ (0 –
1000 hemagglutinating units (HAU)) suspended in 500 l of BSS
were mixed in a 2-ml tube. After incubation at 0°C for 5 min, the
mixture was incubated at 37°C for 15 min with shaking (120 rpm)
in a water bath to induce cell-cell fusion. After centrifugation at
1200 rpm for 3 min at 4°C, the fusion products were washed twice
with 1.5 ml of BSS to remove the free HVJ and cultured overnight
at 37°C in 5% CO2. After 24-h culture following fusion, the fusion
products were harvested. Fusion efficiency was evaluated with
FACScan and FACSVantage (BD Biosciences, San Jose, CA).
FCs collected using FACSVantage (BD Biosciences) were subjected to some experiments.
Phenotypic analysis
After fusion between nonlabeled mature DCs and PKH26-labeled
B16BL6 cells using 500 HAU of inactivated HVJ, the fusion products were cultured for 24 h with or without 10 g/ml CpG ODN,
followed by staining with FITC mAbs against CD11c, CD40,
CD80, CD86, or MHC class II as DC markers. Surface phenotypes
of FCs were analyzed by gating and excluding single red-positive
cells using FACSVantage (BD Biosciences).
Immunization in vivo
After 12-h incubation of fusion products generated from DCs and
irradiated syngeneic tumor cells (B16BL6 or RENCA cells) using
0 HAU (i.e., Mix) or 500 HAU (i.e., FCs) of HVJ, 6 ⫻ 106 cells
were harvested and suspended in 200 l of PBS. CpG ODN (100
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g) was dissolved in 100 l of PBS and mixed with 100 l of PBS
(i.e., CpG alone) or 6 ⫻ 106 cells suspended in 100 l of PBS (i.e.,
Mix ⫹ CpG and FCs ⫹ CpG) immediately before injection into
mice. In some experiments, FCs were collected with a cell sorter,
and 1.2 ⫻ 106 FCs (i.e., sorted FCs) were injected into mice. The
mice (10 mice/group) were immunized twice, at weekly intervals
as reported previously (9, 29, 30), with one of these vaccination
protocols in a total volume of 200 l of PBS by i.d. injection into
the bilateral posterior flanks near the base of the tail (100 l per
flank). We selected this route of immunization because FCs migrate into draining lymph nodes after i.d. injection (31, 32). The
number of cells in the fusion products was described based on the
number of cells that were used in the DC-tumor cell fusion.
Cytokine measurements
After 24-h incubation of fusion products generated by 0 HAU (i.e.,
Mix) or 500 HAU (i.e., FCs) of HVJ with or without 10 g/ml
CpG ODN, the supernatants were harvested before immunization
and stored at ⫺80°C. After in vivo immunization, cell culture supernatants of isolated spleen cells on day 5 during restimulation
were also collected and stored at ⫺80°C. The concentrations of
TNF-␣, IL-12 p40, IFN-␥, and IL-4 in the supernatants were measured by ELISA Development kits (Genzyme-Techne).
Cytolytic assay
Ten days after the second immunization, spleen cells were pooled
from each group of mice (three mice per group). The spleen cells
(5 ⫻ 106 cells/well) were cocultured to restimulate with mitomycin C-treated tumor cells at a ratio of 20:1 in 2 ml of T cell culture
medium (RPMI 1640 medium supplemented with 10% heat-inactivated FBS, antibiotics, and 50 M 2-ME) in 24-well plates at
37°C in 5% CO2. The cells, which contained CTLs, were harvested
on day 5 and used as effector cells in a standard 4-h 51Cr release
assay to examine antitumor cytolytic activity. Briefly, target tumor
cells (1 ⫻ 106) were labeled with 100 Ci of Na251CrO4 (Amersham Biosciences, Buckinghamshire, U.K.) in 200 l of RPMI
1640 supplemented with 10% heat-inactivated FBS for 90 min at
37°C. The labeled target cells (1 ⫻ 104 cells/well) were incubated
with the effector cells for 4 h at 37°C in 96-well microtiter plates
in 200 l of T cell medium at various E:T ratios. The plates were
then centrifuged, and the radioactivity of the supernatants was
counted using a MicroBeta Trilux Scintillation Counter (Wallac,
Gaithersburg, MD). The maximum or spontaneous release was defined as counts from samples incubated with 2% Triton X-100 or
medium alone, respectively. Cytolytic activity was calculated using the following formula: percentage of specific 51Cr release ⫽
(experimental release ⫺ spontaneous release) ⫻ 100/(maximum
release ⫺ spontaneous release). Assays were performed in triplicate wells. The spontaneous release in all assays was ⬍20% of the
maximum release.
Prophylactic treatment in s.c. tumor model
Ten days after the second vaccination, C57BL/6 mice were challenged by s.c. injection with 1 ⫻ 105 B16BL6 cells, and BALB/c
mice were injected s.c. with 1 ⫻ 105 RENCA cells into the back
different, but proximal, from two vaccinated sites. After tumor
challenge, mice were monitored daily. Tumor incidence was considered positive when the tumor length exceeded 3 mm. Tumor
size was measured every other day in a blinded manner with digital
calipers. Tumor volume was calculated using the following formula: tumor volume (mm3) ⫽ length ⫻ (width)2/2 (Ref. 33). Mice
were euthanized when tumors became ulcerated or surpassed 4000
mm3 in volume. Sixty days after tumor inoculation, tumor-free
C57BL/6 or BALB/c mice were rechallenged s.c. with 1 ⫻ 105
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B16BL6 cells and 5 ⫻ 104 EL4 cells or 1 ⫻ 105 RENCA cells and
5 ⫻ 104 CT26 cells, respectively, injected into the back to clarify
tumor specificity of the vaccination in vivo.
Prophylactic treatment in spontaneous lung metastasis model
B16BL6 melanoma cells are highly invasive and spontaneously
metastatic from the primary site (34). Ten days after the second
vaccination, C57BL/6 mice (eight mice per group) were injected
s.c. with 5 ⫻ 105 B16BL6 cells suspended in 50 l of PBS into the
right hind footpad to initiate primary tumor growth. On day 21
after tumor inoculation, when the primary tumor was ⬎10 mm in
length, it was surgically removed by a right hip disarticulation with
removal of the regional draining popliteal and inguinal lymph
nodes. All mice were euthanized 21 days after surgery, and the
lungs were fixed in Bouin’s solution (Sigma-Aldrich). The number of
lung metastases was counted under a dissecting microscope (35).
Statistical analysis
Statistical analysis was performed with StatView software (Abacus Concepts, Berkeley, CA). The 2 test was used to analyze
differences between percentages of tumor-free mice at day 60. The
log-rank test was used to analyze Kaplan-Meier survival curves.
The unpaired Fisher’s protected least significant difference test was
used in other analyses. We defined statistical significance as
p ⬍ 0.05.

