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A novel translational approach for human malignant pleural mesothelioma:

heparanase-assisted dual virotherapy
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Malignant pleural mesothelioma (MPM) is a highly
aggressive tumor that is related to asbestos exposure.
MPM is characterized by rapid and diffuse local growth
in the thoracic cavity, and it has a poor prognosis because
it is often refractory to conventional therapy. Although
MPM is an extraordinarily challenging disease to treat,
locoregional virotherapy may be useful against this aggres-
sive disease because of the accessibility by intrapleural
virus delivery. In this study, we show that telomerase-
specific, replication-selective adenovirus OBP-301 can
efficiently infect and kill human mesothelioma cells by
viral replication. Intrathoracic administration of virus
significantly reduced the number and size of human
mesothelioma tumors intrathoracically implanted into
nufnu mice. A high-definition, fluorescence optical ima-
ging system with an ultra-thin, flexible fibered microprobe
clearly detected intracellular replication of green fluores-
cent protein-expressing oncolytic virus in intrathoracically
established mesothelioma tumors. As the extracellular
matrix (ECM) may contribute to the physiological
resistance of a solid tumor by preventing the penetration
of therapeutic agents (including oncolytic viruses), we also
examined whether the co-expression of heparanase, an
endoglucuronidase capable of specifically degrading he-
paran sulfate, that influences the physiological barrier to
macromolecule penetration, can modify the permeability
of the ECM, resulting in profound therapeutic efficacy.
Co-injection of OBP-301 and a replication-defective
adenovirus (Ad-S/hep)-expressing heparanase resulted in
more profound antitumor effects without apparent toxi-
city in an orthotopic pleural dissemination model. Our
results suggest that intrathoracic dual virotherapy with
telomerase-specific oncolytic adenovirus in combination
with heparanase-expressing adenovirus may be efficacious
in the prevention and treatment of pleural dissemination of
human malignant mesothelioma.

Oncogene (2010) 29, 1145-1154; doi:10.1038/0onc.2009.415;
published online 23 November 2009

Correspondence: Dr T Fujiwara, Center for Gene and Cell Therapy,
Okayama University Graduate School of Medicine, Dentistry and
Pharmaceutical Sciences, 2-5-1 Shikata-cho, Okayama 700-8558, Japan.
E-mail: toshi_f@md.okayama-u.ac.jp

Received 12 July 2009; revised 23 September 2009; accepted 19 October
2009; published online 23 November 2009

14

Keywords: telomerase; adenovirus; mesothelioma; hepa-
ranase; dual virotherapy

Introduction

Malignant pleural mesothelioma (MPM) is an uncom-
mon neoplasm with an annual estimated incidence of
2000-3000 new cases in the United States (Connelly
et al., 1987; Price, 1997). In more than 70% of patients,
the origin of the tumor is linked to a history of exposure
to asbestos fibers (Chahinian e al., 1982; Chailleux
et al., 1988). The use of asbestos in Japan increased
rapidly after the 1950s and remained at a high level even
as the worldwide use of asbestos decreased substantially
after the 1980s, therefore, the mortality rate for MPM is
expected to continuously increase in Japan (Murayama
et al., 2006). MPM is characterized by progressive local
tumor invasion and poor median survival ranging from
9 to 16 months (Ruffie et al., 1989). MPM is notoriously
refractory to treatment, and neither surgery nor radio-
therapy alone results in increased survival (Ball and
Cruickshank, 1990; Rusch ez al., 1991). Although many
chemotherapeutic regimens have been suggested, a
standard treatment strategy for MPM remains elusive
(Alberts et al., 1988; Ryan et al., 1998). Therefore, the
development of novel therapeutic options is required.
Clinical trials of patients with MPM have established
the safety of the intrapleural delivery of replication-
deficient adenoviral vectors expressing the suicide gene,
herpes simplex thymidine kinase, followed by the admin-
istration of ganciclovir, an antiviral drug. Some evidence
indicates that this approach induces an effective antitumor
immune response (Sterman er al., 1998, 2005; Molnar-
Kimber et al., 1998). Moreover, intrapleural interferon-
gene transfer with a replication-defective adenoviral vector
may potentially be a useful approach for the generation of
antitumor immune responses in MPM patients (Sterman
et al., 2007). A significant obstacle to these approaches is
the limited distribution of the non-replicative vectors
within the tumor mass, even after direct intratumoral
administration. Histopathological analyses have shown
that these vectors transduce only a few tumor cells,
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despite the successful antitumor responses. Therefore,
more efficient strategies for the virus to spread within
tumors may be required to increase the clinical benefit.
Replication-selective, tumor-specific viruses present a
novel approach for the treatment of neoplastic diseases.
These vectors are designed to induce virus-mediated lysis
of tumor cells after selective viral propagation within the
tumor. Telomerase activation is a critical step in
carcinogenesis, and it correlates closely with human
telomerase reverse transcriptase (hTERT) expression.
We constructed an attenuated adenovirus 5 vector
(OBP-301, Telomelysin), in which the hTERT promoter
element drives expression of the E/A and EIB genes
linked with an internal ribosome entry site. OBP-301
replicated efficiently and induced marked cell killing in a
panel of human cancer cell lines, whereas replication as
well as cytotoxicity was highly attenuated in normal
human cells lacking telomerase activity (Kawashima et al.,
2004; Taki et al., 2005). In this study, we examined the
therapeutic potential of intrapleural delivery of OBP-301
against human MPM tumors intrathoracically implanted

