
doi: 10.1111/j.1349-7006.2008.00964.x Cancer Sci | November 2008 | vol. 99 | no. 11 | 2315–2326
© 2008 Japanese Cancer Association

Blackwell Publishing Asia

Non-transmissible Sendai virus encoding granulocyte 
macrophage colony-stimulating factor is a novel and 
potent vector system for producing autologous 
tumor vaccines
Hiroyuki Inoue,1,5 Mutsunori Iga,1 Haruka Nabeta1 Tomoko Yokoo,1 Yoko Suehiro,1 Shinji Okano,2 Makoto Inoue,3 
Hiroaki Kinoh,3 Toyomasa Katagiri,4 Koichi Takayama,5 Yoshikazu Yonemitsu,2 Mamoru Hasegawa,3 
Yusuke Nakamura,4 Yoichi Nakanishi5 and Kenzaburo Tani1,6

1Division of Molecular and Clinical Genetics, Medical Institute of Bioregulation, and Department of Advanced Cell and Molecular Therapy, Kyushu University 
Hospital, Kyushu University, Fukuoka 812-8582; 2Division of Pathophysiological and Experimental Pathology, Department of Pathology, Kyushu University, 
Fukuoka 812-8582; 3DNAVEC Corporation, Tsukuba, Ibaraki 305-0856; 4Laboratory of Molecular Medicine, Human Genome Center, Institute of Medical Science, 
University of Tokyo, Tokyo 108-8639; 5Institute of Diseases of the Chest, Kyushu University, Fukuoka 812-8582, Japan

(Received February 15, 2008/Revised July 20, 2008/Accepted July 23, 2008/Online publication October 18, 2008)

The recent clinical application of granulocyte macrophage colony-
stimulating factor (GM-CSF)-transduced autologous tumor vaccines
revealed substantial antitumor activity and valuable clinical results.
However, for these vaccines to be optimally effective, the antitumor
efficacies must be improved. Recently, Sendai virus (SeV) vectors, which
are cytoplasmic RNA vectors, have emerged as safe vectors with high
gene transduction. In the current study, the in vivo therapeutic
antitumor efficacies of irradiated GM-CSF-transduced mouse renal
cell carcinoma (RENCA) vaccine cells mediated by either fusion gene-
deleted non-transmissible SeV encoding mouse GM-CSF (SeV/dF/G)
or adenovirus (E1, E3 deleted serotype 5 adenovirus) encoding mouse
GM-CSF (AdV/G) (respectively described as irRC/SeV/GM or irRC/AdV/
GM) were compared in RENCA-bearing mice. The results showed
that the antitumor effect was equivalent between irRC/SeV/GM and
irRC/AdV/GM cells, even though the former produced less GM-CSF
in vitro. The cell numbers of activated (CD80+, CD86+, CD80+CD86+)
dendritic cells in lymph nodes from mice treated with irRC/AdV/GM
or irRC/SeV/GM cells were increased significantly compared with
those of mice treated with the respective controls, at both the earlier
and later phases. In an in vitro cytotoxicity assay, splenocytes harvested
from mice treated with both irRC/SeV/GM and irRC/AdV/GM cells
showed tumor-specific responses against RENCA cells. The restimulated
splenocytes harvested from mice treated with irRC/SeV/GM or irRC/
AdV/GM cells produced significantly higher levels of interleukin-2,
interleukin-4, and interferon-g compared with their respective controls
(P < 0.05). Furthermore, vaccination with irRC/AdV/GM or irRC/SeV/
GM cells induced significantly enhanced recruitment of the cytolytic
effectors of CD107a+CD8+ T cells and CD107a+ natural killer cells into
tumors compared with those induced by their respective controls
(P < 0.05). Taken together, our results suggest that the SeV/dF/G vector
is a potential candidate for the production of effective autologous
GM-CSF-transduced tumor vaccines in clinical cancer immune gene
therapy. (Cancer Sci 2008; 99: 2315–2326)

Several studies have evaluated the capacity to augment antitumor
immunity using various mouse models and have shown that

GM-CSF is one of the most potent immunostimulatory cytokines.(1–3)

GM-CSF is an important maturation and differentiation factor
for DC,(4) including Langerhans cells to APC,(5) enhancing their
capacity to present tumor-associated antigens to activate CTL
effectively.(6) Moreover, the cytotoxic activity of NK cells or CTL
can be enhanced or induced by GM-CSF-recruited DC. Therefore,
GM-CSF has been postulated to be a critical mediator of the
initial antitumor immune response.(7) In the past decade, clinical

trials have shown that autologous GM-CSF gene-transduced tumor
vaccine therapy is feasible, safe, and has effective antitumor
immunomodulating activity against melanoma,(8,9) RCC,(10,11)

prostate cancer,(12) pancreatic cancer(13) and non-small-cell lung
cancer.(14) To generate effective GM-CSF-transduced tumor vaccines,
it is essential to efficiently transduce tumor cells and to obtain
appropriate expression of the induced gene. Serotype 5 E1, E3
gene-deleted adenovirus encoding human GM-CSF is one of the
most promising vectors for tumor vaccines. However, adenoviral
gene transduction is limited because the receptors for adenovirus
serotype 5, including Coxsackie adenovirus receptor, integrin αvβ3,
and integrin αvβ5, are not expressed on many tumor cells. SeV, a
member of the Paramyxoviridae family, has a non-segmented
negative-strand RNA genome and infects via sialic acid residues
on surface glycoproteins or asialoglycoproteins, which are present
on most mammalian cells.(15,16) Because of the ubiquitous expression
of the SeV receptor and high gene transduction capacity, SeV is
emerging as a promising gene therapy tool. As SeV possesses a
cytoplasmic transcription system, it can transfer exogenous genes
to the cytoplasm, where genomic replication and translation are
carried out by virally encoded RNA polymerase. This replication
system reduces the risk of malignant transformation due to
genomic integration of the vector into the host-cell chromosome
and increases the safety of this viral vector.(17–20) To further
improve the safety of the SeV vector, we used a newly developed
genetically modified temperature-sensitive mutant recombinant vector
of non-transmissible SeV (SeV/dF). This vector can self-replicate
but can not be transmitted to adjacent cells due to the lack of the
F, thereby increasing the clinical application of this system.(21,22)

In the present study, we successfully transduced GFP, mouse
GM-CSF, and human GM-CSF cDNA using SeV/dF encoding
GFP (SeV/dF/GFP), mouse GM-CSF (SeV/dF/mGM), and human
GM-CSF (SeV/dF/hGM) cDNA, respectively, into various tumor-
cell lines in vitro. Subsequently, the antitumor efficacies of irra-
diated SeV-mediated GM-CSF-transduced RENCA (irRC/SeV/GM)
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cells and irradiated AdV-mediated GM-CSF-transduced RENCA
(irRC/AdV/GM) cells were compared in a RENCA-bearing mouse
model, demonstrating that irRC/SeV/GM cells and irRC/AdV/
GM cells had equivalent antitumor effects.

