
Abstract. Background/Aim: Retroviral replicating vectors
(RRV) have exhibited efficient tumor transduction and improved
therapeutic benefits in a variety of cancer models. In this study,
we validated two RRV created from amphotropic murine
leukemia virus (AMLV) and gibbon ape leukemia virus (GALV),
which use different cell receptors for virus entry, in human
ovarian cancer (OC) cells. Materials and Methods: Expression
levels of the receptors for AMLV (PiT-2) and GALV (PiT-1) in
human OC cell lines (A2780, Caov3, RMG-1, SKOV-3),
fibroblasts and HEK293 cells were evaluated using quantitative
RT-PCR. In vitro RRV-GFP replication was monitored using
flow cytometry, and cytotoxicity quantitated using AlamarBlue
assay after 5-fluorocytosine treatment of OC cells transduced
with RRV expressing the yeast cytosine deaminase prodrug
activator gene. In vivo antitumor effect of RRV-mediated
prodrug activator gene therapy was investigated in a SKOV-3
subcutaneous tumor model. Results: Quantitative RT-PCR
analysis revealed high expression levels of PiT-2 (AMLV
receptor) and PiT-1 (GALV receptor) in the RMG-1 and SKOV3
OC cell lines, compared with their levels in non-malignant cells.
In RMG-1 and SKOV3 cells, both RRV showed highly efficient
RRV replication and spread leading to over 90% transduction

by Days 10-13. Additionally, both RRV that express the yeast
cytosine deaminase gene demonstrated effective cell killing of
RMG-1 and SKOV-3 cells upon treatment with the prodrug
5-fluorocytosine. Notably, RRV-mediated prodrug activator gene
therapy showed significant inhibition of subcutaneous SKOV-3
tumor growth in nude mice. Conclusion: RRV-mediated prodrug
activator gene therapy may be used for treating PiT-expressing
human OC.

Ovarian cancer (OC) is a major cause of female cancer-related
deaths worldwide, with 295,000 new cases and 185,000 deaths
annually (1). OC has few early symptoms and is often detected
late, leading to peritoneal dissemination at diagnosis. The fatality
rate is high, with a 5-year survival rate below 45%, given that
most OCs are discovered at advanced stages (2). Thus, the
development of novel therapeutic paradigms is crucial.

As a new therapeutic paradigm for OC, oncolytic viruses,
which selectively replicate in tumors, are gaining attention
(3). Various viruses, including adenovirus (4, 5), measles
virus (6), reovirus (7), herpes simplex virus type 1 (8, 9), and
vesicular stomatitis virus (10), are being developed and
evaluated in clinical studies, but further research is needed
before implementing this strategy.

Retroviral replicating vectors (RRV) can only effectively
transduce and replicate in cancer cells due to their inability to
infect post-mitotic cells, defective anti-retroviral immunity in
normal cells, and suppression of acquired immunity in the
tumor microenvironment (11-13). Unlike other oncolytic
viruses, RRV, which were developed based on the amphotropic
murine leukemia virus (AMLV), are not inherently cytolytic.
However, prodrug activator genes can be engineered into RRV
to induce synchronized cell killing of infected tumor cells upon
prodrug administration. Using RRV expressing the yeast
cytosine deaminase (CD) prodrug activator gene, we
demonstrated highly effective killing of various cancer cells in
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vitro and in vivo (11-18). Clinical trials for RRV-mediated
prodrug activator gene therapy have started, showing
therapeutic benefit in recurrent high-grade glioma (11, 19-21).

We have also recently developed another RRV derived from
the gibbon ape leukemia virus (GALV) (17). Although both
GALV and AMLV are members of the gamma retrovirus genus,
they infect cells through different receptors, with GALV entering
the host cell via the PiT-1 phosphate transporter and AMLV via
the PiT-2 phosphate transporter (22). PiT-1 and PiT-2 proteins
regulate intracellular inorganic phosphate balance in normal
cells, but we previously found that their expression varies in
various cancer cell lines (16, 17, 23, 24). Low expression of
these receptors restricts the proliferative propagation of RRV and
reduces tumor cell-killing effects (16, 17, 23). Therefore,
evaluating PiT-1 and PiT-2 levels in cancerous tumors could be
an effective biomarker for therapy selection.