into nu/nu mice. As the extracellular matrix (ECM) may
contribute to the physiological resistance of a solid tumor
by preventing the penetration of therapeutic agents
(including oncolytic viruses), we also examined whether
the co-expression of heparanase, an endoglucuronidase
capable of specifically degrading heparan sulfate, that
influences the physiological barrier to macromolecule
penetration, can modify the permeability of the ECM,
resulting in profound therapeutic efficacy.

Results

Expression of CAR and hTERT levels in human
mesothelioma cell lines

To examine the biological characteristics of human
mesothelioma cells, we first used flow cytometry to
determine the cell surface expression of coxsackie and
adenovirus receptor (CAR). CAR was expressed in all
four cell lines tested, although the expression levels
varied (Figure 1b). H2052 and H2452 cells showed low,
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Figure 1 Schematic DNA structures of telomerase-specific viruses and characteristics of human mesothelioma cell lines. (a) OBP-301
is a telomerase-specific, replication-competent adenovirus that contains the human telomerase reverse transcriptase (Z'}TERT) promoter
sequence inserted into the adenovirus genome to drive transcription of the E1A and E1B bicistronic cassette linked by internal
ribosome entry site (IRES). OBP-401 is a variant of OBP-301 and contains the green fluorescent protein (GFP) gene inserted under the
cytomegalovirus (CMV) promoter into the E3 region for monitoring viral replication. Ad-S/hep vector contains human heparanase
complementary DNA (cDNA) driven by the CMV promoter. (b) Flow cytometric analysis of coxsackie and adenovirus receptor
(CAR) expression in human mesothelioma cell lines. Cells were incubated with anti-CAR monoclonal antibodies followed by
fluorescein isothiocyanate (FITC)-conjugated rabbit anti-mouse IgG (gray area). An isotype-matched normal mouse IgG conjugated
to FITC was used as a control (black line). (c) Relative A TERT messenger RNA (mRNA) expression in human mesothelioma cell lines
and normal cell lines was determined by real-time reverse transcription (RT)-PCR analysis. The A TERT mRNA expression of H1299
human lung cancer cells was considered 1.0, and the relative expression level of each cell line was calculated against that of H1299 cells.
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Figure 2 Selective cytopathic effect of OBP-301 in human mesothelioma cell lines in vitro. Cells were infected with OBP-301 at the
indicated multiplicity of infection (MOI) values, and the surviving cells were quantitated over 5 days by XTT assay. The cell viability
of mock-treated cells on day 1 was considered 1.0, and the relative cell viability was calculated. Values represent the mean +s.d. of

triplicate experiments.

but detectable CAR expression compared with CAR-
negative cell lines such as LN444, LNZ308 and
H1299R5 that we reported earlier (Tango et al., 2004;
Taki et al., 2005). A real-time reverse transcription-PCR
method showed that all cell lines expressed detectable
levels of A”TERT messenger RNA (mRNA), suggesting
that the hTERT promoter element can be used to target
human mesothelioma cells (Figure 1c).