Materials and Methods

Mice. Six to eight week old female immunocompetent BALB/c
and C57BL/6 mice were purchased from Clea Japan, (Tokyo,
Japan) and housed in the Animal Maintenance Facility at
Kyushu University under specific pathogen-free conditions.
All animal experiments were approved by the Committee of the
Ethics on Animal Experiments in the Faculty of Medicine, Kyushu
University and carried out following the Guidelines for Animal
Experiments in the Faculty of Medicine, Kyushu University,
Fukuoka, Japan and The Law and Notification of the Government.
Mouse experiments were carried out at least twice to confirm
results.

Tumor cell lines. WEHI-3B, a mouse myelomonocytic leukemia
cell line, was kindly provided by Dr D. Metcalf (University of
Melbourne), and RENCA, a mouse renal cell carcinoma cell line,
was kindly provided by Dr M. Azuma (Tokyo Medical and Dental
University). Mouse LLC and EL4 (lymphoma) cell lines were
purchased from the American Type Culture Collection (Manassas,
VA, USA). The human non-small-cell carcinoma cell lines PC9,
H1299, H460, and LK87, were kindly provided by Dr K. Takayama
(Kyushu University). The human RCC cell lines Caki-1, Caki-2,
and A498 were purchased from the American Type Culture
Collection. OSRC-2 and VMRC-RCW cells were purchased from
the Riken BioResource Center (Ibaraki, Japan) and the Japanese
Collection of Research Bioresources (Osaka, Japan), respectively.
All cell lines were cultured at 37°C in a humidified atmosphere
containing 5% CO2. All tumor-cell lines except for LLC cells
(which were maintained in DMEM [Gibco, New York, NY,
USA]) were cultured in tissue flasks or Petri dishes containing
RPMI-1640 (Gibco) supplemented with 10% heat-inactivated
FBS and penicillin (100 units/mL), streptomycin (0.1 mg/mL), and
2 mmol/L glutamine (CM).

Preparation of non-transmissible recombinant Sendai virus vectors.
Preparation and recovery of recombinant temperature-sensitive

non-transmissible SeV vectors harboring GFP, mouse GM-CSF,
or human GM-CSF (SeV/dF/GFP, SeV/dF/mGM, and SeV/dF/
hGM, respectively) were constructed as described previously.(21–23)

A series of SeV/dF vectors were prepared using recombinant LLC-
MK2 cells carrying the F gene (LLC-MK2/F7). An adenovirus
vector, AxCANCre, expressing Cre recombinase was used to
induce the F protein into LLC-MK2/F7 cells (referred to as LLC-
MK2/F7/A). Recombinant vaccinia virus vTF7-3 carrying a T7
RNA polymerase was inactivated with psoralen and long-wave
ultraviolet irradiation, and then used to recover the ribonucleoprotein
complex. The viral vectors were further amplified by several
rounds of propagation. The titers of the recovered viral vectors
were expressed as cell infectious units. These vectors were kept
frozen at –80°C until use (Fig. 1a).

Preparation of recombinant adenovirus vectors. The replication-
defective recombinant adenovirus serotype 5 vectors that lack
the E1A, E1B, and E3 genes and harbor the GFP or mouse GM-
CSF genes (AdV/GFP and AdV/G, respectively) were constructed
as described previously(24) and kindly provided by the Riken
BioResource Center. The recombinant virus vectors were pro-
pagated in 293 cells (American Type Culture Collection), and
titers were determined by a plaque-forming assay on 293 cells
(TCID50 method). The adenovirus solution was stored at –80°C
until use. The recombinant adenovirus vector was used as a
control to compare its antitumor activity with that of the
recombinant SeV vectors in the present study (Fig. 1b).

SeV/dF/GFP-mediated green fluorescent protein transduction
efficiency. One million cells of the various mouse (five) and human
(nine) cell lines were seeded in six-well plates and transduced
with SeV/dF/GFP when monolayers reached 60–80% confluence.
As the standard inoculation procedure for vaccination, monolayers
were washed twice with PBS and overlaid with serum-free medium
containing SeV/dF/GFP at a MOI of 0, 1, 10, 50, 100, or 300.
After a 90-min incubation at 37°C, nonadsorbed virus was removed,
medium containing 10% FBS was added, and the cells were
incubated for over 48 h at 37°C. The transduction studies were
carried out in triplicate for each MOI. Microscopy was used to
detect transduced cells by GFP fluorescence. At 48 h after tranduc-
tion, the GFP-transduced cells were analyzed for GFP expression
using a FACS Calibur (BD Pharmingen, Franklin Lakes, NJ, USA).

Fig. 1. Schematic representation of the viral vectors used in the present study. (a) The three recombinant Sendai virus (SeV) vectors (SeV/dF/GFP,
SeV/dF/mGM, and SeV/dF/hGM) were based on the Z-strain of SeV. The SeV genome is delimited by two promoter regions: the leader (ld) and the
trailer (tr) regions. The respective exogenous genes (green fluorescent protein [GFP], mouse granulocyte macrophage colony-stimulating factor [GM-
CSF], and human GM-CSF) were inserted between the ld and the open reading frame of the N gene. The SeV genes encode the envelope-related proteins
M, F, and HN, and the negative-stranded genomic ribonucleotide-protein complex (RNP) proteins N, P/V/C, and L. Temperature-sensitive recombinant
SeV/dF vectors lose expression of the envelope-related M and HN genes, and have ribonucleotide substitutions in the M, HN, and L genes, as indicated
by the arrowheads.(23) (b) The recombinant adenovirus vectors containing the GFP or mouse GM-CSF cDNA expression cassettes (AdV/GFP or AdV/mGM-
CSF) were constructed by homologous recombination between the expression cosmid cassette and the parental virus genome.(24) The expression of
these genes was driven by a CAG promoter. These replication-defective adenovirus serotype 5 (Ad5)-based vectors have deletions in the E1A, E1B, and
E3 regions. ITR, internal terminal repeat.
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Gene transduction and preparation for tumor vaccine cells.
Adenovirus-mediated gene transduction. Tumor cells seeded

in 10-cm Petri dishes were washed with PBS, and 1000 μL viral
solution containing 5–10% FBS was added to each dish. After a
60-min incubation at 37°C, CM was added.

Sendai virus-mediated gene transduction. Tumor cells seeded
in 10-cm Petri dishes were washed with PBS, and 1 mL FBS-
free viral solution was added to each dish. After a 90-min
incubation at 37°C, CM was added.

These adenovirus or SeV genetically modified tumor cells were
incubated for an additional 24 h in CM, and then irradiated with
50 Gy (for mouse tumor cell lines) or 100 Gy (for human cell lines)
using a 137Cs-source γ cell 40 (Atomic Energy of Canada,
Missisauga, ON, Canada). These irradiated cells were incubated
for an additional 1–2 days (for RENCA vaccine cells, a 2-day
incubation), and trypsinized cells were subjected to the following
tumor vaccine experiments.

Quantification of granulocyte macrophage colony-stimulating factor
production levels from granulocyte macrophage colony-stimulating
factor-transduced tumor cells. The in vitro levels of mouse or human
GM-CSF produced from adenovirus- or SeV-mediated GM-CSF-
transduced tumor cells at the indicated MOI and times, with or
without irradiation, were measured using mouse GM-CSF and
human GM-CSF enzyme-linked immunosorbent assay kits (BD
Pharmingen), respectively.