In the present study, we assessed the tumor-selective,
highly efficient gene delivery and the therapeutic efficacy of
AMLV and GALV in human OC cells. 

Materials and Methods
Cell lines. Human dermal fibroblasts were purchased from Cell
Systems Corporation (Kirkland, WA, USA) and cultivated in RPMI-
1640 medium (Nacalai Tesque, Kyoto, Japan) supplemented with
10% fetal bovine serum (FBS; Atlas Biologicals, Fort Collins, CO,
USA). The human embryonic kidney 293 cell line (HEK293;
Microbix, Toronto, Canada) (25) and transformed human embryonic
kidney 293T cell lines (26) were cultivated in DMEM (Nacalai
Tesque) supplemented with 10% FBS. Among human OC cell lines,

Caov-3 and SKOV3 were obtained from the American Type Culture
Collection (Manassas, VA, USA). A2780 and RMG-1 cell lines
were obtained from the National Institutes of Biomedical
Innovation, Health, and Nutrition (Ibaraki, Japan). Caov-3 and
RMG-1 cells were grown in DMEM supplemented with 10% FBS.
A2780 and SKOV3 were grown in RPMI supplemented with 10%
FBS. All cells were cultured at 37˚C with 5% CO2.

Quantitative reverse-transcription PCR to assess PiT-1 and PiT-2
expression in cell lines. Total RNA was extracted from semi-confluent
cell cultures that had been grown on 10-cm plates using RNA
extraction solution (Sepasol-RNA I Super G, Nacalai Tesque). After
treatment with DNase I (Takara Bio, Kusatsu, Japan), the TaqMan
One-Step RT-PCR Master Mix Reagents kit (Applied Biosystems
Japan, Tokyo, Japan) was used to perform quantitative (q)PCR to
evaluate the expression of PiT-1, PiT-2, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA (17). In brief, 20 ng of
total RNA was added to a reaction mixture containing 18 pmol of
each primer and 5 pmol of the probe, and the reaction was run on the
ABI 7500 Fast Real-Time PCR System (Applied Biosystems Japan)
for one cycle of 48˚C for 30 min and 95˚C for 10 min, followed by
50 cycles of 95˚C for 15 s and 60˚C for 1 min.

Viral vector plasmid and virus production. The RRV vector
plasmids pAMLV-GFP, pGALV-GFP, pAMLV-CD, and pGALV-CD
have all been previously described (17); each contains a full-length
amphotropic AMLV or GALV with an additional internal ribosome
entry site (IRES)-GFP or IRES-CD cassette, respectively. To
produce each RRV, 293T cells were transfected with the vector
plasmid using Lipofectamine 2000 (Life Technologies Japan, Tokyo,
Japan). Forty-eight hours later, the supernatant was collected,
filtered, and stored at –80˚C. Using a FACS Calibur flow cytometer
(Becton Dickinson Japan, Tokyo, Japan), RRV titers were calculated
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Figure 1. Expression of the cellular receptor of AMLV and GALV in OC cells. Total RNA was extracted from non-malignant human cell lines
(HEK293, fibroblasts) and human OC cell lines (Caov-3, A2780, RMG-1, and SKOV3). The RNA samples were prepared in triplicate, reverse-
transcribed, and amplified using PCR with RRV-specific primers for PiT-2 (AMLV receptor), PiT-1 (GALV receptor), and GAPDH. GAPDH was
used as an internal control to normalize for different amounts of total RNA. 



based on the expression of fluorescent protein and expressed as
transducing units per ml.

In vitro replication kinetics of RRV. RRV (AMLV-GFP and GALV-
GFP) were used to infect different human cell lines at 20% confluence
with a multiplicity of infection (MOI) of 0.01. At the indicated time
following infection, the cells were trypsinized, one-quarter of the cells
were replated, and the remaining cells were analyzed for GFP
expression using flow cytometry as described above.

In vitro cytotoxicity assay. Human OC cells (A2780, Caov-3, RMG-
1, and SKOV3, 1×104 cells/well) were infected with AMLV-CD or
GALV-CD at an MOI of 0.01 and maintained for 15 days. The
pretransduced cells were then replated and cultured in triplicate
wells in 96-well tissue culture plates with different concentrations
of 5-fluorocytosine (5-FC) (Wako Pure Chemical Industries, Osaka,
Japan). After four days, the viable cell counts of triplicate cultures
were determined using the AlamarBlue method (Alamar
Biosciences, Sacramento, CA, USA), as shown previously (16, 24).
Fluorescence was measured using an ARVO X4 multilabel plate
reader (PerkinElmer Japan, Tokyo, Japan), and the percentage of
viable cells was determined by calculating the fluorescence of
viable cells relative to those of wells lacking 5-FC. 