Results
HVJ-mediated DC-tumor cell fusion
We used inactivated HVJ to generate DC-tumor FCs. Murine DCs
(4 ⫻ 106 cells) stained with PKH26 (shown in red) and irradiated
B16BL6 cells (2 ⫻ 106 cells) stained with PKH67 (shown in
green) were fused with UV-inactivated HVJ. After 24-h incubation, the fusion products were analyzed by flow cytometry. Fluorescent microscopic observation after sorting each fraction revealed that double-positive cells in the upper right fraction were
large and fluorescent yellow DC-tumor FCs, while the lower right
and upper left fractions contained unfused B16BL6 cells and DCs,
respectively (Fig. 1A).
To determine the optimal fusion conditions, fusion efficiency
and cell viability of fusion products generated by various amounts
of HVJ (0 –1000 HAU) were investigated. Fusion efficiency analyzed by flow cytometry was 5.38, 13.71, 25.49, and 26.57% with
0, 100, 500, and 1000 HAU of inactivated HVJ, respectively (Fig.
1B). Spontaneous double-positive cells were obtained at low efficiency (5.38%) even in the absence of HVJ, maybe resulting from
the capture of irradiated tumor cells by DCs (Fig. 1B, 0 HAU). Cell
viability assessed by lactose dehydrogenase release assay was 96,
93, 85, and 60% after 24-h culture following fusion, and 74, 67,
60, and 25% after 72-h culture following fusion with 0, 100, 500,
and 1000 HAU, respectively (500 HAU vs 1000 HAU, p ⬍ 0.05).
We obtained similar results for fusion efficiency and cell viability
in at least 10 separate experiments. Therefore, we chose 500 HAU
of inactivated HVJ to generate DC-tumor FCs in the following
experiments.
Furthermore, we analyzed the expression of specific markers
derived from DCs and B16BL6 melanoma cells in DC-tumor FCs.
FACS analysis (Fig. 2A) showed that, with 500 HAU of inactivated HVJ, cells expressing both DC surface markers such as
CD11c, CD40, CD80, CD86, or MHC class II and B16BL6
marker, gp100, were generated at ⬃30% efficiency. Without HVJ
(indicated as 0 HAU in Fig. 2A), cells with both surface markers
were 3–9% in this assay. Fluorescent microscopic observation of
the fusion products generated from DCs stained with FITC mAb
against CD11c (Fig. 2B, left panel), a DC marker, and B16BL6
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FIGURE 1. HVJ-mediated DC-tumor
cell fusion. A, Fusion protocol. Bone marrow-derived DCs (4 ⫻ 106 cells) stained
with PKH26 (red) and irradiated B16BL6
cells (2 ⫻ 106 cells) stained with PKH67
(shown in green) were mixed at a 2:1 ratio,
and fused with UV-inactivated HVJ. The
free HVJ was removed by centrifugation
and washing with BSS, and the cells were
cultured at 37°C in 5% CO2. After 24-h
incubation, the fusion products were collected. Double-positive (upper right), single green-positive (lower right), and single
red-positive cells (upper left) were sorted
using flow cytometry and observed by fluorescent microscopy (magnification, ⫻100).
B, Fusion efficiency. Various amounts of
HVJ (0–1000 HAU) were used to fuse DCs
stained with PH26 (shown in red) and irradiated B16BL6 cells stained with PKH67
(shown in green). The fusion efficiency was
assessed by flow cytometry. Fluorescence
microscopy was used to demonstrate DCB16BL6 FCs, shown as large yellow cells
(magnification, ⫻200).