In vitro viability of tumor cells after non-transmissible Sendai virus
transduction. Cell viability was determined by trypan blue exclusion.
Two million parental RENCA or LLC cells were seeded onto
100-mm Petri dishes, transduced with SeV/dF/GFP (MOI = 100)
or SeV/dF/mGM (MOI = 100) for 90 min in serum-free RPMI-
1640 or DMEM, cultured in CM for 48 h, and then trypsinized,
diluted, and stained with 0.4% (w/v) trypan blue (Gibco). The
number of trypan blue-positive and -negative cells was counted
under a light microscope. The percentage of cells excluding trypan
blue was taken as an index of cell viability. Cell morphology was
also visualized under the light microscope.

In vitro proliferation assay. For the proliferation assay, RENCA
or LLC cells were cultured separately in 96-well microplates at
a concentration of 1 × 104 cells/well. After a 4–5-h incubation
with CM to promote cell adhesion, the tumor cells were washed
with PBS, transduced with SeV/dF/GFP (MOI = 1, 10 or 100) or
SeV/dF/mGM (MOI = 1, 10 or 100) for 90 min in serum-free
RPMI-1640 or DMEM, and incubated for 1–4 days. At each time
point (days 0, 1, 2, and 4 after SeV transduction), the number of
viable cells was estimated spectrophotometrically by the incor-
poration of tetrazolium dye using Cell Count Reagent SF (Nacalai
Tesque, Kyoto, Japan). The reagent was added, and the cells were
incubated for an additional 1 h, after which an optical density
value at 450 nm was determined using a microplate reader. All
assays from three independent experiments were carried out in
triplicate.

Experimental design of granulocyte macrophage colony-stimulating
factor-transduced tumor vaccines. On the day of tumor challenge,
RENCA cells that had been thawed from frozen stores and cultured
in vitro for 1–2 weeks were trypsinized, washed twice in HBSS,
and inoculated subcutaneously into the right flank of BALB/c mice
(day 0, 1 × 106 cells/mouse, n = 9). Tumor volume was monitored
two or three times per week. RENCA vaccine cells were inoculated
subcutaneously into the left flank three times weekly, starting
7 days after tumor inoculation. The treatment groups included
HBSS, irRC cells, irRC/AdV/GFP cells (MOI = 300), irRC/AdV/
GM cells (MOI = 300), irRC/SeV/GFP cells (MOI = 100), or
irRC/SeV/GM cells (MOI = 100).

In all tumor-implantation experiments, each injection was
diluted in 100 μL HBSS using a 1-mL tuberculin syringe with a
27-gauge needle. Two bisecting diameters of each tumor were
measured with calipers. The tumor volumes were calculated using
the formula: volume = 0.4ab2, where a is the larger diameter and

b is the smaller diameter. Changes in tumor growth were moni-
tored two or three times per week.

Immunofluorescence analysis for costimulation-related molecules
on dendritic cells. RENCA-bearing mice were treated with the tumor
vaccinations described above. The two left axillary (vaccination
side) DLN were dissected on day 2 after the first tumor vaccination
and on day 7 after the third tumor vaccination. All single-cell
suspensions from DLN (n = 3/group) were prepared by mechanical
homogenization. The number of cells was determined by counting
crushed DLN with a hemocytometer under a light microscope.
For phenotype profiles of DC, the cells were washed and blocked
with antimouse CD16/32 FcR antibody for 15 min and then
analyzed by triple immunostaining using the following monoclonal
antibodies: fluorescein isothiocyanate-conjugated anti-CD86,
phycoerithrin (PE)-conjugated anti-CD80, APC-conjugated anti-
CD11c, and isotype controls (all from eBioscience, San Diego, CA,
USA) for 30 min at room temperature. Analysis was carried out
using a FACS Calibur with CellQuest software (BD Pharmingen).
Data were collected on 40 000 viable cells.

In vitro cytotoxicity assay. Splenocytes were prepared from dead
RENCA-bearing mice 7 days after the third indicated tumor
vaccination as described above. The vaccination groups included
irRC/AdV/GFP, irRC/AdV/GM, irRC/SeV/GFP, and irRC/SeV/GM
cells. To generate RENCA-specific effector cells, splenocytes
(4 × 106 cells/well) depleted of erythrocytes with ammonium
chloride were cocultured with mitomycin C (100 μg/mL, 90 min,
37°C)-treated RENCA cells at a ratio of 10:1 in 1 mL CM in 24-
well plates at 37°C in 5% CO2. Two days later, recombinant
human IL-2 (PeproTech EC, London, UK), at a concentration of
30 U in 500 μL fresh CM, was added to each well. Splenocytes
were harvested on day 6 and used as effector cells in a standard
5-h 51Cr release assay to examine antitumor cytolytic activity.(25)

Briefly, both RENCA cells as the tumor target and WEHI-3B cells
as the cold target (1 × 106 cells) were labeled with 3.7 MBq
100 μCi Na2

51CrO4 (PerkinElmer, Boston, MA, ISA) in 200 μL
CM for 90 min at 37°C. After three washes with PBS, the
labeled target cells (1 × 104 cells/well) were incubated with the
effector cells for 5 h at 37°C in 96-well round-bottomed microtiter
plates at the indicated effector:target ratios. The plates were
then centrifuged at 50g for 5 min, and the radioactivity of the
supernatants was measured with a γ counter from Auto Well Gamma
Systems (Aloka, Tokyo, Japan). The maximum and spontaneous
release were determined from samples incubated with 1%
Triton X-100 and medium alone, respectively. Cytolytic activity
was calculated using the following formula: specific 51Cr release
(%) = (experimental release – spontaneous release) × 100/(maximum
release – spontaneous release). Assays were carried out in
triplicate. The spontaneous release in all assays was <10% of
the maximum release.

Detection of splenic cytotoxic T lymphocyte activity using the CD107a
mobilization assay. To monitor the cytolytic activity of putative
tumor-specific CTL (CD3+CD8+ T), the CD107a mobilization
assay was carried out to detect CTL degranulation.(26–28) Briefly,
splenocytes (1 × 104 cells/well) harvested as described previously
were cocultured in CM with RENCA cells at a ratio of 20:1 for 72 h.
The cell suspension was then collected and restimulated with or
without RENCA cells or WEHI-3B cells at the indicated ratio for
an additional 5–6 h in the presence of phycoerithrin (PE)-conjugated
antimouse CD107a antibody or isotype IgG controls. Cells were
washed and blocked with antimouse CD16/32 FcR antibody for
15 min and then surface stained with fluorescence-conjugated
antimouse CD3, CD8, and CD107a markers (all from eBioscience).

