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Purpose: In preclinical trails, we reported the antitumor effect of dendritic cells activatedwith Sendai virus (rSeV/
DC) combined with γ-irradiation against neuroblastoma. However, what kind of effector cells for the combined
therapy were used to show the antitumor effect was unclear. In this study, we performed radiation and rSeV/DC
therapy in vivo and examined the effector cells involved.
Methods: Dendritic cells were cultured from bone marrow cells, activated with SeV and administered
intratumorally at 106 weekly for 3 weeks. Radiation was administered at 4 Gy/time × 3 times. During the treat-
ment, CD4+ and CD8+ cells and natural killer (NK) cells were removed by antibodies.
Results: Complete remission of neuroblastoma was observed in 62.5% of individuals in the combined therapy
group. By depleting the effector cells using antibodies, the tumor increased in size from an early stage of treat-
ment in the CD4+ and NK cell-depleted group. In contrast, the tumor increased in size in the late stage of treat-
ment in the CD8+ cell-depleted group.
Conclusion: The combination of radiation and rSeV/DC therapy induces different effector cells, depending on the
time point during treatment.
Level of Evidence: V.

© 2017 Elsevier Inc. All rights reserved.

Neuroblastoma is the most common extracranial solid tumor seen in
children [1] and presents in multiple manners, with varied clinical and
molecular features. Neuroblastoma arising in children b1 year of age
shows a relatively good prognosis; however, older patients with ad-
vanced disease exhibited a poor prognosis [2–4]. Intensive chemotherapy
supported by stem cell transplantation has improved the survival of such
patients [3,4]. The combination of anti-GD2 antibody, IL-2 and GM-CSF
has now become a novel therapy in patients with advanced neuroblasto-
ma [5]. However, recurrent cases in these children remain intractable [3].

Recent progress in understanding the role of the immune system in
fighting cancer has resulted in the proposal of an alternative approach
to a dendritic cell (DC)-based immunotherapy that has already been
in use for several years. DCs are mononuclear cells that have a powerful

ability to present antigens to T cells and activate other immune cells.
This characteristic is encouraging recent applications to therapeutic
cancer vaccines. DCs loaded with tumor antigens ex vivo and adminis-
tered as cell vaccines have been found to induce protective antitumor
immunity in laboratory animals. The first clinical study enrolled 15 chil-
dren, including 3 individuals with intractable neuroblastoma, and dem-
onstratedmodest antitumor responses [6]. Another group subsequently
reported the results of tumor RNA-loadedDC vaccination for 11 patients
with advanced neuroblastoma [7]. Although these clinical studies suc-
cessfully showed that DC therapy elicited specific immune reactions
against neuroblastoma, the clinical outcomes are far from the level ex-
pected of standard therapies.

DC-based immunotherapy is still a developing technology, and the
clinical outcomes have been limited in other malignancies; therefore,
scientists and physicians should clarify 1) the most effective DC sub-
types, 2) the optimal conditions and activation stimuli for generating
activated DCs showing the greatest antitumor effect in vivo, 3) the opti-
mum route of administration and 4) the optimum dose and frequency
of DC vaccination [8–10].

We recently demonstrated dramatically improved efficacies using
DCs activated by an RNA virus that replicates cytoplasmically, the
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recombinant Sendai virus (rSeV) [11–17]. We have therefore proposed
a new concept – ‘immunostimulatory virotherapy’ – and explored its
utility in multiple syngenic mouse models bearing highly malignant tu-
mors. Using this system, we showed that rSeV-activated DCs expressing
the interferon (IFN) β gene, especially in combination with γ-
irradiation, led to the complete elimination of less-immunogenic
c1300 neuroblastoma [17]. IFN-β strongly upregulatedMHC class I mol-
ecules of c1300 and the CTL activity; however, the mechanisms under-
lying the immune aspects of this therapy remain unclear. Moreover, in
our previous reports concerning the effector cell subsets of DC therapy,
CD4+ cells as well as NK cells were important to the prevention of lung
metastasis of prostatic cancer [16]. We hypothesized that not only CTLs
but also other effector cells are crucial to prevent neuroblastoma from
progression. In particular, we aimed to reevaluate the importance of
CD4+ cells and NK cells in DC cell therapy. IFN-β strongly upregulates
the expression of MHC-Class1 of tumor cells, so DCs expressing the
IFN β gene are not suitable to estimate the efficacy of CD4+ cells or, es-
pecially, NK cells because the cytotoxicity of NK cells is downregulated
by the MHC-Class I. So, in this study, we evaluated the efficacy and ex-
amined the effector cell subsets of the combination of γ-irradiation
and ts-rSeV/dF-DC immunotherapy (not expressing the IFN-β gene) in
order to investigate the effect of CD4+ or NK cells more clearly.

1. Materials and methods

1.1. Mice and tumor cell lines

Female A/J mice (H-2a) 6 to 8 weeks of age were obtained from
Japan SLC Inc. (Hamamatsu, Shizuoka, Japan) and kept under specific-
pathogen-free and humane conditions. Murine neuroblastoma c1300
(syngeneic with A/J mice) and MuSS murine malignant fibrous
histiocytoma (obtained with the kind permission of Dr. ItaruWatanabe,
Department of Surgery, Tasuda Hospital) [18] were obtained from
RIKEN Cell Bank (Tsukuba, Ibaraki, Japan). These cell lines were main-
tained in complete medium (RPMI 1640 medium; Sigma-Aldrich, St.
Louis, MO, USA) supplemented with 10% fetal calf serum (BioWest,
Nuaille, France), penicillin and streptomycin under a humidified atmo-
sphere containing 5% CO2 at 37 °C.

