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Highly efficient tumor transduction and antitumor efficacy in
experimental human malignant mesothelioma using replicating
gibbon ape leukemia virus

S Kubol, M Takagi-Kimural, CR Logg?, N Kasahara?
1Department of Genetics, Hyogo College of Medicine, Nishinomiya, Japan

2Department of Medicine, David Geffen School of Medicine, University of California Los Angeles,
Los Angeles, CA, USA.

Abstract

Retroviral replicating vectors (RRVs) have been shown to achieve efficient tumor transduction and
enhanced therapeutic benefit in a wide variety of cancer models. Here we evaluated two different
RRVs derived from amphotropic murine leukemia virus (AMLV) and gibbon ape leukemia virus
(GALV), in human malignant mesothelioma cells. In vitro, both RRVs expressing the green
fluorescent protein gene efficiently replicated in most mesothelioma cell lines tested, but not in
normal mesothelial cells. Notably, in ACC-MESO-1 mesothelioma cells that were not permissive
for AMLV-RRYV, the GALV-RRV could spread efficiently in culture and in mice with subcutaneous
xenografts by in vivo fluorescence imaging. Next, GALV-RRV expressing the cytosine deaminase
prodrug activator gene showed efficient killing of ACC-MESO-1 cells in a prodrug 5-
fluorocytosine dose-dependent manner, compared with AMLV-RRV. GALV-RRV-mediated
prodrug activator gene therapy achieved significant inhibition of subcutaneous ACC-MESO-1
tumor growth in nude mice. Quantitative reverse transcription PCR demonstrated that ACC-
MESO-1 cells express higher PiT-1 (GALV receptor) and lower PiT-2 (AMLV receptor) compared
with normal mesothelial cells and other mesothelioma cells, presumably accounting for the
distinctive finding that GALV-RRV replicates much more robustly than AMLV-RRV in these cells.
These data indicate the potential utility of GALV-RRV-mediated prodrug activator gene therapy in
the treatment of mesothelioma.
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INTRODUCTION

Malignant mesothelioma is an aggressive cancer that arises from the mesothelial cells of
serous membranes lining the pleural, peritoneal and pericardial cavities. This malignancy is
an attractive target for gene therapy based on the following: (1) it is an aggressive neoplasm
with poor prognosis (median survival of 1-2 years after initial diagnosis),1~3 (2) the tumor is
usually localized in a cavity, and vectors can be easily administered simply via a drainage
tube, which also makes it easy to monitor the status of the lesion treated3# and (3) morbidity
and mortality are primarily related to regional tumor extension.® Several gene therapy
strategies for mesothelioma are being tested in clinical trials; the first trial involved prodrug
activator gene therapy mediated by a replication-defective adenoviral vector expressing the
herpes simplex virus thymidine kinase gene (HSV-TK), resulting in very limited efficacy.>6
Dose-related intratumoral HSV-TK gene transfer was demonstrated in most patients who
received intrathoracic administration with the vector, but HSV-TK protein expression proved
relatively superficial at tumor surfaces up to 20-50 cell layers deep by
immunohistochemical assessment,® indicating that even high-titer adenoviral vectors only
achieve limited transduction into tumor cells and this is confined to areas surrounding the
needle track. It may therefore be technically difficult to achieve efficacious levels of gene
delivery by conventional replication-defective vectors, because virus diffusion in the tumor
is limited and pleural mesothelioma is usually widely spread over a large area.

The use of replication-competent viruses that are capable of tumor-selective replication
represents an emerging technology that shows considerable promise as novel cancer
therapeutics.”+8 Various species of virus have been examined as potential oncolytic agents
for treatment of mesothelioma, including adenovirus,®10 vaccinia virus,11 herpes simplex
virus12 and vesicular stomatitis virus.13 Recently, we have demonstrated that amphotropic
murine leukemia virus (AMLV)-based retroviral replicating vectors (RRVs) show tumor
selectivity because of an inherent and stringent specificity for mitotically active cells.1 In
contrast to other viruses used in cancer virotherapy, AMLV-based RRVs are non-cytolytic by
nature, but can be engineered to carry prodrug activator genes, which mediate synchronized
cell killing of infected tumor cells upon prodrug administration. Using RRVs expressing the
yeast cytosine deaminase (CD) prodrug activator gene, we have demonstrated highly
efficient killing of a wide variety of cancer cells both in vitro and in vivo upon
administration of its prodrug, 5-fluorocytosine (5FC).15-19 Based on these promising
preclinical results, two clinical trials for RRV-mediated prodrug activator gene therapy in
patients with recurrent malignant brain tumor have recently been started in the United States
(http://www. clinicaltrials.gov NCT01470794, NCT01156584). In experimental human
malignant mesothelioma, after a single intratumoral injection of RRV delivering the CD
prodrug activator gene into xenografted human mesothelioma, RRV-mediated prodrug
activator gene therapy also achieved significant inhibition of subcutaneous tumor growth,
and significantly prolonged survival in the disseminated peritoneal model of malignant
mesothelioma.1®

