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Abstract

Background Malignant mesothelioma is a highly aggressive tumor with
poor prognosis. We hypothesized that the tumor-specific midkine (Mdk)
promoter could confer transcriptional targeting to oncolytic adenoviruses for
effective treatment of malignant mesothelioma.

Methods We analysed Mdk expression by quantitative reverse transcription-
polymerase chain reaction in six human mesothelioma cell lines, and tested
Mdk promoter activity by luciferase reporter assay. On the basis of these
data, we constructed a replication-selective oncolytic adenovirus designated
AdMdk-E1-iresTK. This virus contains a Mdk promoter-driven adenoviral
El gene and herpes simplex virus-thymidine kinase (TK) suicide gene and
cytomagalovirus promoter-driven enhanced green fluorescent protein marker
gene. Selectivity of viral replication and cytolysis were characterized in normal
versus mesothelioma cells in vitro, and intratumoral spread and antitumor
efficacy were investigated in vivo.

Results Mdk promoter activity was restricted in normal cells, but highly
activated in mesothelioma cell lines. AdMdk-E1-iresTK was seen to efficiently
replicate, produce viral progeny and spread in multiple mesothelioma cell
lines. Lytic spread of AdMdk-El-iresTK mediated the efficient killing of
these mesothelioma cells, and its in vitro cytocidal effect was significantly
enhanced by treatment with the prodrug, ganciclovir. Intratumoral injection
of AdMdk-E1-iresTK caused complete regression of MESO4 and MSTO human
mesothelioma xenografts in athymic mice. Invivo fluorescence imaging
demonstrated intratumoral spread of AdMdk-El-iresTK-derived signals,
which vanished after tumor eradication.

Conclusions These data indicate that transcriptional targeting of viral
replication by the Mdk promoter represents a promising general strategy for
oncolytic virotherapy of cancers with up-regulated Mdk expression, including
malignant mesothelioma. Copyright © 2010 John Wiley & Sons, Ltd.

Keywords malignant mesothelioma; molecular imaging; oncolytic adenovirus;
suicide gene therapy

Introduction

Malignant mesothelioma is an aggressive cancer that arises from the
mesothelial cells of serous membranes lining the pleural, peritoneal and
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pericardial cavities. Pleural mesothelioma is one of
the most lethal cancers and, in most cases, is caused
by previous exposure to asbestos [1,2]. Conventional
therapies for this malignancy include surgical resection,
chemotherapy and irradiation, although these measures
are generally noncurative [2,3]. Recent randomized
studies with combined chemotherapy using cisplatin
and antifolate drugs have demonstrated some survival
benefit for patients with mesothelioma [4], although
none of these treatments significantly impacts the
progression and outcome of mesothelioma. Moreover,
this disease is increasing in frequency throughout the
world [1,2], with the incidence of pleural mesothelioma
predicted to peak over the next 10-20 years [1,2,5].
As a result, new therapeutic paradigms and alternative
treatment options are urgently needed for more effective
treatment of this aggressive and currently incurable
malignancy.

Most pleural mesotheliomas spread by local invasion
[3,6], and therefore they may be well suited for gene
therapy owing to their accessibility, which allows both
intrapleural and intratumoral gene delivery [3,7]. Gene
therapy strategies for mesothelioma are being tested in
clinical trials, and suicide gene therapy, in particular,
has experienced some success [8]. Among the 34
patients receiving replication-defective adenoviral vector-
mediated herpes simplex (HSV)-thymidine kinase (TK)
suicide gene therapy in one clinical trial, four achieved
considerable tumor regression and two patients achieved
complete tumor regression for more than 7 years after
treatment.

Pleural mesothelioma is usually widely spread over
a large area and, to date, the inefficiency of gene
delivery to solid tumors has been a major obstacle to
the successful clinical application of this therapeutic
approach. Human clinical trials have documented that
even high-titer adenoviral vectors only achieve limited
transduction into tumor cells and this is confined
to areas surrounding the needle track. Notably, even
in patients who showed responses to suicide gene
therapy using conventional adenoviral vectors, the
extent and duration of the response was proportionally
greater than the level of transduction actually achieved,
suggesting that immune responses triggered by the
vector itself contributed significantly to antitumoral
efficacy.