cells stained with PE mAb against gp100 TAA (Fig. 2B, center
panel), a B16BL6 cell marker, showed that DC-B16BL6 FCs were
positive for both markers (Fig. 2B, right panel). These findings
indicate that inactivated HVJ could be used as a fusogen for DCtumor cell fusion.

viability of FCs (data not shown). We also found that mature DCs
treated with inactivated HVJ did not enhance the cytokine production (data not shown). These results indicate that CpG ODN, but
not inactivated HVJ, could promote further phenotypical maturation and activation of FCs.

Enhanced phenotypical maturation and Th1 cytokine production
of FCs by administration with CpG ODN in vitro

Enhanced tumor-specific immune response of FCs by
coadministration with CpG ODN in vivo

We analyzed the phenotypical maturation of FCs containing unfused DCs by examining the expression of various surface markers
of DCs. The expression of surface markers of DCs was up-regulated by the treatment with 100 ng/ml LPS, and maintained in FCs
after fusion (Fig. 3A). The phenotypical maturation of FCs was
further enhanced by 10 g/ml CpG ODN, especially in CD80,
CD86, and MHC class II (Fig. 3A). We also analyzed the production of Th1 cytokines, such as TNF-␣ and IL-12, from the mixture
of mature DCs and B16BL6 cells (Mix) or FCs. FCs produced
significantly more TNF-␣ than Mix (Fig. 3B). The production of
IL-12 p40 was comparable between FCs and Mix (Fig. 3C). The
amount of both cytokines produced by FCs or Mix was approximately doubled when CpG ODN were administered with the cells.
However, non-CpG ODN did not enhance the production of these
cytokines (Fig. 3, B and C). The highest production of these cytokines was obtained in the supernatants of FCs incubated with 10
g/ml CpG ODN (FCs ⫹ CpG). CpG ODN did not affect the