In addition, we have recently developed another RRV, which is derived from the gibbon ape
leukemia virus (GALV).20 Although GALV and AMLYV both belong to the gammaretrovirus
genus, they have divergent host ranges and are not in the same interference class, 2122 as
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these viruses employ different receptors to infect target cells.202223 GALV and AMLYV use
distinct proteins as cellular receptors. These proteins, designated as PiT-1 (SLC20AL1) and
PiT-2 (SLC20A2), respectively, are both mammalian type 111 inorganic phosphate
transporters; orthologs of these proteins are present in all phyla and function as ubiquitously
expressed facilitators of phosphate uptake.20-23

In the present study, we evaluated the specificity and efficiency of gene delivery and
therapeutic efficacy of GALV-RRVs, comparing our previously validated AMLV-RRVS, in
experimental human malignant mesothelioma. Our results demonstrate the potential utility
of GALV-RRV-mediated prodrug activator gene therapy in the treatment of malignant
mesothelioma, especially in cases in which the tumor is not permissive for AMLV-RRV.

MATERIALS AND METHODS

Cell lines

Normal human adult mesothelial cells (NMCs) were purchased from Zen-Bio, Inc.
(Research Triangle Park, NC, USA) and maintained in Mesothelial Cell Growth Medium
(Zen-Bio, Inc.). Non-malignant human pleural mesothelial cells transformed with SV40 T
antigen (Met5A) and three human mesothelioma cell lines, MSTO-211H(MSTO), NCI-
H2052 (H2052) and NCI-H2452 (H2452), were obtained from American Type Culture
Collection (Manassas, VA, USA). ACC-MESO-1 (MESO1) was purchased from the RIKEN
BioResearch Center (Tsukuba, Ibaraki, Japan). These cells were grown in Roswell Park
Memorial Institute 1640 medium (Nacalai Tesque, Kyoto, Japan) supplemented with 10%
fetal bovine serum (HyClone, Logan, UT, USA). Transformed human embryonic kidney 293
and 293 T cell lines were cultured in Dulbecco’s modified Eagle’s medium (Nacalai Tesque)
supplemented with 10% fetal bovine serum. Human dermal fibroblasts and their specific
media were purchased from Cell Systems (Kirkland, WA, USA). All the cells were grown in
5% CO2 at 37 °C.

Viral vector plasmid and virus production

The AMLV-RRYV vector plasmids, pAMLV-green fluorescent protein (GFP) and pAMLV-
CD, have been described previously as AZE-emd and AZE-CD, respectively;2425 each
contains a full-length replication-competent amphotropic AMLV provirus with an internal
ribosome entry site (IRES)-transgene cassette (Figures 1a and 3a). The GALV-RRV vector
plasmid, pGALV-GFP, described previously as pGS4-GFP,20 is a replication-competent
GALYV vector containing an IRES-GFP (Figure 1a). pGALV-CD was generated by
replacement of the IRES-GFP sequence in pGALV-GFP with the IRES-CD cassette (Figure
3a). For virus production, 293 T cells were transiently transfected with the vector plasmid
using Lipofect AMINE 2000 (Life Technologies Japan, Tokyo, Japan), replenished with
serum-free medium, and 48 h later the supernatant medium was harvested, filtered and
stored frozen at —80 °C.19 These vectors were prepared side by side and confirmed to have
comparable titers by quantitative reverse transcription and the polymerase chain reaction
(gPCR) (data not shown). The virus preparation of a self-inactivating replication-defective
lentivirus vector expressing GFP, sinSKcmv-EGFP (LV-GFP),26 was produced by transient
co-transfection of 293 T cells as described previously.1519.26.27 The titers of these vectors
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were determined by analysis of GFP expression using a FACScalibur flow cytometer
(Becton Dickinson Japan, Tokyo, Japan) and expressed as transducing units (TUs) per ml.

Replication kinetics of RRVs in vitro

For analysis of replication kinetics in vitro, virus vector stock was used for infection of
various human cell lines at 20% confluency at a multiplicity of infection (MOI) of 0.01. At
serial time points, the cells were trypsinized, onefourth of the cells were replated and the
remainder analyzed for GFP expression by flow cytometry as above.

Replication kinetics in subcutaneous tumor models

BALB/c-nu/nu (nude) mice (Charles River Japan Co., Yokohama, Japan) were bred and
maintained under specific pathogen-free conditions, and all studies conducted under
protocols approved by the Hyogo College of Medicine Animal Research Committee. Human
malignant mesothelioma MSTO or MESO1 xenografts were established in 6- to 8-week-old
female nude mice by subcutaneous inoculation of 1x106 tumor cells into the right dorsal
flank. When tumors reached a diameter of B5 mm, three groups of mice (n=8 per group)
were injected intratumorally with 1x104 TU of LV-GFP, AMLV-GFP or GALV-GFP on day
0. Over sequential days, mice were anesthetized with sodium pentobarbital, and spectral
fluorescence imaging was performed using the Maestro in vivo fluorescence imaging system
(Cambridge Research and Instrumentation, Woburn, MA, USA), as previously described.
19.28.29 For detection of GFP fluorescence (maximum excitation 488 nm; maximum
emission 507 nm), whole body images (0.05- to 0.5-s exposure) were captured at a 500—
600nm range in 10nm steps with a band-pass filter from 445 to 490nm and a long-pass filter
over 515 nm. All images were analyzed by Maestro 2.2 software in order to create spectral
unmixed images of fluorescein and autofluorescence. To evaluate the increase of
fluorescence intensities in tumors, the total signal intensities (scaled counts/sec) were
divided by tumor volumes (mm3).19