Interferon-g and interleukin-4 ELISPOT assay for splenocytes of mice
immunized with tumor vaccine cells. On day 6 after the second tumor
vaccination in the therapeutic model described above, mice were
killed and their splenocytes were tested for mouse IFN-γ and IL-
4 secretion using an ELISPOT assay kit (Cytokine ELISPOT Set;
BD Pharmingen). ImmunoSpot ELISPOT 96-well plates were
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coated with 5 μg/mL purified antimouse IFN-γ or antimouse IL-
4 monoclonal antibody and incubated overnight at 4°C. Wells were
washed with PBS containing 0.05% Tween 20 and incubated for
2 h with blocking buffer (RPMI-1640 with 10% FBS) at room
temperature. Red blood cell (RBC)-depleted splenocytes (1 × 105)
were incubated for 20 h at 37°C with 5% CO2 in the presence
or absence of irradiated RENCA cells or WEHI-3B cells at
the indicated splenocyte:irradiated tumor cell ratios (100:1 and
50:1) in a total volume of 200 μL. As a positive control, 20 ng/mL
phorbol 12-myristate 13-acetate (PMA) (Sigma, St Louis, MO,
USA), known as a mitogen for T-cell stimulation, was added to
the indicated wells. After the plates were washed, the wells were
incubated with 2 μg/mL biotinylated antimouse IFN-γ or
antimouse IL-4 monoclonal antibody for 2 h at room temperature.
The plates were then washed extensively, incubated with
streptavidin–horseradish peroxidase solution for 1 h at room
temperature, washed twice, incubated with Final Substrate
Solution (AEC substrate mixed with AEC Chromogen; BD
Pharmingen), and then monitored for spot development for 5 min
at room temperature. After drying, spots indicating IFN-γ- or IL-
4-secreting cells were enumerated manually under a dissecting
Axiovert microscope (Zeiss, Jena, Germany) and expressed as
the mean number of spots + SD of quadruplicated determinations.

Cytometric bead array and enzyme-linked immunosorbent assays
for the quantification of mouse cytokines produced from splenocytes
of mice immunized with tumor vaccine cells. Similar to the ELISPOT
analysis, RBC-depleted mouse splenocytes (5 × 106) harvested on
day 6 after the second tumor vaccination were incubated in the
presence or absence of irradiated RENCA cells at a 10:1 ratio in
a total volume of 1.0 mL at 37°C for 20 h. Cell supernatants were
collected, and the concentrations of mouse IL-2, IL-4, IL-5, TNF-
α, and IFN-γ were measured using the BD Mouse Th1/Th2 Cytokine
Cytometric Bead Array Kit (BD Pharmingen) according to the
manufacturer’s protocol. The concentration of IL-6 was measured
using a mouse IL-6 immunoassay kit (R&D Systems, Minneapolis,
MN, USA) according to the manufacturer’s procedure.

Immunohistochemistry. On day 6 after the second indicated tumor
vaccination in the therapeutic RENCA model described above,
established RENCA tumors (n = 3/group) were snap frozen by
overlaying with OCT compound (Sakura Fine Technical, Tokyo,
Japan). All samples were stored at –80°C until analysis. Serial
cryostat (8–10-μm) frozen sections were adhered to Superfrost
slide glasses (Matsunami, Osaka, Japan), fixed in acetone at room
temperature for 10 min, air-dried, and rinsed in distilled water to
remove the embedding medium. Staining for TIL was conducted
following standard procedures. Briefly, sections were incubated
sequentially overnight at 4°C with the appropriately diluted primary
antibodies mouse CD4 (GK1.5), CD8 (53–6.7), CD11c (N418),
and FoxP3 (FJK-16s) (all from eBioscience) following the manu-
facturer’s instructions, followed by a 1-h incubation with biotiny-
lated antirat or antihamster secondary antibody (eBioscience).
After a 30-min incubation with streptavidin–peroxidase (Dako
Japan, Kyoto, Japan), antigen–antibody reactions were developed
using 3,3′-diaminobenzidine (Nakalai Tesque, Kyoto, Japan) sub-
strate. Slides were washed three times with PBS between each
incubation step, counterstained with Mayer’s hematoxylin, and
dehydrated in a sequentially graded alcohol and xylene series
prior to mounting. All incubations were conducted in a humid
chamber. Photographs were taken with an Axiovert microscope.
The stained cells were visualized in a series of high-power fields
and counted microscopically at ×200 magnification in 30–70 high-
power fields. The percentages of positive cells were calculated,
and the results are expressed as the mean ± SD.

Immunofluorescence analysis for tumor-infiltrating cytolytic effector
cells. At the same time as the in vitro cytotoxicity assay, established
RENCA tumors (n = 3/group) were dissected. For flow cytometric
analysis, we placed tumors in six-well plates and minced them
finely. They were transferred to 15-mL tubes, incubated for 90 min

under continuous rotation in RPMI-1640-containing collagenase
(Gibco), and passed through a 70-μm strainer, washed and resu-
spended in PBS. Viable lymphocytes were enriched and collected
using centrifugation over Lympholyte-M (Cedarlane Laboratories,
Barlington, ON, Canada) at 1000× for 20 min and counted using
a hemocytometer. Subsequently, to quantify the cytolytic effector
cells in TIL, the cell suspensions were stained with fluorescence-
conjugated antimouse CD8, anti-DX-5, and antimouse CD107a
antibodies for 30 min. The cells were washed twice in staining
buffer and analyzed on a FACS Calibur.

Statistical analysis. For statistical analysis, a two-tailed Student’s
t-test was used. The P-values were obtained from two-tailed tests
of statistical significance. Survival was plotted using Kaplan–Meier
curves and statistical relevance was determined by a log-rank
comparison using Statview software. A probability value was
considered significant when P < 0.05.

Results

Transduction efficiency of the SeV/dF/GFP vector into various human
and mouse tumor-cell lines. Nine human and five mouse tumor-
cell lines propagated in vitro were collected, transduced by SeV/
dF/GFP, and examined for gene transduction efficiency. Flow
cytometric analyses showed dose-dependent GFP expression, and
optimal expression was obtained at MOI of 10–100; >90% GFP-
positive tumor-cell lines were detected at MOI over 10 (Fig. 2a,b).

Continuous in vitro granulocyte macrophage colony-stimulating
factor expression was obtained with SeV/dF/mGM- and SeV/dF/hGM-
transduced tumor-cell lines. Next, we quantified that levels of GM-
CSF produced from mouse or human GM-CSF-transduced tumor
cell lines (by SeV/dF/mGM or SeV/dF/hGM, respectively) at the
indicated MOI. As shown in Figure 3a, mouse GM-CSF levels
produced from four histologically different mouse tumor cell
lines that were SeV/dF/mGM tranduced were maximized to
more than 300 ng/106 cells/24 h, at MOI over 50. Likewise, four
human cell lines (two non-small-cell lung cancer and two RCC
cell lines) that were transduced with SeV/dF/hGM produced
sufficiently high GM-CSF levels in a MOI-dependent manner
for at least 7 days after transduction (Fig. 3b). Taken together,
these findings demonstrate that SeV/dF/GFP, SeV/dF/mGM, and
SeV/dF/hGM vectors have highly successful and continuous gene
transduction in various tumor cell lines.