To assess whether tumor-specific CTLs were induced after immunization with FCs, two parameters of effector function, IFN-␥ and
IL-4 production and cytolytic activity, were investigated (Fig. 4).
IFN-␥ secreted from spleen cells on day 5 during restimulation
with B16BL6 cells was highest when the mice were vaccinated
with the combination of FCs and CpG ODN (FCs ⫹ CpG; Fig.
4A). To examine cytokine production from only FCs, we sorted
DC-tumor hybrid cells using a cell sorter. IFN-␥ production in
sorted FCs was similar to that in FCs in the absence of CpG ODN.
Furthermore, the production of IFN-␥ in sorted FCs was enhanced
with CpG ODN as much as that in FCs. Although the production
of Th2 cytokine, IL-4, was also enhanced with either FCs or sorted
FCs, the amount was much less than IFN-␥.
Cytolytic activity of spleen cells from the mice immunized with
FCs was significantly higher compared with that from other vaccination protocols, such as PBS, CpG, Mix, and Mix ⫹ CpG (Fig.
4B). Furthermore, the highest cytolytic activity was observed in
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FIGURE 2. Characterization of DC-tumor FCs.
A, FACS analysis of DC-tumor FCs generated by
inactivated HVJ. After 24-h incubation of fusion
products with (500 HAU) or without (0 HAU) inactivated HVJ, surface phenotypes of DCs and
gp100 expression of B16BL6 were analyzed by
flow cytometry. Each number indicates the percentage of double-positive cells. These experiments were repeated twice with similar results. B,
Identification of DC-tumor FCs with specific
markers. After 24-h culture of fusion products
generated from DCs, stained with FITC mAb
against CD11c (left) as a DC marker, and B16BL6
cells, stained with PE mAb against gp100 TAA
(center) as a B16BL6 cell marker, fluorescent microscopy showed that DC-B16BL6 FCs were double-positive cells expressing both markers (right)
with ⬃20% fusion efficiency. White arrows indicate DC-B16BL6 FCs (magnification, ⫻400).

the mice that received FCs ⫹ CpG compared with that in the mice
that received FCs alone (Fig. 4B). No cytolytic effect was observed
when other syngeneic tumor cells, EL4 T cell lymphoma cells,
were used as the target cells (Fig. 4C). These results indicate that
CpG ODN strongly enhanced the tumor-specific immune response
generated by FCs.
Enhanced prophylactic effect of FCs coadministered with CpG
ODN on the growth of mouse tumors
The effect of vaccination with FCs ⫹ CpG on the inhibition of s.c.
tumor growth was investigated in a melanoma model (Fig. 5).
After the challenge with 1 ⫻ 105 B16BL6 cells, mice immunized
with FCs ⫹ CpG significantly inhibited tumor growth compared
with mice that received either FCs or CpG ODN alone (Fig. 5A).
When mice were immunized with sorted FCs, tumor growth was
similarly inhibited as immunized with FCs, and the inhibition of
tumor growth was also enhanced with CpG ODN (Fig. 5A). Mice
vaccinated with FCs ⫹ CpG significantly increased survival times.
Eighty percent of mice vaccinated with FCs ⫹ CpG were alive 60
days after tumor challenge, while only 20% of mice immunized
with FCs alone were still alive and all mice in the other groups

died (Fig. 5B). Furthermore, 6 of 10 mice vaccinated with FCs ⫹
CpG remained tumor free 60 days after tumor injection, whereas
none of the mice immunized with FCs alone was tumor free in the
B16BL6 tumor model (Fig. 5C).
We also examined the effect of vaccination with FCs ⫹ CpG on
the enhancement of tumor-specific immunity against murine
RENCA tumors in which TAAs have not been identified (Fig. 6).
Mice vaccinated with FCs generated from DCs and RENCA cells
had greater IFN-␥ secretion than mice immunized with the mixture
without fusion (Mix). IFN-␥ secretion was enhanced by coadministration with CpG ODN (Fig. 6A). Tumor-specific CTLs were also
generated and the highest cytolytic activity was obtained by vaccination with FCs ⫹ CpG (Fig. 6, B and C). Sixty days after tumor
challenge with RENCA cells, 8 of 10 mice vaccinated with FCs ⫹
CpG were tumor free, while 5 of 10 mice immunized with FCs
alone were tumor free and no mice from the other vaccination
groups were tumor free (Fig. 6D). Similar results were obtained in
two other experiments (Table I, Tumor-free mice/mice 1st
challenged).
Therefore, immunization with FCs ⫹ CpG strongly induced Th1
cytokines and activated tumor-specific CTLs, resulting in the
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FIGURE 3. Enhanced phenotypical maturation and Th1 cytokine production of FCs in combination with CpG ODN in vitro. A, Surface phenotype. After
24-h incubation of fusion products with (FCs ⫹ CpG) or without (FCs) 10 g/ml CpG ODN, surface phenotypes of DC-tumor FCs were gated and analyzed
by flow cytometry. Phenotypes of immature and LPS-prestimulated mature DCs are shown as controls. Each number indicates the percentage of positive
cells. These experiments were repeated twice with similar results. B and C, Th1 cytokine production. TNF-␣ (B) and IL-12 p40 (C) in the supernatants of
either mixture (Mix) of DCs and tumor cells or DC-tumor FCs were measured with ELISA kits. The effect of 10 g/ml CpG ODN on cytokine production
was assessed. Non-CpG ODN were used as a control. Data are presented as the mean ⫾ SD of four independent experiments.