Cytotoxicity assay in vitro

For quantitative analysis of the drug cytotoxicity, triplicate wells containing human NMC,
Met5A, H2052, H2452, MSTO or MESO1 cells (1x104 cells per well), which had been
pretransduced with AMLV-CD or GALV-CD at an MOI of 0.01 and maintained for 15 days,
were cultured in 96-well tissue-culture plates with various concentrations of 5FC. On day 3,
the viable cell numbers of triplicate cultures were measured by the Alamar Blue method
according to the manufacturer’s instructions (Alamar Biosciences, Inc., Sacramento, CA,
USA). Briefly, 40 ml of Alamar Blue was aseptically added to the cultures, which were then
returned to the incubator for 3 h; fluorescence was measured by an ARVO X4 multilabel
plate reader with a 544nm excitation wavelength and a 590nm emission wavelength (Perkin
Elmer Japan, Tokyo, Japan). The percentage of viable cells was determined by calculation of
the fluorescence of viable cells as measured against wells containing no 5FC.

Prodrug activator gene therapy in subcutaneous tumor models

MESOL1 cells were grown subcutaneously in nude mice to a diameter of 5-6mm as above,
and three groups of mice (n=10 per group) were then injected intratumorally with 50 ml of
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phosphate-buffered saline, AMLV-CD or GALV-CD on day 0, followed by intraperitoneal
administration of either 5FC (500mgkg = day 1) every other day from day 14 to day 28. The
mice were observed closely and the tumors were measured twice a week. The tumor volume
was calculated as a x b2 x 0.5, where a and b were the largest and smallest diameters,
respectively.

PiT-1 and PiT-2 mRNA expression profile analysis

The expression of PiT-1 and PiT-2 mRNA in cell lines was analyzed by gPCR. Total RNA
was extracted from semiconfluent cell cultures on 10 cm dishes using the ISOGEN RNA
extraction solution (Nippon Gene, Tokyo, Japan), whereupon it was treated with DNase to
remove genomic DNA contamination. The RNA was analyzed by qPCR for expression of
PiT-1, PiT-2 and glyceraldehyde-3-phosphate dehydrogenase RNA with the Tagman One-
step RT-PCR master mix reagent kit (Applied Biosystems Japan Ltd., Tokyo, Japan) as
described by the manufacturer. The primers and TagMan probe for PiT-1 (Hs00965587_m1),
PiT-2 (Hs00198840_m1) and glyceraldehyde 3-phosphate dehydrogenase
(Hs99999905_m1) were purchased from Applied Biosystems Japan Ltd. (Tagman gene
expression assays). Briefly, 20 ng of total RNA was added to the reaction mixture (TagMan
one-step RT-PCR master mix reagents), containing 18 pmol of each of the primers and 5
pmol of the probe, and amplified for 1 cycle of 30 min at 48 °C and 10 min at 95 °C,
followed by 50 cycles of 15 s at 95 °C and 1 min at 60 °C.

Statistical analysis

RESULTS

The results are presented as the mean + s.d. Statistical significance of differences was
calculated using Student’s #test, and a Pvalue of <0.01 was considered significant in all
analyses.

GALV vectors replicate efficiently in human malignant mesothelioma cell lines in vitro

To evaluate replication kinetics in human malignant mesothelioma cells, we first used the
AMLV-based RRV vector (AMLV-GFP) and GALV-based RRV vector (GALV-GFP); both
RRVs contain an IRES-GFP cassette inserted precisely at the env-3’ untranslated region
boundary (Figure 1a). GFP expression was monitored by flow cytometry at serial time
points after inoculation of cells with AMLVGFP or GALV-GFP at an MOI of 0.01 (Figure
1b). In H2052, H2452 and MSTO cells, the two RRVs showed similar replicative kinetics;
the percentage of GFP-expressing cells quickly increased in a logarithmic manner and
reached 480% within 16 days and 497% within 20 days after virus inoculation, and then
remained stable thereafter. In contrast, in MESOL cells inoculated with GALV-GFP, GFP-
expressing cells quickly increased and reached 495% within 12 days after virus inoculation,
whereas GFP-expressing cells after AMLV-GFP inoculation remained less than 20% at day
40. Thus, the GALV vector exhibited a far greater proclivity for transduction of MESO1
cells. In addition, in NMCs and non-malignant transformed pleural mesothelial cells
(Met5A), both RRVs exhibited severely attenuated infectivities (Figure 1b), confirming that
RRV spread is highly selective for malignant mesothelioma cell lines and the nonmalignant
cells are non-permissive for retroviral replication.
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GALV vectors replicate efficiently in human malignant mesothelioma cell lines in vivo