Subcutaneous xenograft model of human OC. BALB/c-nu/nu (nude)
mice (Charles River Japan, Yokohama, Japan) were maintained under
specific-pathogen-free conditions in the Center for Comparative

Medicine, Hyogo Medical University. All studies followed protocols
approved by Hyogo Medical University Animal Research Committee.
Human OC xenografts were established in 5-week-old female nude
mice by the subcutaneous inoculation of 1×106 SKOV3 cells into the
right dorsal flank. On day 0, the mice with tumor diameters greater
than 5 mm were randomly divided into three groups and injected
intratumorally with 50 μl of PBS (n=12 per group), AMLV-CD
(n=13), or GALV-CD (n=12), followed by the intraperitoneal
administration of 5-FC (500 mg/kg/day) three times a week from Day
11 to Day 42. Throughout the experiment, the mice were monitored
for overall health status daily, and the tumors were measured twice a
week using a digital caliper. The tumor volume values were
calculated using the formula: Length × Width2 × 0.5. 

Statistical analysis. Data are presented as the mean±standard
deviation (SD) or standard error (SE). All data were analyzed using
Student’s t-test. A p-value of 0.05 or less was considered statistically
significant. 

Results

First, we analyzed the expression levels of RRV receptors in
human OC cell lines using qPCR (Figure 1). When HEK293
cells were employed as a positive control, PiT-1 and PiT-2
mRNA levels were low in fibroblast and Caov-3 cells.
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Figure 2. Replication kinetics of AMLV and GALV vectors in human OC cells. Human fibroblasts and OC cells (A2780, Caov-3, RMG-1, and SKOV3)
were inoculated with AMLV-GFP or GALV-GFP vectors at an MOI of 0.01. On the days of passage, cells were analyzed for GFP expression using
flow cytometry. Representative data of three independent experiments are shown.  



Comparing A2780 cells to HEK293, both receptor
expression levels were higher, with that of PiT-1 being
higher than that of PiT-2. RMG-1 and SKOV3 cells had
higher mRNA levels for both PiT-1 and PiT-2. Therefore, OC
cell lines other than Caov-3 expressed the cellular receptor
for RRV at higher levels than fibroblasts and HEK293 cells.

Next, we compared the replication efficiency of RRV in
human OC cells (Figure 2). In negative control fibroblasts
and Caov-3 cells (low PiT-2 and low PiT-1 expression), the
percentage of GFP-positive cells was still less than 3% at 24
days after RRV inoculation. In A2780 cells (PiT-2 < PiT-1),
AMLV and GALV displayed distinct growth propagation
patterns, with GALV replicating more efficiently than
AMLV. Meanwhile, in RMG-1 and SKOV3 cells (high PiT-
2, high PiT-1), the two RRV had similar replicative kinetics
with highly efficient propagation leading to over 90%
transduction by Days 10-13. These findings suggest that PiT-
2 and PiT-1 expression levels are crucial in determining the
replication efficiency of AMLV and GALV (Figure 1 and
Figure 2).

We then tested the efficacy of RRV-mediated prodrug
activator gene therapy in human OC cells (Figure 3). In
fibroblasts and Caov-3 cells infected with either RRV, cell

viability remained above 80% even at the highest
concentration of 5-FC (10 mM). In contrast, for RMG-1 and
SKOV3 cells (high PiT-2 and high PiT-1), significant
reductions in cell viability were noted upon infection with
either RRV. This reduction was dose-dependent for 5-FC and
fell below 5% at 10 mM 5-FC. In A2780 cells (PiT-2 < PiT-
1), different patterns of cell viability were observed between
AMLV (76.2±5.2%) and GALV (11.7±2.7%) at 10 mM 5-
FC. These results matched the levels of RRV receptor
expression in these cells (Figure 1) and the ability of RRV
to replicate in these cells (Figure 2). 