significantly sufficient protection against B16BL6 tumors, in
which TAAs have been identified, and RENCA tumors, in which
TAAs are unknown.

with FCs (Fig. 7). Moreover, mice immunized with FCs ⫹ CpG
further inhibited lung metastases as compared with either FCs
alone or Mix ⫹ CpG (Fig. 7).

Inhibition of lung metastasis by FCs in combination with
CpG ODN

Enhanced long-lasting immune response of FCs by
coadministration with CpG ODN

The effect of vaccination with FCs ⫹ CpG on the inhibition of lung
metastasis was further investigated. B16BL6 cells were injected
into the right hind footpad of vaccinated mice. On day 21 after
tumor inoculation, the primary tumor was surgically removed. All
mice were euthanized 21 days after surgery, and the number of
lung metastases of melanoma was counted in the eight mice. The
number of metastatic foci was significantly reduced by vaccination

Our results indicated that CpG ODN strongly enhanced tumorspecific immune response of FCs. We finally investigated whether
CpG ODN maintain tumor-specific immunity of FCs. Six of 10
mice in the B16BL6 tumor model and 8 of 10 mice in the RENCA
tumor model that received vaccination with FCs ⫹ CpG remained
tumor free for 60 days after the first tumor injection (Figs. 5C and
6D). These mice were rechallenged with the same tumor cells used
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FIGURE 4. Enhanced B16BL6 cell-specific
immune response of FCs coinjected with CpG
ODN in vivo. A, IFN-␥ and IL-4 production.
Mice vaccinated with either FCs ⫹ CpG or
sorted FCs ⫹ CpG had significantly higher
IFN-␥ concentration in the supernatants from
spleen cell cultures on day 5 during restimulation. Data are presented as the mean ⫾ SD of
three independent experiments. B and C, Cytolytic assay. Ten days after the second immunization, spleen cells isolated from vaccinated
mice were cocultured with mitomycin C-treated
B16BL6 cells for 5 days and used as effector
cells in 4-h 51Cr release assay. Significantly
higher cytolytic activity was observed in the
mice that received FCs ⫹ CpG (B), whereas no
cytolytic effect was observed when EL4 cells
were used as the target cells (C). Data are presented as the mean ⫾ SD of triplicate samples of
one representative experiment. These experiments were repeated twice with similar results.

for the first challenge or with other syngeneic tumor cells. All mice
immunized with FCs ⫹ CpG completely rejected tumor rechallenge with the same tumor cells (B16BL6 or RENCA cells) and
remained tumor free for 60 days after the second tumor injection
(Table I), while the mice did not reject other syngeneic tumor cells
(EL4 or CT26 cells). However, among five BALB/c mice that
rejected the first tumor challenge with RENCA cells by immunization with FCs alone (Fig. 6D), only two mice rejected tumor
rechallenge with the same tumor cells and three mice developed
RENCA tumors (Table I, Expt. 1). Similar results were obtained in
two other experiments (Table I). These findings indicate that CpG
ODN could enhance long-lasting tumor-specific immunity generated by FCs. FCs in the absence of CpG ODN did not maintain
tumor-specific immunity so effectively as FCs ⫹ CpG ODN, resulting in incomplete protection against tumor rechallenge.

Discussion
In this study, we demonstrated that a new vaccination strategy of
HVJ-mediated DC-tumor FCs in combination with CpG ODN induced tumor-specific and long-term immunity against two different
murine tumors.