SeV/dF vectors did not inhibit the proliferation or viability of
transduced tumor cell lines. To exclude the possibility that the SeV-
transduced exogenous genes and constitutive SeV viral components
affected the survival and growth of tumor cells, parental RENCA
or LLC tumor cells transduced with either SeV/dF/GFP or SeV/
dF/mGM at the indicated MOI were cultured in vitro under the
same conditions, and cell viability and proliferation were evaluated.
SeV transduction (MOI = 100) had little effect on RENCA and
LLC cell survival on day 2 when RC/SeV/G cells had rather
significantly greater viability than non-transduced RENCA and
RC/SeV/GFP cells (P < 0.05) (Fig. 3c,d). Furthermore, after SeV/
dF/GFP transduction at various MOI, both RENCA and LLC cells
had the same proliferation rates as non-transduced cells (control)
over 4 consecutive days (P < 0.05) (Fig. 3e,f).

Effects of irradiation on granulocyte macrophage colony-stimulating
factor production from SeV/dF/G-transduced tumor cells in vitro. To
determine the effects of irradiation on the transgene expression
of SeV/dF/G-transduced tumor cells, we measured GM-CSF
production levels from SeV/dF/G-transduced RENCA (mouse)
or A549 (human) cells, with or without irradiation on day 1 (50 Gy
and 100 Gy, respectively), at the indicated MOI and times. As
shown in Figure 4a,b, irradiated A549 cells produced significantly
higher levels of GM-CSF than non-irradiated A549 cells, whereas
irradiated RENCA cells produced lower (day 2) or similar (days
3 and 5) levels of GM-CSF than non-irradiated RENCA cells. The
different observations between RENCA and A549 cells seemed
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to be negligible, and tumor vaccine cells continued to produce
abundant GM-CSF even on day 5 after SeV transduction.

Therapeutic vaccination with irradiated SeV- or adenovirus-mediated
granulocyte macrophage colony-stimulating factor-transduced RENCA
cells retarded established tumor development in vivo. We determined
the optimal MOI of adenovirus or SeV vectors for tumor vaccina-
tion in preliminary experiments. Irradiated RENCA cells transduced
with AdV/mGM or SeV/dF/mGM at a MOI of 300 or 100
produced the highest levels of mouse GM-CSF in vitro (1250 ±
15.9 ng/106 cells/48 h and 643.98 ± 57.61 ng/106 cells/48 h, respec-
tively), and showed the most effective antitumor efficacies in
therapeutic experiments in RENCA-bearing mice (data not shown).
Next, we directly compared the in vivo antitumor therapeutic
effects of tumor vaccination between irRC/AdV/GM and irRC/SeV/
GM cells. Immunocompetent BALB/c mice were inoculated sub-
cutaneously into the right flank with parental RENCA cells (day
0). On days 7, 14, and 21, 1 × 106 cells of irRC, irRC/AdV/GFP,
irRC/SeV/GFP, irRC/AdV/GM, or irRC/SeV/GM were inoculated
subcutaneously into the left flank as a tumor vaccination. On day
24, the growth of established RENCA tumors was significantly
retarded in mice treated with irRC/AdV/GM or irRC/SeV/GM

cells compared with control mice (irRC/AdV/GFP or irRC/SeV/
GFP, respectively) (P < 0.05) (Fig. 4c), although tumor development
was not eliminated in all treated mice. Mice treated with irRC/
SeV/GM cells survived longer than those treated with irRC/
AdV/GM cells (P < 0.05) (Fig. 4d), whereas the antitumor effect
of irRC/SeV/GM cells was not statistically significant on day 24
compared with that of irRC/AdV/GM cells, suggesting that irRC/
SeV/GM vaccination may prevent primary metastases.

Therapeutic vaccination with irradiated SeV- or adenovirus-mediated
granulocyte macrophage colony-stimulating factor-transduced RENCA
cells enhanced the expression of the costimulatory markers CD80 and
CD86 on dendritic cells in vivo. We next examined the expression
levels of the costimulatory markers CD80 (B7-1) and CD86 (B7-
2) on DC (CD11c+) in DLN during therapy with tumor vaccination.
As shown in Figure 5a,b, the total numbers of CD80+, CD86+,
and CD80+CD86+ DC in DLN from mice treated with irRC/AdV/
GM or irRC/SeV/GM cells were increased significantly compared
with those of mice treated with their respective controls, at the
earlier phase on day 2 after first tumor vaccination. The only
exception was the CD80+ DC comparison between irRC/SeV/
GFP and irRC/SeV/GM therapy (P < 0.05). Furthermore, at the later

Fig. 2. Transduction of various mouse and human cell lines with the SeV/dF/GFP vector. (a) RENCA (row 1), Lewis lung carcinoma (LLC) (row 2), and
H1299 cells (row 3) were transduced with SeV/dF/GFP at a multiplicity of infection (MOI) of 100. Fluorescence microscopy of transduced cells was
carried out 48 h later (green fluorescent protein [GFP] phases are displayed in column 3). The background fluorescence of transduced cells (control;
column 1) was determined in non-transduced cultures. Phase contrast pictograms are displayed in columns 2 and 4. (b) Nine mouse and five human
cell lines were transduced with SeV/dF/GFP at MOI of 0, 1, 10, 50, 100, and 300. The percentage of GFP-expressing cells was determined by flow
cytometric analysis. The bar graph depicts the percentage of GFP-positive cells at 48 h after transduction with or without SeV/dF/GFP.
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phase, on day 7 after the third tumor vaccination as a booster,
the total numbers of CD80+, CD86+, and CD80+CD86+ DC in DLN
from mice treated with irRC/AdV/GM or irRC/SeV/GM cells were
increased significantly, amplified almost 10 times compared with
those observed at the earlier phase and those treated with their
respective controls (P < 0.05). Similar to these results, the percent-
ages of CD80+-, CD86+-, and CD80+CD86+-stained cells on DC
from mice treated with irRC/AdV/GM or irRC/SeV/GM cells were
also higher than those of mice treated with their respective controls
at the same two time points (data not shown). Collectively, these
results suggest that the costimulatory markers were markedly
upregulated by GM-CSF-transduced RENCA vaccines.

Splenocytes from mice treated with irRC/AdV/GM or irRC/SeV/GM cells
showed tumor-specific cytotoxicitiy against RENCA cells. To compare

the in vitro cytolytic activity against RENCA cells, we next
carried out a 51Cr-release assay using splenocytes from each
immunized mouse. Prior to the cytotoxicity assay, we evaluated
MHC class I (H-2Kd) surface expression on RENCA and WEHI-
3B tumor cells by flow cytometry, as MHC class I expression on
tumor cells is required for CTL recognition in cancer immuno-
therapy.(29) MHC class I expression was high on RENCA cells and
moderate on WEHI-3B cells (data not shown). Mice were killed
7 days after the last-indicated tumor vaccination and splenocytes
were harvested. Prepared splenocytes were restimulated in vitro
with mitomycin (MMC)-treated RENCA cells for 6 days, and
cytolytic activity was measured. The results showed that cytotoxicity
against RENCA cells from mice treated with irRC/AdV/GM or
irRC/SeV/GM cells were elevated and superior to those from