To examine the spread of RRV vectors in vivo, nude mice with subcutaneous MSTO or
MESOL1 tumors received a single intratumoral injection of GALV-GFP, AMLV-GFP or LV-
GFP replication-defective lentiviral vector on day 0, and GFP expression was monitored at
serial time points thereafter by in vivo fluorescence imaging (Figure 2). In both MSTO- and
MESO-1-inoculated group of mice injected with the replication-defective lentiviral vector,
LV-GFP, intratumoral GFP expression was observed on week 1, and proportionally increased
with an increase in tumor size (Figures 2a and c). In MSTO tumor-bearing animals injected
with either AMLV-GFP or GALV-GFP, intratumoral GFP expression increased robustly and
reached throughout the entire tumors by week 3, without detectable signal in extratumoral
normal tissue (Figure 2a). The fluorescence intensities were normalized to the tumor
volumes and found to be highly increased in both AMLVGFP- and GALV-GFP-injected
tumors compared with LV-GFPinjected tumors (Figure 2b), indicating efficient RRV spread
in these tumors. On week 4, tumors were harvested, immediately digested with collagenase
into cell suspensions, and the percentage of GFP-positive cells was 7.9+4.1% with LV-GFP,
92.7+6.1% with AMLV-GFP and 94.4+5.8% with GALV-GFP by flow cytometry.

In MESO1-bearing animals injected with AMLV-GFP, intratumoral GFP expression was not
observed by week 4 (Figures 2c and d), consistent with the results that MESO1 was not
permissive for AMLV-RRYV (Figure 1b). However, GALV-GFP spread robustly and reached
throughout entire tumor by week 3, (Figure 2c). The fluorescence intensities also increased
highly in the GALV-GFPinjected tumors compared with AMLV-GFP- and LV-GFP-injected
tumors (Figure 2d), indicating efficient GALV-RRYV spread in these tumors. On week 4,
tumors were harvested, immediately digested with collagenase into cell suspensions, and the
percentage of GFP-positive cells was 4.7+2.7% with LV-GFP, 1.1+0.2% with AMLV-GFP
and 97.3+4.9% with GALV-GFP.

These results were consistent with the results /77 vitro RRV replication kinetics in MSTO and
MESO1, and indicate that the GALV-RRV vector was also capable of efficient replication
and progressive spread through MESO1 mesothelioma tumors /in vive.

Prodrug activator gene-mediated cell killing effect of RRVs in human malignant
mesothelioma cells

To investigate the efficacy of RRV-mediated prodrug activator gene therapy in human
malignant mesothelioma cells, we used AMLV-CD and GALV-CD, which express the CD
prodrug activator gene (Figure 3a). The human mesothelioma cells were infected with
AMLV-CD or GALV-CD at an MOI of 0.01 on day 0 and exposed to the 5FC prodrug at
various concentrations from day 15 for 3 days. On day 18, cell viability was examined by
Alamar blue assay. In H2052, H2452 and MSTO cells, decreased cell viability was observed
in both AMLV-CD and GALV-CD-transduced cultures in a 5FC dose-dependent manner
(Figure 3b). At the highest 5FC dose level (10 mM), the viability of all RRV-transduced
malignant mesothelioma cells was significantly decreased to <10%, whereas RRV-
transduced non-malignant Met5A cells showed significantly higher levels of survival
(~80%). In contrast, in MESOL cells, decreased cell viability was observed significantly
higher in GALV-CD-transduced cultures than AMLV-CD (Figure 3b). At the 10 mM 5FC

Cancer Gene Ther. Author manuscript; available in PMC 2021 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kubo et al.

Page 7

dose level, the viability of GALV-CD-transduced MESOL1 cells was significantly decreased
to (11.9+4.4%), compared with AMLV-CD (83.3£12.7%).

These results were consistent with /in7 vitro RRV-GFP replication kinetics in these cells
(Figure 1b), and indicate that the GALV-CD vector could achieve selective spread and
cytotoxicity in malignant mesothelioma cells, as well as enhanced transduction efficiency by
using a different physical binding mechanism.

GALV-mediated CD/5FC prodrug activator gene therapy shows potent in vivo antitumor
effects in subcutaneous human mesothelioma xenograft models

To examine the antitumoral therapeutic efficacy of RRV-mediated CD/5FC prodrug activator
gene therapy, nude mice bearing established MESO1 tumors were treated with a single
intratumoral injection (1 x 10* TU total dose) of either AMLV-CD or GALV-CD, or of
phosphate-buffered saline vehicle control on day 0, followed by intraperitoneal
administration of 5FC. As shown in Figure 4, subcutaneous tumors treated with AMLV-CD
showed no obvious inhibition of tumor growth after 5SFC administration by day 28 post-
infection (3171.0 + 485.8 mm?3), as compared with the phos- phate-buffered saline control
group (3209.2 + 510.7 mm3). In contrast, the growth of GALV-CD transduced tumors was
significantly inhibited by 5FC treatment by day 28 post-infection (1715.5 + 212.7 mm3,
F£<0.01 vs AMLV-CD group). Thus, GALV- mediated prodrug activator gene therapy could
achieve effective /n vivo growth inhibition in this subcutaneous MESO1 model of human
malignant mesothelioma.

MRNA expression of PiT-1 and PiT-2 in human cell lines

To elucidate the difference in replicative spread of GALV-RRV and AMLV-RRYV in MESO-1
cells, we analyzed the expression levels of cellular receptors for GALV (PiT-1) and AMLV
(PiT-2) in human mesothelioma cell lines by quantitative RT-PCR. In MESO1 cells, high
PiT-1 but low PiT-2 expression were observed, presumably leading to distinctive findings
that GALV-RRV predominates over AMLV-RRYV in these cells.