A number of studies have reported that DC-tumor FCs induce
tumor-specific immune response (7–12). These studies suggested
that the effective presentation of both known and unknown TAAs
is feasible with DC-tumor FCs. Our study also supports the utility
of DC-tumor cell fusion for eliciting antitumor immunity. In this
study, we used inactivated HVJ as a fusogen. Under optimal fusion
conditions, HVJ generated 20 –30% of DC-tumor FCs with low
toxicity, accompanied by few or no DC-DC or tumor-tumor FCs
(Fig. 1, A and B). The fusion efficiency using HVJ was comparable
to the previously reported fusion efficiency of PEG (7–10) and
electrofusion (11, 12). However, in our hands, fusion efficiency
between DC and tumor cells and the viability of FCs using PEG
was very low (⬍10 and 40%, respectively). The PEG fusion
method is technically challenging. It has been reported that it is
difficult to determine optimal conditions for effective electrofusion
with low toxicity (11, 12). Thus, HVJ-mediated cell fusion appeared to be simpler and more reproducible than other fusion
methods.
Two distinct glycoproteins of HVJ are required for cell fusion
(26). Hemagglutinin neuraminidase protein binds to sialic acid
receptors on the cell surface and degrades the receptor by sialidase
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FIGURE 5. Inhibition of melanoma growth in mice
using FCs combined with CpG ODN. The antitumor
effect of the vaccinations with CpG ODN in combination with the mixture of DCs and tumor cells (Mix)
or DC-tumor FCs was examined in the prophylactic
model. C57BL/6 mice (10 mice per group) were preimmunized twice i.d. with PBS (䡺), CpG ODN (f),
Mix (‚), Mix ⫹ CpG (Œ), FCs (E), FCs ⫹ CpG (F),
sorted FCs (䉫), or sorted FCs ⫹ CpG (䉬). Ten days
after the second immunization, these mice were challenged by s.c. injection of 1 ⫻ 105 B16BL6 cells into
the back on day 0. A, The growth of B16BL6 after s.c.
inoculation into vaccinated mice. Data are presented
as the mean tumor volume ⫾ SD. B, The percentage of
surviving mice after tumor injection. C, The ratio of
tumor-free mice after tumor injection. These experiments were repeated twice with similar results.

activity. Fusion protein then associates with lipid molecules, such
as cholesterol, on the cell surface to induce cell fusion. Recently,
Phan et al. (32) developed a new method to generate DC-tumor
FCs based on gene transfer of a fusogenic glycoprotein derived
from vesicular stomatitis virus into tumor cells. This report supports our DC-tumor cell fusion method using viral fusion proteins,
such as hemagglutinin neuraminidase and fusion proteins, of HVJ.
DC-tumor FCs possess properties that include both known and
unknown TAAs derived from tumor cells, as well as necessary
levels of MHC, costimulatory molecules, and probably other components derived from DCs (Fig. 2, A and B). The rationale for
using DC-tumor FCs as a cancer vaccine is to raise T cells directed
against the whole antigenic repertoire of the tumor cells (6). Because tumors escape from immunosurveillance through the downregulation of MHC class I or TAA expression (36), it is likely that
successful vaccination for immunotherapy or immunoprevention
against tumors requires multiple tumor Ags like a polyvalent vaccine (37). DC-tumor FCs appear to be ideal cancer vaccines because various kinds of TAAs can be presented by MHC class I