Fig. 3. Granulocyte macrophage colony-stimulating factor (GM-CSF) production from mouse or human tumor cell lines transduced with SeV/dF/mGM
or SeV/dF/hGM, and the viability and proliferation of Sendai virus (SeV)-transduced cells. (a) One million cells from four mouse tumor cell lines were
transduced with SeV/dF/mGM at multiplicities of infection (MOI) of 0, 1,10, 50, 100, and 300 for 90 min in serum-free RPMI-1640 and incubated for
10% fetal bovine serum (FBS)/RPMI in 6-well plates for 24 h. Mouse GM-CSF levels produced in each supernatant were measured by enzyme-linked
immunosorbent assays. (b) Human GM-CSF levels produced by four human cell lines (two for non-small-cell lung cancer [NSCLC] and two for renal cell
carcinoma [RCC]) transduced with SeV/dF/hGM at MOI of 1, 10, and 100 on days 2, 3, 5, and 7 after transduction were measured by enzyme-linked
immunosorbent assays. Cell viability after SeV infection was evaluated by trypan blue exclusion. (c,d) Two million parental RENCA or Lewis lung
carcinoma (LLC) cells were transduced with SeV/dF/GFP (MOI = 100) or SeV/dF/mGM (MOI = 100) for 90 min, and cultured for 48 h. The number of
trypan blue-positive and -negative cells was counted under a light microscope, and the percentage of cells excluding trypan blue is represented as
an index of cell viability. (e,f) RENCA and LLC cells were cultured separately in 96-well microplates at 1 × 104 cells/well. They were transduced with
SeV/dF/GFP (MOI = 1, 10, or 100) or SeV/dF/mGM (MOI = 1, 10, or 100) for 90 min in serum-free medium, and cultured for 1, 2, and 4 days in RPMI-1640
with 10% FBS or Dulbecco’s modified Eagle’s medium with 10% FBS, respectively. At each time point (day 0, 1, 2, or 4 after SeV transduction), the
number of viable cells was estimated spectrophotometrically by the incorporation of tetrazolium dye. Representative data from three independent
experiments are shown.



Inoue et al. Cancer Sci | November 2008 | vol. 99 | no. 11 | 2321
© 2008 Japanese Cancer Association

mice treated with their respective controls. Intriguingly, a
relatively low level of cytotoxicity was observed in mice treated
with irRC/SeV/GFP cells (Fig. 6a). In contrast, when control
syngeneic WEHI-3B cells were used as a target, they showed
negative results (Fig. 6b). These results indicate that GM-CSF
but not GFP substantially contributes to the induction of
RENCA-specific antitumor activity.

In order to examine whether the cytolytic effector cells consisted
mainly of CD8+ T cells (CTL), a CD107a (lysosomal membrane
glycoprotein 1) mobilization assay (a surrogate for lytic degran-
ulation)(26–28) was carried out using restimulated splenocytes with
RENCA cells in vitro. CD107a mobilization of CD8+ T cells against
RENCA cells was increased significantly in mice treated with
irRC/AdV/GM and irRC/SeV/GM cells compared with those treated
with their respective controls, whereas the mobilization of CD8+

T cells incubated with WEHI-3B cells remained at basal levels
(P < 0.05) (Fig. 6c). The results suggest that tumor-specific CD8+

T cells were generated in vivo and possessed the capacity to
release an abundant amount of cytolytic granules, including
perforin and granzyme B.

In vitro inflammatory cytokine production profile of splenocytes
from mice treated with granulocyte macrophage colony-stimulating
factor-transduced RENCA vaccine cells. For characterization of the
immunomodulatory effects of GM-CSF-transduced RENCA vacci-
nation, we examined in vitro inflammatory cytokine production
of splenocytes cocultured with or without irradiated RENCA cells
using immunocompetent mice immunized with RENCA vaccine
cells. First, to quantify the number of IL-4- or IFN-γ-producing
splenocytes, splenocytes harvested from mice either untreated or
treated with irRC/AdV/GFP, irRC/SeV/GFP, irRC/AdV/GM, or
irRC/SeV/GM cells were subjected to an in vitro ELISPOT assay
for IFN-γ and IL-4. When cocultured in the presence of irradiated
RENCA cells, the number of splenocytes from RENCA-bearing
mice treated with either irRC/AdV/GM or irRC/SeV/GM cells that
produced both IFN-γ and IL-4 was significantly higher than those
from each control group (irRC/AdV/GFP or irRC/SeV/GFP)
(P < 0.05). In addition, the number of splenocytes from mice
treated with irRC/SeV/GM cells that produced IFN-γ was significantly
higher than those from mice treated with irRC/AdV/GM cells
(P < 0.05) (Fig. 7a). These enhanced IFN-γ-producing cells were

Fig. 4. In vitro effects of irradiation on granulocyte macrophage colony-stimulating factor (GM-CSF) production from SeV/dF/G-transduced tumor cells
and in vivo effects of irradiated Sendai virus (SeV)- or adenovirus-mediated GM-CSF-transduced RENCA vaccine cells against established tumors. (a,b)
Levels of GM-CSF produced from SeV/dF/mGM-transduced mouse RENCA cells or SeV/dF/hGM-transduced human H1299 cells with or without
irradiation (on day 1) were measured comparatively at multiplicities of infection (MOI) of 1, 10, and 100 on days 2, 3, and 5 after transduction by
enzyme-linked immunosorbent assays. (c) One million of the parental RENCA cells were inoculated subcutaneously into the right flank of BALB/c mice
(n = 9), followed by subcutaneous inoculation of 1 × 106 cells of the indicated RENCA vaccine in the left flank weekly for three times (on days 7, 14,
21). The treatment groups included Hank’s buffered salt solution (HBSS) only, irRC, irRC/AdV/GFP, irRC/AdV/GM, irRC/SeV/GFP, and irRC/SeV/GM cells.
For adenovirus- or SeV-mediated transduction for preparing tumor vaccine cells, RENCA cells were transduced with adenovirus or SeV at a MOI of 300
or 100, respectively. Tumor volume was monitored twice or three times per week. (d) Survival curve of the RENCA-bearing mice treated with tumor
vaccination as described above. Bar graphs depict the means ± SEM. Significant differences are denoted with asterisks (*P < 0.05).
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tumor-antigen specific, as the numbers of IFN-γ- or IL-4-producing
cells in the presence of an irrelevant antigen (irradiated WEHI-
3B cells) were as low as those in the absence of antigen (Fig. 7b).