To analyze the antitumor effects of RRV-mediated CD/5-
FC prodrug activator gene therapy, we administered AMLV-
CD, GALV-CD, or PBS intratumorally to SKOV-3
subcutaneous tumors in nude mice (Figure 4). In the PBS
group, tumor growth persisted even after 5-FC administration
began. Meanwhile, both AMLV and GALV groups showed
significant tumor growth inhibition compared with the PBS
group after Day 10 of 5-FC administration. No significant
difference in antitumor activities was found between the
AMLV and GALV groups. These results indicate that RRV-
mediated prodrug activator gene therapy has a significant
antitumor effect in a human SKOV-3 OC model. 
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Figure 3. Prodrug activator gene-mediated cell killing effect after AMLV and GALV infection in vitro. Caov-3, A2780, RMG-1, and SKOV3 cells were
inoculated with GALV-CD or AMLV-CD at an MOI of 0.01 on Day 1, and exposed to different concentrations of the 5-FC prodrug from Day 16 for
four days. On Day 19, cell viability was examined using the AlamarBlue assay. The data are means and SDs from experiments performed in triplicate.



Discussion 

In this study, we showed that RRV can rapidly spread in
susceptible OC cells, causing cancer cell-selective cytotoxicity
in vitro and antitumor efficacy in vivo upon administration of
the prodrug, demonstrating the potential of RRV-mediated
prodrug activator gene therapy for OC treatment.

We have previously demonstrated the efficacy of RRV-
mediated prodrug activator gene therapy in the treatment of a
variety of tumors, including mesothelioma (12, 24), lung
cancer (18), pancreatic cancer (15), gastric cancer (23), and
osteosarcoma (16). Common to the results of previous studies
and the present study is that the transduction efficiency and
cytotoxic/antitumor effects of RRV depends on viral receptor
expression levels (16, 17, 23) (Figure 1 and Figure 2). These
findings demonstrated the feasibility of using viral receptor
expression levels in cancer cell lines as a potential biomarker
of RRV efficacy. In this regard, clinical applications are
anticipated to enable the selection and administration of
efficient RRV before the start of treatment by assessing the
expression levels of PiT-1 and PiT-2 receptors in patient tumor
biopsies as markers for personalized cancer virotherapy.

Chemotherapy combined with immunostimulatory gene
therapy, utilizing oncolytic viruses as carriers, is a promising
therapeutic strategy targeting various pathways to cause tumor
cell death, regulate growth, and prevent metastasis (3).
Similarly to other oncolytic viruses, combinations of
chemotherapy with RRV-mediated prodrug activator gene
therapy showed promising results. For example, combinations
of RRV-CD/5-FC with temozolomide achieved a synergistic
long-term survival benefit in mice bearing orthotopic
temozolomide-sensitive glioma (27). Additionally, checkpoint
inhibitors, such as anti-CTLA4 or anti-PD-L1, have shown
additive effects in animal models (28, 29). Moreover,
combinations with intracellular 5-FU produced during RRV-
CD/5-FC therapy have been reported to exert radiosensitizing
effects on human glioma cell lines, supporting the rationale
for combining radiation with RRV-CD/5-FC treatment for the
treatment of patients with brain tumors (30). We previously
reported that dual-vector prodrug activator gene therapy using
two distinct RRV carrying different prodrug activator 
genes (CD/5FC and herpes simplex virus thymidine
kinase/ganciclovir) achieved synergistic cytotoxic effect
compared to single-vector gene therapy (24). Against this
background, a wide range of combination therapies with RRV-
mediated prodrug activator gene therapy may be possible.

Conclusion

Our results indicate that RRV-mediated prodrug activator
gene therapy could be a new and effective treatment
modality for PiT-expressing human OC.
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Figure 4. Antitumor effect of RRV-mediated prodrug activator gene
therapy in an OC subcutaneous tumor model. Human OC xenografts
were established in nude mice by subcutaneous inoculation of 1×106
SKOV3 cells into the right dorsal flank. When the tumor diameter
reached 5 mm, tumors were injected with 2×104 TU (100 μl) of either
AMLV-CD (n=13 per group) or GALV-CD (n=12) vector, or PBS (100
μl) (n=12). From Day 11 onwards, the mice received 5-FC three times
a week. The data are presented as the means and SEs. *p<0.05 (each
RRV-treated group vs. PBS group).