molecules derived from DCs, even though tumor cells lose the
expression of MHC class I molecules and some TAAs (6, 38).
Because it is necessary to trigger innate immunity for subsequent effective acquired immunity (20), we attempted to enhance
the antitumor activity induced by immunization with DC-tumor
FCs by using CpG ODN as an adjuvant. CpG ODN are recognized
by TLR9 mainly in DCs, leading to activation of the innate immune system, which includes DCs, macrophages, and NK cells
(20). Because DC-tumor FCs possessed properties of both DCs
and tumor cells (Fig. 2B), we expected that TLR9 expressed in
DCs could also be expressed in DC-tumor FCs, and therefore, CpG
ODN could directly stimulate these cells. Indeed, we found that
CpG ODN enhanced the phenotypical maturation and Th1 cytokine production of FCs, but not of the mixture without fusion,
indicating that FCs themselves might be activated by CpG ODN
through TLR9.
We observed that repeated i.d. administration of CpG ODN
alone was safe, but failed to protect mice against subsequent tumor
challenge as previously reported (39), indicating that, especially in
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FIGURE 6. Enhanced RENCA cell-specific
immune response of FCs by coadministration with
CpG ODN in vivo. BALB/c mice (10 mice per
group) were preimmunized twice i.d. with PBS
(䡺), CpG ODN (f), Mix (‚), Mix ⫹ CpG (Œ),
FCs (E), or FCs ⫹ CpG (F). Ten days after the
second immunization, these mice were challenged
by s.c. injection of 1 ⫻ 105 RENCA cells into the
back on day 0. A, IFN-␥ and IL-4 production. The
mice that received FCs ⫹ CpG vaccination had
significantly higher IFN-␥ concentration in the supernatants from spleen cell cultures on day 5 during restimulation. Data are presented as the
mean ⫾ SD of three independent experiments. B
and C, Cytolytic assay. Cytolytic activity was assessed by specific 51Cr release from RENCA cells
(B) and CT26 cells (C). Data are presented as the
mean ⫾ SD of triplicate samples of one representative experiment. D, The ratio of tumor-free mice
after the injection of RENCA cells. These experiments were repeated three times with similar
results.

prophylactic use, CpG ODN alone induce only nonspecific expansion of the innate immune cells (40). In contrast, we demonstrated
that i.d. immunization with FCs, but not the mixture of DCs and
tumor cells, induced higher tumor-specific cytolytic activity and

provided significant protection against tumor challenge. We found
that vaccination with fusion products generated from either DCs
alone, which contain DC-DC FCs, or tumor cells alone, which
contain tumor-tumor FCs, did not protect mice (data not shown).

Table I. Complete induction of tumor-specific long-term immunity after tumor rechallenge in mice immunized with FCs plus CpG ODNa

Mice

C57/BL6

BALB/c

a
b
c

Tumor Cell
1st Challenged

B16

RENCA

Preimmunization Tumor-Free Mice/
Mice 1st Challengedb

FCs
0/10 (0%), 0/10 (0%), 0/10 (0%)
FCs ⴙ CpG
6/10 (60%), 4/10 (40%), 5/10 (50%)
FCs
5/10 (50%), 6/10 (60%), 4/10 (40%)
FCs ⴙ CpG
8/10 (80%), 9/10 (90%), 6/10 (60%)

This table represents the results of three independent experiments (Expt. 1, Expt. 2, Expt. 3).
The ratio of tumor-free mice on day 60 after the first tumor challenge.
The ratio of tumor-free mice on day 60 after the second tumor challenge.

Tumor Cell
2nd Challenged

Tumor-Free Mice/Mice 2nd Challengedc

B16
EL4
RENCA

3/3 (100%), 2/2 (100%), 3/3 (100%)
0/3 (0%), 0/2 (0%), 0/2 (0%)
2/5 (40%), 3/6 (50%), 1/4 (25%)

RENCA
CT26

4/4 (100%), 5/5 (100%), 3/3 (100%)
0/4 (0%), 0/4 (0%), 0/3 (0%)
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FIGURE 7. Inhibition of lung metastasis by FCs in combination with
CpG ODN. The effect of various vaccinations on the inhibition of lung
metastasis was investigated. Ten days after the second vaccination,
C57BL/6 mice (eight mice per group) were s.c. injected with 5 ⫻ 105
B16BL6 cells into the right hind footpad. On day 21 after tumor inoculation, the primary tumor was surgically removed. All mice were euthanized
21 days after surgery, and the number of lung metastatic foci in each mouse
is shown. Data are presented as the mean ⫾ SD of three independent
experiments.