We next quantified various inflammatory cytokines produced
by splenocytes from mice either left untreated (HBSS only) or
treated with irRC/AdV/GFP, irRC/SeV/GFP, irRC/AdV/GM, or irRC/
SeV/GM cells. After a 20-h coculture with or without irradiated
RENCA cells, supernatants were collected, and the following
cytokines were measured: IL-2, IL-4, IL-5, IL-6, IFN-γ, and TNF-
α. The IFN-γ, IL-2 (Th1), and IL-4 (Th2) levels produced by
splenocytes in the presence of stimulator cells, from mice treated
with irRC/AdV/G or irRC/SeV/G cells were significantly higher
than those from their respective GFP controls (P < 0.05) (Fig. 7d–f).
In particular, only the IFN-γ production of restimulated spleno-
cytes from mice treated with irRC/SeV/GM cells was greater than
those treated with irRC/AdV/GM cells, which were similar to the
results of the ELISPOT assay (P < 0.05) (Fig. 7d). Intriguingly,
both the IL-2 and IL-6 production levels of restimulated spleno-
cytes from mice treated with irRC/SeV/GFP cells were significantly
higher than those treated with irRC/AdV/GFP cells (P < 0.05)
(Fig. 7e,h). Although the TNF-α and IL-6 production levels of
restimulated splenocytes from all mice treated (except for the
HBSS-treated group) were markedly elevated, there was no
significant difference between those seen in each GFP-treated

group and GM-CSF-treated group (Fig. 7c,h). The IL-5 production
levels of restimulated splenocytes from mice treated with irRC/
AdV/GM or irRC/SeV/GM cells were higher than those treated
with their respective GFP controls (irRC/SeV/GM vs irRC/SeV/
GFP; P < 0.05) (Fig. 7g).

Characterization of tumor-infiltrating leukocytes induced by irradiated
granulocyte macrophage colony-stimulating factor-transduced RENCA
vaccine cells. The tumor microenvironment is composed of an
elaborate mixture of tumor- and host-derived cells. To identify
the key immune cells that induced the antitumor effects by
irradiated GM-CSF-transduced RENCA vaccine cells, the distri-
bution profiles of TIL in RENCA-bearing mice either untreated
or treated with the indicated vaccination (irRC/AdV/GFP, irRC/
SeV/GFP, irRC/AdV/GM, or irRC/SeV/GM) were assessed by
immunohistochemistry. The results showed more infiltrating
CD8+ T cells in tumors of mice treated with irRC/AdV/GM or
irRC/SeV/GM cells than those treated with their respective
controls (irRC/AdV/GFP and irRC/SeV/GFP) (P < 0.05). In
addition, more infiltrating CD4+ T cells were observed in tumors
of mice treated with irRC/SeV/GM cells than in those treated
with irRC/SeV/GFP cells (P < 0.05) (Fig. 8a). CD11c (DC) and
FoxP3 (regulatory T cells) staining was not significantly different
among each tumor vaccination group.

To confirm whether the tumor-infiltrating effector cells, CD8+

T cells (CTL), and NK (DX-1+) cells were in functionally cytolytic
conditions, we next quantified comparatively the cell number
density of CD107a-expressing CD8+ T and NK cells in tumors
during therapeutic tumor vaccination. As shown in Figure 8b,
tumor vaccination with irRC/AdV/GM or irRC/SeV/GM cells
induced significantly enhanced recruitment of both CD107a+CD8+

T cells and CD107a+ NK cells into local tumors compared with
those induced by their respective controls (irRC/AdV/GFP and
irRC/SeV/GFP) (P < 0.05).

Discussion

In the present study, we demonstrated that non-transmissible
SeV-mediated GM-CSF-transduced RENCA tumor vaccine cells
were effective and well tolerated in mouse therapeutic tumor
models, indicating that this novel SeV is a promising gene-delivery
vector for clinical GM-CSF-transduced tumor vaccines. The in vitro
GM-CSF levels produced from various mouse and human tumor
cell lines transduced with SeV/dF/mGM or SeV/dF/hGM were
equivalent to those transduced with the corresponding adenoviral
vectors, which are known to efficiently deliver GM-CSF transgenes
(in vitro adenovirus transduction; data not shown). Interestingly,
although the in vitro GM-CSF level produced by irRC/SeV/G
cells (643.98 ± 57.61 ng/106 cells/48 h) was approximately half
the amount of that produced by irRC/AdV/GM cells (AdV/G 1250 ±
15.9 ng/106 cells/48 h), irRC/SeV/GM cells exerted an equivalent
antitumor effect compared to that of irRC/AdV/GM cells, and
resulted in longer survival than that of irRC/AdV/GM cells in the
RENCA-bearing mouse model. Our finding that SeV transduction
itself did not have inhibitory effects on the proliferation or
viability of RENCA cells in vitro could further support the in vivo
antitumor effect.

The key role of GM-CSF as an immunomodulator is its ability
to recruit and activate functional APC(4) such as DC.(2,3,6) In the
present study, vaccination with irradiated SeV- or adenovirus-
mediated GM-CSF-transduced RENCA cells enhanced the expres-
sion of the costimulatory markers CD80 and CD86 on DC in DLN,
which elicited lymphadenopathy with marked expansion of these
activated DC numbers, whereas differences in the numbers observed
between irRC/AdV/GM and irRC/SeV/GM cells were mild. Besides,
the total cell numbers of NK (DX-5+), CD3+CD4+ T, and CD3+CD8+

T cells in DLN were also increased when treated with these
GM-CSF-transduced RENCA vaccine cells (data not shown).
Hence, the ability of overexpressed endogenous GM-CSF to recruit

Fig. 5. Enhanced recruitment of activated dendritic cells (DC) in draining
lymph nodes (DLN) induced with Sendai virus (SeV)- or adenovirus (AdV)-
mediated GM-CSF-transduced RENCA vaccine cells. The two left axillary DLN
were harvested on (a) day 2 after the first tumor vaccination and (b)
day 7 after the third tumor vaccination. The total numbers of CD11c+

cells (DC) expressing costimulatory markers (CD80+, CD86+, CD80+ CD86+)
in DLN of mice treated with the indicated tumor vaccination are shown.
Bar graphs depict the means ± SEM. Significant differences are denoted
with asterisks (*P < 0.05). Representative data from two independent
experiments are shown.
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massive numbers of mature DC with enhanced tumor antigen
presentation and immunostimulatory functions(1,6,30) as well as
other lymphocytes into DLN presumably, in a coordinated manner,
activated succeeding effector cells, partially because these relative
increases in both CD80 and CD86 expression on DC may lessen
the amount of antigen required to trigger T-cell proliferation.(31)

Our results from the in vitro cytotoxicity assay, ELISPOT, and
enzyme-linked immunosorbent assay using splenocytes showed
that the tumor-specific antitumor immunity of the GM-CSF-based
immunotherapy was induced through cytolytic CTL and systemic
greater production of immunostimulatory cytokines, including
IL-2, IFN-γ (Τh1 cytokines),(32,33) IL-4,(33,34) IL-5,(32,34) IL-6 (Th2
cytokines),(35) and TNF-α. These findings, taken together with
studies assessing the efficacy of GM-CSF-based tumor vaccines
in cytokine-deficient mice,(36) suggest principal roles for both Th1
and Th2 immune responses in provoking the antitumor effects of
GM-CSF. Among the cytokines measured, elevated IL-5 pro-
duction induced by GM-CSF-based tumor vaccines suggests that
GM-CSF systemically activates eosinophils, which are considered
to be involved in GM-CSF-induced antitumor responses.(9,11,34,37)