An emerging technology that shows considerable
promise as a novel treatment option is the use of oncolytic
viruses that are capable of tumor-selective replication
[9,10]. The primary approach to achieve tumor-selective
viral replication has been to replace endogenous viral
regulatory sequences with a tissue- or tumor-specific
promoter. This will restrict the sites of viral replication
and expression of therapeutic transgenes. In the present
study, we examined the utility of a highly promising
tumor-selective promoter derived from the midkine gene,
in targeting mesothelioma.

Midkine (Mdk) is a basic heparin-binding growth
factor, and is a developmentally important retinoic
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acid-responsive protein that is strongly induced during
mid-gestation [11]. Mdk has various biological activi-
ties that are closely linked to neural cell survival and
development [12]. Mdk is also implicated in the devel-
opment of cancer because of its mitogenic effect [13,14],
promotion of angiogenesis [15], anti-apoptotic activity
[16,17], fibrinolytic activity [18] and transforming activ-
ity [19]. Mdk is overexpressed in various human cancers,
including esophageal [20], gastrointestinal [21], hepato-
cellular [22], lung [23], breast [24], pancreatic carcinoma
[25,26], Wilm’s tumor [27] and neuroblastoma [28],
when compared with adjacent normal tissues. By con-
trast, Mdk expression in normal human adult tissues is
quite limited, with moderate expression in the kidneys
and weak expression in lungs, colon and thyroid gland
[11,21,24,27].

In the present study, we found that the Mdk promoter
is highly active in mesothelioma cells. Consequently,
we used the Mdk promoter to drive expression of
the adenoviral E1 gene and develop a transcriptionally
targeted oncolytic adenovirus. We demonstrate that this
oncolytic adenovirus shows selective replication and
cytolysis in multiple established mesothelioma cell lines
in vitro, and achieved complete regression of human
malignant mesothelioma xenografts in athymic nude mice
in vivo.

Materials and methods

Cell lines

Normal human adult mesothelial cells (NMC) were
purchased from Zen Bio, Inc. (Research Triangle Park,
NC, USA) and maintained in Mesothelial Cell Growth
Medium (Zen-Bio, Inc.). Nonmalignant transformed
human pleural mesothelial cells (Met5A) were originally
established by transfecting normal human mesothelial
cells with a plasmid containing the SV40 large T
antigen gene but are nontumorigenic. Met5A and four
human mesothelioma cell lines, MSTO-211H (MSTO),
NCI-H2052 (H2052), NCI-H2452 (H2452) and NCI-
H28 (H28), were obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA). Other human
mesothelioma cell lines, ACC-MESO-1 (MESO1) and
ACC-MESO-4 (MESO4) were purchased from the RIKEN
BioResearch Center (Tsukuba, Ibaraki, Japan). These
cells were grown in RPMI 1640 (Nacalai Tesque, Kyoto,
Japan) supplemented with 10% fetal calf serum (FCS;
HyClone, Logan, UT, USA). The human embryonic
kidney cell lines 293 [29] (Microbix, Toronto, Canada)
and 293T were cultured in Dulbecco’s modified Eagle’s
medium (Nacalai Tesque) supplemented with 10% FCS.
Primary human coronary artery smooth muscle cells
(SMC) and human dermal fibroblasts and their specific
media were purchased from Cell Systems (Kirkland,
WA, USA). All the cells were grown in 5% COy at
37°C.
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Mdk and coxsackievirus and
adenovirus receptor (CAR) mRNA
expression profile analysis

The expression of Mdk mRNA in cell lines was analysed
the reverse transcription-polymerase chain reaction (RT-
PCR). Total RNA was extracted from semiconfluent cell
cultures on 10-cm dishes using the ISOGEN RNA extrac-
tion solution (Nippon Gene, Tokyo, Japan), whereupon it
was treated with DNase to remove genomic DNA contam-
ination. The RNA was analysed by quantitative real-time
PCR for expression of Mdk, CAR and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) RNA with the
Tagman One-step RT-PCR master mix reagent Kkit
(Applied Biosystems Japan Ltd, Tokyo, Japan) in accor-
dance with the manufacturer’s instructions. The primers
and TagMan probe for Mdk (Hs00171064.m1), CAR
(Hs00154661_m1) and GAPDH (Hs99999905_m1) were
purchased from Applied Biosystems Japan (Tagman gene
expression assays). Briefly, 40 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 one 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.