Additionally, in the combination with or without CpG ODN, antitumor activity of 6 ⫻ 106 FCs containing both fused and unfused
cells was comparable to that of 1.2 ⫻ 106 sorted FCs (Figs. 4A and
5A). These findings indicate that DC-tumor FC fraction, which
only exists in the FCs, is required to elicit the antitumor effect.
Moreover, we revealed that i.d. immunization with CpG ODN in
combination with FCs, but not with the mixture, further enhanced
tumor-specific immune response generated by FCs. CpG ODN
might enhance cross-presentation of TAAs by both FCs (38) and
unfused DCs (41), leading to effective activation of MHC class
I-restricted CTLs. The results of cytolytic assay indicate that
CD8⫹ CTLs are mainly involved in the tumor-specific cytolytic
activity, at least through IFN-␥ release induced by the vaccination
with FCs in combination with or without CpG ODN. However,
cytolytic activity against CT26 cells was observed in spleen cells
from the mice vaccinated with FCs between DCs and RENCA
tumor cells in combination with CpG ODN (Fig. 6C), although the
activity was much lower than that against RENCA cells. This result suggests that NK cells might also participate in this response
to some extent. This speculation is supported by previous reports
showing that both CD8⫹ and NK cells (29, 30), in addition to
CD4⫹ cells (7), are activated by the immunization with FCs between DCs and tumor cells, and that both CD8⫹ and NK cells
mediate CpG ODN-induced antitumor immune response (42).
We demonstrated that CpG ODN provided long-term maintenance of tumor-specific immunity induced by FCs, leading to complete rejection of tumor rechallenge (Table I). Although the precise
mechanisms by which CpG ODN are capable of maintaining the
antitumor effect generated by FCs are unknown, several possibilities can be explored. Effective antitumor immunity generally requires CD4⫹ Th cells, which participate in further activation of
DCs through CD40-CD40L interaction and subsequent induction
of CD8⫹ effector CTL response (1). However, it is also indicated
that effector CTLs can be induced without CD4⫹ Th cells (43).
The induction of CD4⫹ Th cell-independent CTL function may
also occur in DC-tumor FC vaccines. However, in terms of maintenance after the induction of effector CTLs, recent studies have
reported that CD4⫹ T cell help plays a critical role in the development and activation of functional CD8⫹ memory T cells (44,
45). It has also been recently reported that CpG ODN not only
enhance but also maintain CD8⫹ effector CTL response through

the expansion, inhibition of apoptosis, and subsequent promotion
of long-term survival of CD8⫹ effector and memory T cells (40,
46). Especially, the expansion and survival of memory CD8⫹ T
cells have been reported to be mediated by IL-15 (47), which is
produced by DCs in response to type I IFN (48). CpG ODN stimulate DCs to produce type I IFN (49). Taken together, we estimated that in our experiments, CD4⫹, CD8⫹, and NK cells would
play a key role in the activation and enhancement of long-lasting
tumor-specific immune response by the immunization with FCs ⫹
CpG ODN.
Moreover, the generation of humoral response against tumors
using hybrid cell vaccine has been already reported in several papers (9, 50), and the significance of antimelanoma Ab after the
injection of TAA genes has been also reported (51). Therefore, it
is estimated that the humoral response against tumors might be
also induced by the vaccination with FCs or FCs ⫹ CpG ODN.
From the viewpoint of cancer immunoprevention, this combination vaccine is ideal because the presentation of many MHCrestricted known and unknown TAAs or Ags presented by the
MHC-independent pathway on FCs as well as the long-lasting effect of CpG ODN on tumor-specific immunity are very useful to
avoid the selection of TAA-loss variants and to recognize MHCloss variants in the generation and recurrence of cancer (52).
In the surviving mice immunized twice with FCs in combination
with CpG ODN and challenged with B16BL6 cells, no apparent
inflammation, such as autoimmune skin depigmentation (vitiligo),
was observed. Only localized hair loss in the area surrounding the
tumor injection site was observed. Similar findings were observed
in the surviving mice from the RENCA tumor model. These findings suggest that repeated vaccinations with FCs in combination
with CpG ODN are safe and feasible for clinical immunotherapy
and immunoprevention against cancers. This safety is essential for
clinical use as a cancer immunoprevention vaccine.
In conclusion, we have developed a simple and reproducible
method to generate DC-tumor FCs using inactivated HVJ. Vaccination of HVJ-mediated DC-tumor FCs in combination with CpG
ODN induced tumor-specific and long-term immunity in the prophylactic setting of a s.c. tumor model and a spontaneous lung
metastasis model, resulting in significant inhibition of tumor incidence and prolongation of survival time. CpG ODN could strongly
enhance and maintain tumor-specific immune response induced by
DC-tumor FC vaccines in vivo. We hope that this type of immunoprevention can eventually be tested in human clinical trials to
inhibit cancer recurrence and micrometastasis after surgery.
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