Our immunohistochemical analysis showed a significant increase
in infiltrating CD4+ and CD8+ T cells in tumors treated with
irRC/SeV/GM or irRC/AdV/GM cells compared to those treated
with their respective GFP controls, consistent with the previous
findings that underscored the significance of the number of
tumor-infiltrating CD4+ or CD8+ T lymphocytes in antitumor
immunity.(36,38,39) In particular, Dranoff et al. reported that CD4+

and CD8+ T cells are required for optimal antitumor efficacy elicited
by GM-CSF-producing tumor vaccines.(1,3,40) The achievement
of immunotherapeutic strategies against cancer depends on
the generation of tumor-specific T cells, which can efficiently
enter the tumor tissues and interact with target tumor cells mainly
by their releasing perforin and granzyme B.(26,27,41,42) Indeed,
significantly increased numbers of CD107a-expressing CD8+ T
and NK cells were observed in tumors of mice vaccinated with
irRC/AdV/GM or irRC/SeV/GM cells (Fig. 8b). In conjunction with
our results from the cytotoxicity assay, these results indicate that
the GM-CSF-based tumor vaccines promoted to generate both
of the functional CTL (adaptive immunity) and NK cells (innate

immunity), and these cells are considered to interact to induce
antitumor effects in vivo.(9,37,40,43)

Whereas remarkable differences between SeV-mediated gene
transduction and adenovirus-mediated gene transduction were not
observed in our immunological assays, significantly higher IL-6
production by restimulated splenocytes was observed when they
were treated with the vaccination of irRC/SeV/GFP cells com-
pared with irRC/AdV/GFP cells. IL-6 is a multifunctional cytokine
that controls various immune responses, including inflammation.(35)

Grohmann et al. reported that IL-6 plays a critical role in mediating
the effects of CD40 ligation in DC and enhancing their immuno-
genicity.(44) Kurooka et al. reported that HVJ-E (Sendai virus-
envelope) alone eradicates tumors, and speculated that the
mechanisms of the antitumor effect of HVJ-E may include a rescue
from regulatory T cell-mediated immunosuppression, through
dominant IL-6 secretion from DC stimulated with F glycoprotein
of HVJ-E.(45,46) Accordingly, our finding that upregulated IL-6
production by splenocytes (including DC) when treated with SeV/
dF-based vectors may be one of the advantages of SeV/dF-based
vectors over adenovirus-based vectors and may provide us with
an encouraging rationale to use them for cancer immune gene
therapy. Another expected advantage of the use of SeV/dF-based
vectors is that SeV/dF is considered to be safe as it can mediate
gene transfer to a cytoplasmic location, evading possible malig-
nant transformation due to nuclear mutations of host cells.(18)

Furthermore, actual preclinical achievements in DC-based tumor
immunotherapy(22,25) and cancer gene therapy(47,48) using novel SeV
vectors have recently been reported.

Despite these beneficial characteristics of SeV, the use of SeV
vectors as well as adenovirus vectors has been limited by elevated
immune responses to their viral components when administered
in vivo. However, in the present study, the method of ex vivo SeV/
dF transduction into autologous tumor cells followed by the
removal of nonabsorbed virus could avoid or minimize the inten-
sive immune responses to SeV/dF in vivo. Before translating the
SeV/dF-mediated autologous GM-CSF-transduced vaccine into
a clinical setting, we need to confirm the ex vivo transduction
efficiencies and the GM-CSF levels produced by primary speci-
mens resected from several cancer patients. Our study showed

Fig. 6. In vitro cytotoxicity assays and the effector
cells contributing to the antitumor effects induced
by the irradiated Sendai virus (SeV)- or adenovirus
(AdV)-mediated granulocyte macrophage colony-
stimulating factor (GM-CSF)-transduced RENCA
vaccine cells. (a,b) Seven days after the third
tumor vaccination with irRC/AdV/GFP, irRC/SeV/GFP,
irRC/AdV/GM, or irRC/SeV/GM cells, mice were
killed to harvest splenocytes. Splenocytes were
restimulated with mitomycin C-treated RENCA cells
for 6 days and used as effector cells in a 51Cr-release
assay. (a) 51Cr-labeled RENCA cells used as target
cells and (b) WEHI-3B cells used as non-specific
target cells were cocultured with effector cells
at the indicated effector to target (E : T) ratios
for 5 h. (c) CD107a mobilization of splenic CD8+

T cells from mice treated with the indicated
tumor vaccinations. Splenocytes were restimulated
in vitro for 72 h with RENCA cells. The cells were
then cultured with or without RENCA or WEHI-3B
cells for an additional 5–6 h. The percentages of
CD107a-expressing CD3+CD8+ T cells are indicated.
The values represent the means ± SEM of the
percentage cytotoxicity. Representative data from
three independent experiments are shown.
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that irradiated A549 (human lung cancer) cells produced signif-
icantly higher levels of GM-CSF in vitro than did non-irradiated
A549 cells (Fig. 4b). It could be explained by the report that
irradiation enhanced the transcription of various genes, including
p53 and nuclear factor-κB,(49) as well as their transfection and
transduction efficiencies and transgene integration.(50–52) The
different effects of irradiation between RENCA and A549 cells
are inferred to be dependent on the type or species of tumor cells.
In some cases, irradiation may be useful to produce GM-CSF-
transduced tumor vaccines from patients’ tumors.(53)

In conclusion, we have demonstrated that non-transmissible
SeV-mediated GM-CSF-transduced tumor vaccines have antitumor
effects on RENCA-bearing mice. Consequently, our results imply,

for the first time, that non-transmissible SeV/dF/G could emerge
as an alternative, safe vector for cytoplasmic GM-CSF-gene-
transduced tumor immunotherapy, although further preclinical
investigations using various tumor-cell types are needed.
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Fig. 7. In vitro inflammatory cytokine production profiles of splenocytes from mice treated with granulocyte macrophage colony-stimulating
factor (GM-CSF)-transduced RENCA vaccine cells. (a,b) Interferon (IFN)-γ and interleukin (IL)-4 production by splenocytes from mice immunized with
irRC/AdV/GM or irRC/SeV/GM cells were evaluated using mouse (a) IFN-γ and (b) IL-4 ELISPOT assays. Ten thousand splenocytes, as responder cells (R),
from RENCA-bearing mice treated with the indicated tumor vaccines were incubated for 20 h with or without stimulator cells (S) or PMA at the
indicated R : S ratios. Bound cytokines were visualized by incubation with biotinylated anti-IFN-γ and anti-IL-4 monoclonal antibodies, followed by
streptavidin–horseradish peroxidase, and the premixed peroxidase substrate 3-amino-9-ethylcarbazole (AEC). Results are expressed as the mean
number of spot-forming cells + SD from quadruplicate determinations per 1 × 105 splenocytes. (c–h) Splenocytes were harvested from mice 5 days
after the last inoculation of the indicated tumor vaccines and then cocultured with or without irradiated RENCA stimulator cells. Twenty hours
after the mixed lymphocyte and tumor incubation, the concentrations of mouse (c) tumor necrosis factor (TNF)-α, (d) IFN-γ, (e) IL-2, (f) IL-4, (g) IL-
5, and (h) IL-6 in the culture supernatants were measured by (c–g) cytometric bead array and (h) enzyme-linked immunosorbent assays. *P < 0.05
represents significant difference compared with indicated group.
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