1.2. Temperature-sensitive mutant nontransmissible rSeVs

The preparation and recovery of temperature-sensitive mutant F-
defective nontransmissible rSeVs were performed as previously de-
scribed [19,20]. Briefly, 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 pro-
tein in LLC-MK2/F7 cells (referred to as LLC-MK2/F7/A). Recombinant
vaccinia virus vTF7-3 carrying T7 RNA polymerase was inactivated
with psoralen and long-wave UV irradiation, and then used for the ribo-
nucleoprotein complex recovery. The viral vectors were further ampli-
fied by several rounds of propagation. The titers of the recovered viral
vectors were expressed as cell infectious units.

1.3. Generation of DCs and transfection with rSeVs

Murine bone marrow-derived DCs (mBM-DCs) were generated as
previously described [11,12] andmaintained under endotoxin-free con-
ditions using endotoxin-free reagents throughout this study. Briefly,
bone marrow cells from A/J mice were collected and passed through a
nylon mesh, and red blood cells and lineage-positive (B220, CD5,
CD11b, Gr-1, TER119, 7/4) cells were depleted using a SpinSep mouse
hematopoietic progenitor enrichment kit (StemCell Technologies, Van-
couver, BC). These lineage-negative cells (5–10 × 104/5 ml/well) were
cultured in 50 ng/ml GM-CSF (PeproTech, London, UK) and 25 ng/ml
IL-4 (PeproTech) in endotoxin-free complete medium in 6-well plates.
On day 4, half of the culture medium was replaced with fresh medium

supplemented with GM-CSF and IL-4 at the same concentration. On
day 7, DCs were collected and used for subsequent experiments. These
DCs were not pulsed with any tumor antigen throughout the experi-
ments. For rSeV-mediated transduction, DCs (1 × 106 cells/ml) were
simply incubated with rSeVs at MOI 100 without any supplementation.

1.4. DC-based immunotherapy of the established c1300 tumor

The DCs used in this study were not pulsed with any tumor antigen
throughout the experiments. To examine the potentials of cancer vac-
cines tested here to treat highlymalignant phenotypes in vivo, we addi-
tionally assessed a ‘later treatment regimen’ when tumors were well
established and vascularized (5–7 mm in diameter) [11,12]. Radiation
pretreatment (4 Gy/day for 3 days, daily) was performed if necessary.

TheDCswere collected as described above, and subcutaneous implan-
tation (A/J for 5 × 105 c1300 cells) was performed at the right thigh (to
avoid irradiation-induced enterocolitis) on day 0, with 1 × 106 DCs
injected intratumorally on days 10, 17 and 24. The size of the tumors
was assessed using microcalipers three times a week, and the volume
was calculated by the following formula: (tumor volume, mm3) =
0.5236 × (long axis) × (short axis) × (height) [11,12].

1.5. In vivo depletion of immune cell subsets

Anti-CD4 and anti-CD8 monoclonal antibodies (250 μg/dose) were
derived from GK1.5 and 53-6.72 hybridoma cells, respectively [21,22].
Anti-asialo GM1 (Wako, Tokyo, Japan) was given intraperitoneally
(i.p., 50 μg/dose) for NK cell depletion. These antibodies were injected
on days 4, 7, 11, 14, 17 and 20 after the primary tumor inoculation.
Flow cytometry confirmed N98% depletion of the target cells for at
least 7 days after injection in all animals. The mice were grouped by
the treatment: no treatment group (described as “untreat” in Fig. 1);
n = 6, radiation + DC therapy only (described as “no Ab” in Fig. 1);
n = 6, anti-asialo GM1 antibody administered group; n = 6, anti-CD4
antibody administered group; n = 5, anti-CD8 antibody group; n = 5.

1.6. Rechallenge of tumor cells

This assay was aimed to investigate whether or not the complete
elimination of c1300 tumors contributed to the establishment of long-
lasting protective immunity.

1.6.1. Second challenge
Thirteen animals bearing c1300 tumors were divided into 4 groups

as follows: untreated, n = 2; 4Gy × 3 days radiation, n = 4; ts-rSeV/
dF-DC, n = 3; and 4Gy × 3 days radiation + ts-rSeV/dF-DC, n = 4.
The animals were then treated as described in the schematic illustration
in Fig. 1. The animals that survived were used for the second challenge.
Onday129, 5 ×105 cells of c1300were inoculated into thedermis of the
abdominal wall. On day 224, tumor formation was assessed.

1.6.2. Third challenge
Three animals survived after the second challenge andwere used for

the third challenge. On day 318, 5 × 105 cells of c1300 (left) and MuSS
(right) were inoculated into the bilateral dermis of the abdominal wall.

1.7. In vivo depletion of CD8+ cells during second challenge

Twelve animals that survived after the first inoculation of c1300
were divided into 2 groups as follows: radiation + ts-rSeV/dF-DC
(without Ab) n = 6; radiation + ts-rSeV/dF-DC (anti-CD8), n = 6.
The animals were then treated as described in the schematic illustration
in Fig. 2. On day 141, 5 × 105 cells of c1300were inoculated into the der-
mis of the abdominal wall. The group described as “radiation+ ts-rSeV/
dF-DC (anti-CD8)” was administered anti-CD8 antibody twice a week
from day131 to day161. The group described as “Naïve control” did
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