In vitro cytopathic efficacy of OBP-301 on human
mesothelioma cell lines

To determine whether OBP-301 infection induces
selective cell lysis, mesothelioma cells were infected
with OBP-301 at various multiplicity of infections
(MOIs), and then the XTT cell viability assay was
performed over 5 days. All mesothelioma cell lines were
efficiently killed by OBP-301 in a dose-dependent
manner (Figure 2). Infection at an MOI of 10 was
sufficient to induce cell lysis within 3 days. To visually
confirm the viral replication and spread, we modified
OBP-301 to express the green fluorescent protein (GFP)
reporter gene under the control of the cytomegalovirus
promoter in the E3 region (modified virus, OBP-401)
(Figure la). We have confirmed earlier that the
propagation and yields of OBP-301 and OBP-401 are
equivalent (Kawashima et al., 2004; Kishimoto et al.,
2006). After OBP-401 infection, phase-contrast images
showed a rapid loss of viability because of massive cell
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death, as evidenced by ballooning and floating cells. We
observed a strong and persistent GFP fluorescence
expression in these mesothelioma cells under a fluores-
cence microscope, indicating the viral replication and
spread into the neighboring tumor cells (Figure 3a).

Intrathoracic virus spread and infection in an orthotopic
pleural human mesothelioma model