In addition, PiT-1 mRNA was expressed in all of the four mesothelioma cell lines tested
(H2052, H2452, MSTO and MESO?1), but was low in NMC and Met5A (Figure 5). In
contrast, PiT-2 mMRNA was higher in NMC and Met5A than in mesothelioma cell lines.
These results suggested an advantage of GALV-RRV over AMLVRRYV for targeting human
mesothelioma in order to ensure safety and efficacy.

DISCUSSION

For the ultimate success of cancer gene therapy, improved overall transduction efficiency
throughout the entire tumor is critically required. The use of replication-competent viruses
represents an emerging technology with the potential to achieve highly efficient gene
transfer to tumors, as each successfully transduced tumor cell itself becomes a virus-
producing cell, sustaining further transduction events even after initial administration.7,8 In
contrast to various other replicating viruses now in development as naturally oncolytic
agents, RRVs can replicate without immediate lysis of host cells and can spread via direct
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cell-tocell budding, and may be less likely to elicit robust immune responses that
prematurely terminate virus propagation.

Replicative spread of RRVs in solid tumors is potentially affected by many factors, including
antiviral innate immunity, acquired immunity and cellular receptor expression levels. In this
study, we investigated cellular receptor expression and found high PiT-1 but low PiT-2
expression in MESOL cells (Figure 5), presumably leading to the distinctive finding that
GALV-RRV predominates over AMLVRRY in these cells. In this case, GALV-RRV is an
alternate to AMLVRRYV in MESOL cells and could be vice versa with regard to other cancer
cells. Therefore, to line up multiple different RRVs that use different receptors may be
practically useful for RRV-mediated prodrug activator gene therapy against many types of
solid tumors, thereby allowing a tailor-made virotherapy on the basis of the cellular receptor
expression.

As a cancer therapeutic agents, RRV-mediated prodrug activator gene therapy would be the
ultimate ‘intracellular’ chemotherapy. However, cancer eventually becomes resistant to any
one chemotherapeutic agent. In an ideal clinical setting, therefore, combination regimens
will be essential for long-term success, thereby reducing the risk of resistance as well as
presumably enhancing antitumor effect by addictive or synergetic effects. Previously,
coinfections with AMLV- and GALV-RRV have been shown in MDA-MB-435 human breast
cancer cells in vitro, demonstrating that dual-vector prodrug activator gene therapy could
achieve synergistic cytotoxic efficacy than single-vector gene therapy.23 Thus, coinfection
of cancer cells with AMLV and GALYV vectors supplied with different prodrug activator
genes may be employed to achieve combination intracellular chemotherapy, leading to the
enhancing cytotoxic effects. When bystander effects are also taken into consideration, such
high levels of tumor transduction may allow sufficient tumor cell killing to destroy dormant
cancer stem cells by prodrug activator gene therapy.

As another solution to further improve the transduction efficiency of RRV vectors, we
previously developed a novel method in which high-titer adenovirus was employed to
deliver RRV vectors. These chimeric vector systems (adenovirus-retrovirus hybrid vectors)
exhibited significantly higher initial transduction and higher levels of second-stage RRV
production in situ, subsequently leading to accelerated RRV vector spread, and thereby
achieving enhanced therapeutic efficacy of prodrug activator gene therapy for cancer.30 This
hybrid vector system may also have additional advantages for combined tumor targeting via
fiber modification of the first-stage adenovirus31,32 and transcriptional regulation of the
second-stage RRV vectors.33

Gammaretroviruses contain no nuclear localization signals in their capsid and can only
infect cells that are actively dividing.14 This absolute selectivity for dividing cells will be of
significant utility for RRV vector replication in solid tumors. There will be little risk of
inadvertently transducing normal quiescent epithelium or stroma, whereas actively dividing
tumor neovasculature or cancerassociated hyperproliferative stroma may also provide a
potentially useful target. Also, retroviral replication is inhibited even in actively dividing
normal cells, which have intact innate antiviral immune mechanisms, as indicated by
restriction of both AMLV-RRV and GALV-RRYV in the non-malignant cell lines.
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Accordingly, we have previously shown that RRVs achieve highly tumor-selective
replication.15-19,23 In this study, we showed that PiT-1 mRNA is expressed in all of the
four mesothelioma cell lines tested (H2052, H2452, MSTO and MESOL), but is low in
normal cells (NMC and Met5A; Figure 5). In contrast, PiT-2 mRNA was higher in NMC and
Met5A than mesothelioma cell lines. This differential expression of PiT-1 and PiT-2
indicates an advantage of GALV-RRV over AMLV-RRYV for targeting human mesothelioma
in order to ensure safety and efficacy. For more precise tumor targeting, we have indeed
been developing RRV vectors that are targeted specifically to cancer cells. Our initial
strategy has been to limit vector replication through transcriptional control of the retroviral
RNA genome using cell type-specific promoters, for example, probasin promoter, which
directs high level expression selectively upon androgen induction in prostate cells. We have
demonstrated proof-of-concept for this strategy, achieving stringent targeting of RRV vector
replication and transgene expression to relatively well-differentiated prostate cancer cells.33

In conclusion, our results show that GALV-RRV vectors can efficiently replicate and achieve
significant levels of tumor transduction in human malignant mesothelioma cells, with
minimal spread in normal human mesothelial cells, and without detectable spread to normal
cells in vivo. The present study represents the first report to show efficient transduction of
human malignant mesothelioma cells by GALV-based RRV and the therapeutic efficacy of
GALV-RRV-mediated CD/5FC prodrug activator gene therapy in the mesothelioma model,
suggests a new treatment paradigm for malignant mesothelioma.