References
1 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A:

Global cancer statistics 2018: GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185 countries. CA
Cancer J Clin 68(6): 394-424, 2018. DOI: 10.3322/caac.21492

2 Torre LA, Trabert B, DeSantis CE, Miller KD, Samimi G,
Runowicz CD, Gaudet MM, Jemal A, Siegel RL: Ovarian cancer
statistics, 2018. CA Cancer J Clin 68(4): 284-296, 2018. DOI:
10.3322/caac.21456

3 Áyen Á, Jiménez Martínez Y, Marchal JA, Boulaiz H: Recent
progress in gene therapy for ovarian cancer. Int J Mol Sci 19(7):
1930, 2018. DOI: 10.3390/ijms19071930

4 Kim KH, Dmitriev IP, Saddekni S, Kashentseva EA, Harris RD,
Aurigemma R, Bae S, Singh KP, Siegal GP, Curiel DT, Alvarez
RD: A phase I clinical trial of Ad5/3-Δ24, a novel serotype-
chimeric, infectivity-enhanced, conditionally-replicative adenovirus
(CRAd), in patients with recurrent ovarian cancer. Gynecol Oncol
130(3): 518-524, 2013. DOI: 10.1016/j.ygyno.2013.06.003

5 Kimball KJ, Preuss MA, Barnes MN, Wang M, Siegal GP, Wan W,
Kuo H, Saddekni S, Stockard CR, Grizzle WE, Harris RD,
Aurigemma R, Curiel DT, Alvarez RD: A phase I study of a
tropism-modified conditionally replicative adenovirus for recurrent
malignant gynecologic diseases. Clin Cancer Res 16(21): 5277-
5287, 2010. DOI: 10.1158/1078-0432.CCR-10-0791

6 Hanauer JR, Gottschlich L, Riehl D, Rusch T, Koch V, Friedrich
K, Hutzler S, Prüfer S, Friedel T, Hanschmann KM, Münch RC,
Jost C, Plückthun A, Cichutek K, Buchholz CJ, Mühlebach MD:
Enhanced lysis by bispecific oncolytic measles viruses
simultaneously using HER2/neu or EpCAM as target receptors.
Mol Ther Oncolytics 3: 16003, 2016. DOI: 10.1038/mto.2016.3

7 Jennings VA, Ilett EJ, Scott KJ, West EJ, Vile R, Pandha H,
Harrington K, Young A, Hall GD, Coffey M, Selby P, Errington-
Mais F, Melcher AA: Lymphokine-activated killer and dendritic
cell carriage enhances oncolytic reovirus therapy for ovarian
cancer by overcoming antibody neutralization in ascites. Int J
Cancer 134(5): 1091-1101, 2014. DOI: 10.1002/ijc.28450

8 Goshima F, Esaki S, Luo C, Kamakura M, Kimura H, Nishiyama
Y: Oncolytic viral therapy with a combination of HF10, a herpes
simplex virus type 1 variant and granulocyte–macrophage
colony-stimulating factor for murine ovarian cancer. Int J Cancer
134(12): 2865-2877, 2014. DOI: 10.1002/ijc.28631

9 Thomas ED, Meza-Perez S, Bevis KS, Randall TD, Gillespie
GY, Langford C, Alvarez RD: IL-12 Expressing oncolytic herpes
simplex virus promotes anti-tumor activity and immunologic
control of metastatic ovarian cancer in mice. J Ovarian Res 9(1):
70, 2016. DOI: 10.1186/s13048-016-0282-3

10 Dold C, Rodriguez Urbiola C, Wollmann G, Egerer L, Muik A,
Bellmann L, Fiegl H, Marth C, Kimpel J, von Laer D: Application
of interferon modulators to overcome partial resistance of human
ovarian cancers to VSV-GP oncolytic viral therapy. Mol Ther
Oncolytics 3: 16021, 2016. DOI: 10.1038/mto.2016.21

11 Collins SA, Shah AH, Ostertag D, Kasahara N, Jolly DJ:
Clinical development of retroviral replicating vector Toca 511
for gene therapy of cancer. Expert Opin Biol Ther 21(9): 1199-
1214, 2021. DOI: 10.1080/14712598.2021.1902982