We also evaluated the viral infection and replication
in human mesothelioma cells growing intrathoracically
in athymic nu/nu mice. When H2052 and H2452 meso-
thelioma cells were inoculated into the thoracic space,
disseminated tumor nodules were detected in the visceral
pleura, parietal pleura, diaphragmatic pleura and
mediastinum. We used H2452 cells with low CAR and
hTERT mRNA expression that were considered to be
most refractory to OBP-301 for the further in vivo
experiments. Tumor weights at autopsy more than 40
days after tumor cell inoculation were significantly
greater than tumor weights at <30 days, indicating
the tumor growth in the thoracic cavity (Supplementary
Figure 1). Optical charged-coupled device imaging
detected GFP-labeled tumors at the gross level during
a midsternal thoracotomy 6 days after intrathoracic
injection of 1 x 10® plaque-forming units (PFU) of OBP-
401. Moreover, GFP expression in macroscopically
invisible tumors could be detected at the microscopic
level with a hand-held flexible probe inserted through
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Figure 3 Visualization of human mesothelioma cells in vitro and in vivo by OBP-401 infection. (a) H2052, H2452, H28 and 211 H cells
were infected with OBP-401 at an multiplicity of infection (MOI) of 10. Cell morphology and green fluorescent protein (GFP)
expression were evaluated by fluorescence microscopy at the indicated time. Bar =200 um. (b) Internal images of pleural mesothelioma
dissemination visualized by intrathoracic injection of OBP-401. Six weeks after intrathoracic inoculation of 5 x 10 H2452 cells, mice
received an intrathoracic injection of 1 x 10® plaque-forming units (PFU) of OBP-401. The GFP fluorescence expression was detected 6
days after virus administration by a 3-charged-coupled device (CCD) camera (top panels) and an in sifu molecular imaging system
(bottom panels). Top-left panel, gross appearance of disseminated H2452 tumors; top-right panel, fluorescent detection. Bottom panels,
I, IT and III represent the boxed regions of the top panels. Bar=30pm. (¢) Histologic sections stained with hematoxylin and eosin
showing local growth of H2452 mesothelioma cells (arrows) in the thoracic spaces. Top panels, x 40 magnification; bottom panels,
x 400 magnification. I and II represent the boxed regions of (b).
the intercostal small incision (Figure 3b and Supple-  were administered twice at a 1-week interval beginning
mentary Figure 2). Histological analysis confirmed the 24 h after tumor cell inoculation. Injection of 108 PFU of
presence of disseminated tumors in the sites of  OBP-301 significantly reduced the incidences of tumor
fluorescence emission (Figure 3c). These results suggest  cell dissemination and the total weights of tumor
that intrathoracically injected oncolytic virus can infect = nodules as compared with mice that received dI312 or
and selectively replicate in disseminated tumor tissues. phosphate-buffered saline injection, although 107 PFU
of OBP-301 had no apparent effect (Figures 4a and b).
In vivo antitumor effect of intrathoracic delivery of OBP- ~ Next, we examined treatment schedules with different
301 in an orthotopic pleural human mesothelioma model starting points. Two injections of 1 x 10 PFU of OBP-
To examine the therapeutic effect of telomerase-specific ~ 301 administered at a 1-week interval starting on day 1,
oncolytic virus, mice received an injection of 1 x 10" or 8, 22 or 29 after tumor inoculation showed statistically
1 x 108 PFU of OBP-301, 1 x 10® PFU of replication- significant antitumor effects when mice were killed on
defective control adenovirus (dl312), or phosphate- day 43 (Figure 4c and Supplementary Figure 3). These
buffered saline into the thoracic spacethe injections  results suggest that oncolytic virotherapy could be
Oncogene
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Figure 4 In vivo antitumor effect of OBP-301 on pleural dissemination of H2452 human mesothelioma cells. (a) Gross appearance
of H2452 tumors grown orthotopically in the thoracic spaces. H2452 cells (5 x 10°) were inoculated into the thoracic space of athymic
nu/nu mice. After 24 h, either 1 x 107 plaque-forming units (PFU)/100 ul or 1 x 10 PFU/100 pul of OBP-301, 1 x 10®* PFU/100 pl of
dl312 (replication-deficient adenovirus), or phosphate-buffered saline (PBS) were injected into the thoracic space twice at a 1-week
interval (total dose: 2x 107 or 2 x 108 PFU). Eight weeks after tumor cell inoculation, the mice were killed, and the pleural
dissemination of the thoracic spaces was assessed. (b) The weight of each tumor nodule found in the thoracic spaces was determined.
Closed circles: individual tumor weights. Bars: mean weight. * P <0.05, **P <0.01. (¢) The antitumor effect of OBP-301 administered in
different treatment schedules was also assessed on an orthotopic pleural dissemination model. Top panel, treatment schedule. Bottom
panel, tumor weight of each tumor nodule found in the thoracic spaces after treatment. The treated mice were killed and assessed for
pleural dissemination 43 days after tumor inoculation. Closed circles: individual tumor weights. Bars: mean weight. *P<0.05.

effective for preventing the dissemination of meso-
thelioma cells as well as shrinking established tumors;
complete eradication of disseminated nodules, however,
was not achieved.

Enhanced antitumor effect of OBP-301 in combination
with heparanase-expressing adenovirus in an orthotopic
pleural human mesothelioma model

To further enhance the in vivo therapeutic potential of
telomerase-specific virotherapy, we examined the com-
bination effect of OBP-301 and a replication-defective
adenovirus vector expressing the human heparanase
gene (Ad-S/hep) (Uno et al., 2001). Heparan sulfate is a
major constituent of the ECM that is responsible for a
barrier to macromolecular diffusion in tumors. Thus,
heparanase-mediated ECM degradation may be a
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critical requisite for virus penetration and distribution
into tumor tissues. Western blot analysis revealed the
expression of both proheparanase (Mr 65000) and
cleaved, active heparanase (Mr 50000) in H2542 cells
after Ad-S/hep infection expression of these proteins was
not affected by the presence of OBP-301 (Figure 5a). In
addition, an in vitro XTT analysis showed that co-
infection of Ad-S/hep at various MOIs did not affect
OBP-301-mediated cytotoxicity on human mesothelio-
ma cells (Supplementary Figure 4).

We next examined whether heparanase expression
enhanced the virus penetration into three-dimensional
tumor structures using a human mesothelioma spheroid
model. Tumor spheroids provide an excellent in vitro
three-dimensional model resembling in vivo tumor
masses for visualizing the dynamics of the virus and
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