ACKNOWLEDGEMENTS

This work was supported by a Grant-in-Aid for Scientific Research from the Ministry of Education, Culture, Sports,
Science and Technology (MEXT) of Japan (25460484; SK); MEXT-Supported Program for the Strategic Research
Foundation at Private Universities (SK); a Pilot and Feasibility Study Award through NIDDK P30 DK 41301 (CRL)
and NIH R01CA121258 (NK).

REFERENCES

1. Ismail-Khan R, Robinson LA, Williams CC Jr, Garrett CR, Bepler G, Simon GR. Malignant pleural
mesothelioma: a comprehensive review. Cancer Control 2006; 13: 255-263. [PubMed: 17075562]

2. Tsao AS, Wistuba I, Roth JA, Kindler HL. Malignant pleural mesothelioma. J Clin Oncol 2009; 27:
2081-2090. [PubMed: 19255316]

3. van der Most RG, Robinson BW, Nelson DJ. Gene therapy for malignant mesothelioma: beyond the
infant years. Cancer Gene Ther 2006; 13: 897-904. [PubMed: 16439992]

4. Albelda SM, Wiewrodt R, Sterman DH. Gene therapy for lung neoplasms. Clin Chest Med 2002;
23: 265-277. [PubMed: 11901916]

5. Sterman DH, Recio A, Vachani A, Sun J, Cheung L, DeLong P et al. Long-term follow-up of
patients with malignant pleural mesothelioma receiving high-dose adenovirus herpes simplex
thymidine kinase/ganciclovir suicide gene therapy. Clin Cancer Res 2005; 11: 7444-7453.
[PubMed: 16243818]

6. Sterman DH, Treat J, Litzky LA, Amin KM, Coonrod L, Molnar-Kimber K et al. Adenovirus-
mediated herpes simplex virus thymidine kinase/ganciclovir gene therapy in patients with localized
malignancy: results of a phase I clinical trial in malignant mesothelioma. Hum Gene Ther 1998; 9:
1083-1092. [PubMed: 9607419]

7. Alemany R, Balague C, Curiel DT. Replicative adenoviruses for cancer therapy. Nat Biotechnol
2000; 18: 723-727. [PubMed: 10888838]

Cancer Gene Ther. Author manuscript; available in PMC 2021 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kubo et al.

Page 10

8. Liu TC, Kirn D. Gene therapy progress and prospects cancer: oncolytic viruses. Gene Ther 2008;
15: 877-884. [PubMed: 18418413]

9. Fukazawa T, Matsuoka J, Naomoto Y, Maeda Y, Durbin ML, Tanaka N. Malignant pleural
mesothelioma-targeted CREBBP/EP300 inhibitory protein 1 promoter system for gene therapy and
virotherapy. Cancer Res 2008; 68: 7120-7129. [PubMed: 18757427]

10. Zhu ZB, Makhija SK, Lu B, Wang M, Wang S, Takayama K et al. Targeting mesothelioma using
an infectivity enhanced survivin-conditionally replicative adenoviruses. J Thorac Oncol 2006; 1:
701-711. [PubMed: 17409940]

11. Brader P, Kelly KJ, Chen N, Yu YA, Zhang Q, Zanzonico P et al. Imaging a Genetically
Engineered Oncolytic Vaccinia Virus (GLV-1h99) Using a Human Norepinephrine Transporter
Reporter Gene. Clin Cancer Res 2009; 15: 3791-3801. [PubMed: 19470726]

12. Adusumilli PS, Stiles BM, Chan MK, Mullerad M, Eisenberg DP, Ben-Porat L et al. Imaging and
therapy of malignant pleural mesothelioma using replicationcompetent herpes simplex viruses. J
Gene Med 2006; 8: 603-615. [PubMed: 16475242]

13. Willmon CL, Saloura V, Fridlender ZG, Wongthida P, Diaz RM, Thompson J et al. Expression of
IFN-beta enhances both efficacy and safety of oncolytic vesicular stomatitis virus for therapy of
mesothelioma. Cancer Res 2009; 69: 7713-7720. [PubMed: 19773437]

14. Miller DG, Adam MA, Miller AD. Gene transfer by retrovirus vectors occurs only in cells that are
actively replicating at the time of infection. Mol Cell Biol 1990; 10: 4239-4242. [PubMed:
2370865]

15. Hiraoka K, Kimura T, Logg CR, Tai CK, Haga K, Lawson GW et al. Therapeutic efficacy of
replication-competent retrovirus vector-mediated suicide gene therapy in a multifocal colorectal
cancer metastasis model. Cancer Res 2007; 67: 5345-5353. [PubMed: 17545615]