12 Kawasaki Y, Tamamoto A, Takagi-Kimura M, Maeyama Y,
Yamaoka N, Terada N, Okamura H, Kasahara N, Kubo S:
Replication-competent retrovirus vector-mediated prodrug
activator gene therapy in experimental models of human

malignant mesothelioma. Cancer Gene Ther 18(8): 571-578,
2011. DOI: 10.1038/cgt.2011.25

13 Wang WJ, Tai CK, Kasahara N, Chen TC: Highly efficient and
tumor-restricted gene transfer to malignant gliomas by
replication-competent retroviral vectors. Hum Gene Ther 14(2):
117-127, 2003. DOI: 10.1089/104303403321070810

14 Chen SH, Sun JM, Chen BM, Lin SC, Chang HF, Collins S,
Chang D, Wu SF, Lu YC, Wang W, Chen TC, Kasahara N, Wang
HE, Tai CK: Efficient prodrug activator gene therapy by
retroviral replicating vectors prolongs survival in an immune-
competent intracerebral glioma model. Int J Mol Sci 21(4):
1433, 2020. DOI: 10.3390/ijms21041433

15 Inoko K, Hiraoka K, Inagaki A, Takahashi M, Kushibiki T, Hontani
K, Takano H, Sato S, Takeuchi S, Nakamura T, Tsuchikawa T,
Shichinohe T, Gruber HE, Jolly DJ, Kasahara N, Hirano S:
Therapeutic activity of retroviral replicating vector-mediated
prodrug activator gene therapy for pancreatic cancer. Cancer Gene
Ther 25(7-8): 184-195, 2018. DOI: 10.1038/s41417-018-0020-7

16 Kubo S, Takagi-Kimura M, Kasahara N: Efficient tumor
transduction and antitumor efficacy in experimental human
osteosarcoma using retroviral replicating vectors. Cancer Gene
Ther 26(1-2): 41-47, 2019. DOI: 10.1038/s41417-018-0037-y

17 Kubo S, Takagi-Kimura M, Logg CR, Kasahara N: Highly
efficient tumor transduction and antitumor efficacy in
experimental human malignant mesothelioma using replicating
gibbon ape leukemia virus. Cancer Gene Ther 20(12): 671-677,
2013. DOI: 10.1038/cgt.2013.67

18 Kushiya H, Hiraoka K, Suzuki T, Inoko K, Inagaki A, Niwa H,
Sasaki K, Nakamura T, Tsuchikawa T, Shichinohe T, Jolly DJ,
Kasahara N, Hirano S: Retroviral replicating vector Toca 511
(vocimagene amiretrorepvec) for prodrug activator gene therapy
of lung cancer. Cancers (Basel) 14(23): 5820, 2022. DOI:
10.3390/cancers14235820

19 Cloughesy TF, Landolfi J, Hogan DJ, Bloomfield S, Carter B,
Chen CC, Elder JB, Kalkanis SN, Kesari S, Lai A, Lee IY, Liau
LM, Mikkelsen T, Nghiemphu PL, Piccioni D, Walbert T, Chu
A, Das A, Diago OR, Gammon D, Gruber HE, Hanna M, Jolly
DJ, Kasahara N, McCarthy D, Mitchell L, Ostertag D, Robbins
JM, Rodriguez-Aguirre M, Vogelbaum MA: Phase 1 trial of
vocimagene amiretrorepvec and 5-fluorocytosine for recurrent
high-grade glioma. Sci Transl Med 8(341): 341ra75, 2016. DOI:
10.1126/scitranslmed.aad9784

20 Cloughesy TF, Landolfi J, Vogelbaum MA, Ostertag D, Elder
JB, Bloomfield S, Carter B, Chen CC, Kalkanis SN, Kesari S,
Lai A, Lee IY, Liau LM, Mikkelsen T, Nghiemphu P, Piccioni
D, Accomando W, Diago OR, Hogan DJ, Gammon D, Kasahara
N, Kheoh T, Jolly DJ, Gruber HE, Das A, Walbert T: Durable
complete responses in some recurrent high-grade glioma patients
treated with Toca 511 + Toca FC. Neuro Oncol 20(10): 1383-
1392, 2018. DOI: 10.1093/neuonc/noy075