16. Kikuchi E, Menendez S, Ozu C, Ohori M, Cordon-Cardo C, Logg CR et al. Highly efficient gene
delivery for bladder cancers by intravesically administered replication-competent retroviral
vectors. Clin Cancer Res 2007; 13(15 Pt 1): 4511-4518. [PubMed: 17671137]

17. Tai CK, Wang WJ, Chen TC, Kasahara N. Single-shot, multicycle suicide gene therapy by
replication-competent retrovirus vectors achieves long-term survival benefit in experimental
glioma. Mol Ther 2005; 12: 842-851. [PubMed: 16257382]

18. 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 2003; 14: 117—
127. [PubMed: 12614563]

19. Kawasaki Y, Tamamoto A, Takagi-Kimura M, Maeyama Y, Yamaoka N, Terada N et al.
Replication-competent retrovirus vector-mediated prodrug activator gene therapy in experimental
models of human malignant mesothelioma. Cancer Gene Ther 2011; 18: 571-578. [PubMed:
21660062]

20. Logg CR, Baranick BT, Lemp NA, Kasahara N. Adaptive evolution of a tagged chimeric
gammaretrovirus: identification of novel cis-acting elements that modulate splicing. J Mol Biol
2007; 369: 1214-1229. [PubMed: 17498744]

21. Miller AD, Chen F. Retrovirus packaging cells based on 10A1 murine leukemia virus for
production of vectors that use multiple receptors for cell entry. J Virol 1996; 70: 5564-5571.
[PubMed: 8764070]

22. Overbaugh J, Miller AD, Eiden MV. Receptors and entry cofactors for retroviruses include single
and multiple transmembrane-spanning proteins as well as newly described
glycophosphatidylinositol-anchored and secreted proteins. Microbiol Mol Biol Rev 2001; 65: 371-
389. [PubMed: 11528001]

23. Lu YC, Luo YP, Wang YW, Tai CK. Highly efficient gene transfer to solid tumors in vivo by
tumor-selective replicating retrovirus vectors. Int J Mol Med 2011; 25: 769-775.

24. Logg CR, Tai CK, Logg A, Anderson WF, Kasahara N. A uniquely stable replication-competent
retrovirus vector achieves efficient gene delivery in vitro and in solid tumors. Hum Gene Ther
2001; 12: 921-932. [PubMed: 11387057]

25. Tai CK, Logg CR, Park JM, Anderson WF, Press MF, Kasahara N. Antibody-mediated targeting of
replication-competent retroviral vectors. Human Gene Ther 2003; 14: 789-802. [PubMed:
12804141]

Cancer Gene Ther. Author manuscript; available in PMC 2021 June 08.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kubo et al.

26.

217.

28.

29.

30.

31.

32.

33.

Page 11

Kubo S, Seleme MC, Soifer HS, Perez JL, Moran JV, Kazazian HH Jr. et al. L1 retrotransposition
in nondividing and primary human somatic cells. Proc Natl Acad Sci USA 2006; 103: 8036-8041.
[PubMed: 16698926]

Kubo S, Mitani K. A new hybrid system capable of efficient lentiviral vector production and stable
gene transfer mediated by a single helper-dependent adenoviral vector. J Virol 2003; 77: 2964—
2971. [PubMed: 12584321]

Kubo S, Kawasaki Y, Yamaoka N, Tagawa M, Kasahara N, Terada N et al. Complete regression of
human malignant mesothelioma xenografts following local injection of midkine promoter-driven
oncolytic adenovirus. J Gene Med 2010; 12: 681-692. [PubMed: 20635326]

Yamaoka N, Kawasaki Y, Xu Y, Yamamoto H, Terada N, Okamura H et al. Establishment of in
vivo fluorescence imaging in mouse models of malignant mesothelioma. Int J Oncol 2010; 37:
273-279. [PubMed: 20596654]

Kubo S, Haga K, Tamamoto A, Palmer DJ, Ng P, Okamura H et al. Adenovirus-retrovirus hybrid
vectors achieve highly enhanced tumor transduction and antitumor efficacy in vivo. Mol Ther
2011; 19: 76-82. [PubMed: 20808291]

Campos SK, Barry MA. Current advances and future challenges in Adenoviral vector biology and
targeting. Curr Gene Ther 2007; 7: 189-204. [PubMed: 17584037]

Glasgow JN, Bauerschmitz GJ, Curiel DT, Hemminki A. Transductional and transcriptional
targeting of adenovirus for clinical applications. Curr Gene Ther 2004; 4: 1-14. [PubMed:
15032610]

Logg CR, Logg A, Matusik RJ, Bochner BH, Kasahara N. Tissue-specific transcriptional targeting
of a replication-competent retroviral vector. J Virol 2002; 76: 12783-12791. [PubMed: 12438603]

Cancer Gene Ther. Author manuscript; available in PMC 2021 June 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kubo et al.