21 Cloughesy TF, Petrecca K, Walbert T, Butowski N, Salacz M,
Perry J, Damek D, Bota D, Bettegowda C, Zhu JJ, Iwamoto F,
Placantonakis D, Kim L, Elder B, Kaptain G, Cachia D, Moshel
Y, Brem S, Piccioni D, Landolfi J, Chen CC, Gruber H, Rao AR,
Hogan D, Accomando W, Ostertag D, Montellano TT, Kheoh T,
Kabbinavar F, Vogelbaum MA: Effect of vocimagene
amiretrorepvec in combination with flucytosine vs standard of care
on survival following tumor resection in patients with recurrent
high-grade glioma: a randomized clinical trial. JAMA Oncol 6(12):
1939-1946, 2020. DOI: 10.1001/jamaoncol.2020.3161

ANTICANCER RESEARCH 43: 5311-5317 (2023)

5316



22 Liu M, Eiden MV: The receptors for gibbon ape leukemia virus
and amphotropic murine leukemia virus are not downregulated
in productively infected cells. Retrovirology 8: 53, 2011. DOI:
10.1186/1742-4690-8-53

23 Fujino H, Sonoda-Fukuda E, Isoda L, Kawabe A, Takarada T,
Kasahara N, Kubo S: Retroviral replicating vectors mediated
prodrug activator gene therapy in a gastric cancer model. Int J
Mol Sci 24(19): 14823, 2023. DOI: 10.3390/ijms241914823

24 Kubo S, Takagi-Kimura M, Tagawa M, Kasahara N: Dual-vector
prodrug activator gene therapy using retroviral replicating
vectors. Cancer Gene Ther 26(5-6): 128-135, 2019. DOI:
10.1038/s41417-018-0051-0

25 Graham FL, Smiley J, Russell WC, Nairn R: Characteristics of
a human cell line transformed by DNA from human adenovirus
Type 5. J Gen Virol 36(1): 59-72, 1977. DOI: 10.1099/0022-
1317-36-1-59

26 DuBridge RB, Tang P, Hsia HC, Leong PM, Miller JH, Calos
MP: Analysis of mutation in human cells by using an Epstein-
Barr virus shuttle system. Mol Cell Biol 7(1): 379-387, 1987.
DOI: 10.1128/mcb.7.1.379-387.1987

27 Huang TT, Hlavaty J, Ostertag D, Espinoza FL, Martin B,
Petznek H, Rodriguez-Aguirre M, Ibañez CE, Kasahara N,
Gunzburg W, Gruber HE, Pertschuk D, Jolly DJ, Robbins JM:
Toca 511 gene transfer and 5-fluorocytosine in combination with
temozolomide demonstrates synergistic therapeutic efficacy in a
temozolomide-sensitive glioblastoma model. Cancer Gene Ther
20(10): 544-551, 2013. DOI: 10.1038/cgt.2013.51

28 Lin AH, Twitty CG, Burnett R, Hofacre A, Mitchell LA,
Espinoza FL, Gruber HE, Jolly DJ: Retroviral replicating vector
delivery of miR-PDL1 inhibits immune checkpoint PDL1 and
enhances immune responses in vitro. Mol Ther Nucleic Acids 6:
221-232, 2017. DOI: 10.1016/j.omtn.2016.11.007

29 Mitchell LA, Yagiz K, Hofacre A, Viaud S, Munday AW,
Espinoza FL, Mendoza D, Rodriguez-Aguirre ME, Bergqvist S,
Haghighi A, Miner MV, Accomando WP, Burrascano C,
Gammon D, Gruber HE, Jolly DJ, Lin AH: PD-L1 checkpoint
blockade delivered by retroviral replicating vector confers anti-
tumor efficacy in murine tumor models. Oncotarget 10(23):
2252-2269, 2019. DOI: 10.18632/oncotarget.26785

30 Takahashi M, Valdes G, Hiraoka K, Inagaki A, Kamijima S,
Micewicz E, Gruber HE, Robbins JM, Jolly DJ, McBride WH,
Iwamoto KS, Kasahara N: Radiosensitization of gliomas by
intracellular generation of 5-fluorouracil potentiates prodrug
activator gene therapy with a retroviral replicating vector. Cancer
Gene Ther 21(10): 405-410, 2014. DOI: 10.1038/cgt.2014.38

Received October 17, 2023
Revised November 13, 2023

Accepted November 14, 2023

Isoda et al: RRV-mediated Prodrug Activator Gene Therapy for Ovarian Cancer

5317