Page 12
a
AMLV-GFP | U3 us gag pol env QLISFeldd= U3 [R|US
- nes-cro 8
GALV-GFP | U3 us gag pol env U3 |[R|US
m | IRES-GFP g
b A
100 100
NMC Met5A
80 80
60 60 --{_]-- AMLV-GFP
PR 40 —&@— GALV-GFP
g 20 20
0 seeeeee  ese-e-eel
= 0 10 0 10 20
w
o
9- 100 100 =4 100 100
& | [H2052 U" H2452 @7 |
(_2 3 F 80 80 /
o ," 60 60
/: IMESO1
ﬁ' 40 40
- 20 20
gﬁ_ 0
- SR 0
10 20 0 10 20 0 10 20

Figurel.

Days after infection

Replication kinetics of amphotropic murine leukemia virus (AMLV) vs gibbon ape leukemia
virus (GALV) vectors in human mesothelioma cells. (a) Schematic structure of AMLV-GFP
and GALV-GFP vectors. These vectors contain a full-length replication-competent AMLYV or
GALV provirus, in which an internal ribosome entry site (IRES)-green fluorescent protein
(GFP) cassette has been inserted between the envgene and 3’-untranslated region. ¥,
packaging signal; gag-pol, AMLV or GALYV structural genes. (b) Replication kinetics of
AMLYV vs GALV vectors in human mesothelioma cells. Human non-malignant mesothelial
cells (NMC and Met5A) and mesothelioma cells (H2052, H2452, MSTO and MESO1) were
inoculated with AMLV-GFP or GALV-GFP vector at a multiplicity of infection of 0.01. On
the days of passage, cells were analyzed for GFP expression by flow cytometry. Data are
representative of three independent experiments, all yielding similar results.
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Figure2.
In vivo spread of amphotropic murine leukemia virus (AMLV) vs gibbon ape leukemia virus

(GALV) vectors in malignant mesothelioma xenograft tumors. (a) /17 vivo fluorescence
imaging. Human malignant mesothelioma MSTO tumors were grown subcutaneously in
nude mice to 5-6mm in diameter, and injected intratumorally with LV-GFP (replication-
deficient lentiviral vector), AMLV-GFP or GALV-GFP on day 0 (n=8 per group). At
different time points indicated in the figure, whole body images (0.05- to 0.5-s exposure)
were taken and analyzed by /n vivo fluorescence imaging system. Representative images are
shown from each group. (b) Comparison of the fluorescence intensities in MSTO tumors
injected with LV-GFP, AMLV-GFP or GALV-GFP. The fluorescence intensities were
normalized to the tumor volumes. Data shown are averages — (AMLV-GFP) or + (LV-GFP
and GALV-GFP) s.d. from experiments (n=8 per group). (c) /n vivo fluorescence imaging.
Subcutaneous MESO1 tumors established in nude mice were injected intratumorally with
LV-GFP, AMLV-GFP or GALV-GFP on day 0 (n=8 per group). Representative images are
shown from each group. (d) Comparison of the fluorescence intensities in MESOL tumors
injected with LV-GFP, AMLV-GFP or GALV-GFP. The fluorescence intensities were
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normalized to the tumor volumes. Data shown are averages — (GALV-GFP) or + (LV-GFP
and AMLV-GFP) s.d. from experiments (n=8 per group). D, day; W, week.
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Figure 3.

Prodrug activator gene-mediated cell killing effect after amphotropic murine leukemia virus
(AMLYV) vs gibbon ape leukemia virus (GALV) infection in vitro. (a) Schematic structure of
AMLV-CD and GALV-CD vector. These vectors were created by replacement of the internal
ribosome entry site (IRES)-green fluorescent protein (GFP) cassette of AMLV-GFP and
GALV-GFP with IRES-CD, respectively. CD, yeast cytosine deaminase prodrug activator
gene. (b) Cell viability of Met5A, MSTO and MESOL cells on day 18 after infection at a
multiplicity of infection of 0.01 with AMLV-CD or GALV-CD. Data shown are averages +

s.d. from experiments performed in triplicate. 5FC, 5-fluorocytosine.
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In vivo antitumor effect of amphotropic murine leukemia virus (AMLV)- vs gibbon ape
leukemia virus (GALV)-mediated prodrug activator gene therapy in subcutaneous xenograft
model of human malignant mesothelioma. MESO1 tumors were grown subcutaneously in
nude mice to 5-6mm in diameter, and injected intratumorally with 1x10* TU (50 ml) of
either AMLV-CD or GALV-CD, or phosphate-buffered saline (PBS) vehicle control on day
0, followed by intraperitoneal administration of 5-fluorocytosine (5FC; 500mgkg ! day™1)
every other day from day 14 to day 28 (n=10 per group). Tumor volumes were measured
twice a week, and data shown are averages — (PBS and AMLV-GFP) or + (GALV-GFP) s.d.
from experiments.
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Figureb.
Relative messenger RNA levels of PiT-1 and PiT-2 in cell lines by quantitative reverse

transcription PCR. Total RNA was extracted from various human cells, including non-
malignant human cell lines (293, fibroblast, NMC, Met5A) and malignant mesothelioma cell
lines (H2052, H2452, MSTO and MESQO1). The RNA was reverse-transcribed and amplified
by PCR with specific primers for PiT-2, PiT-1, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). GAPDH was used as an endogenous RNA control to normalize
for differences in the amount of total RNA.
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