Assessment of Mdk promoter activity

The relative luciferase activities of promoter constructs
were quantified in cell lines transfected with a reporter
gene plasmid containing firefly luciferase driven by the
Mdk or SV40 promoter, together with Renilla luciferase-
expressing plasmid (pRL-TK; Promega, Madison, WI,
USA). The cells were lysed 48 h after transfection,
and assayed for luciferase activity using the Dual-Glo
luciferase assay system (Promega). Data shown are the
mean =+ SD calculated from triplicates.

Vector plasmids and virus production

The recombinant adenoviral vectors used in these
experiments include an HSV-TK suicide gene expres-
sion cassette, and were constructed using the AdEasy
XL system (Stratagene, La Jolla, CA, USA). Firstly, a
marker gene cassette, containing the enhanced green
fluorescent protein (EGFP) gene driven by the human
cytomegalovirus (CMV) promoter [30], was subcloned
into the pShuttle backbone (Stratagene) to generate
the intermediate construct, pShuttleG. For replication-
competent adenoviruses, the Mdk-E1-ires-TK and CMV-
El-ires-TK gene cassettes were inserted into pShuttleG,
to generate pShuttleG-Mdk-El-ires-TK and pShuttleG-
CMV-El-ires-TK, respectively. Similarly, for replication-
defective adenoviruses, insertion of the Mdk-TK and
CMV-TK gene cassettes into pShuttleG generated
pShuttleG-Mdk-TK and pShuttleG-CMV-El-ires-TK, re-
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spectively. A detailed description of this subcloning strat-
egy can be provided on request.

These shuttle plasmids were then transformed into
Escherichia coli BJ5183-AD (Stratagene) for homolo-
gous recombination in order to generate pAdMdk-E1l-
iresTK (Ad881), pAdCMV-E1l-iresTK (Ad883), pAdMdk-
TK (Ad884) and pAdCMV-TK (Ad885).

All vectors were propagated in 293 cells and purified
by CsCl ultracentrifugation, followed by dialysis against
10 mM Tris-HCL buffer (pH 8.0) with 10% glycerol. The
titers of these vectors were determined by conventional
limiting dilution on 293 cells and showed similar viral
yield. The particle to plaque-forming unit (pfu) ratios
of these vectors were within the range of 10.7-24.8
particles/pfu. Titers were also determined by EGFP
expression using a FACScalibur flow cytometer (Becton
Dickinson Japan, Tokyo, Japan) as EGFP-transducing
units (TU) per ml.

Viral progeny production assay

To assay the production of virus progeny, 5 x 10°
cells/well were seeded in six-well plates and were infected
with adenoviruses at a multiplicity of infection (MOI) of
100 viral particles per cell in 2 ml of 5% FCS medium.
After 3 h, the infection medium was replaced with 2 ml of
growth medium. Forty hours later, cells and media were
harvested, freeze/thawed three times, centrifuged, and
serial dilutions of the virus supernatants were titered on
293 cells by EGFP expression using flow cytometry.

In vitro cytotoxicity assay

For screening the oncolytic activity of each adenovirus in
various cell lines, cells were cultured on duplicate 24-well
plates (1 x 10° cells/well) and infected with MOIs of 0,
0.1, 1, 10, 100 or 1000. Half of the supernatant medium
volume was replaced with fresh medium containing 4%
FCS every other day. On day 8, the cells were fixed
with 10% buffered formalin containing 1% crystal violet
for 30 min, followed by three washes in tap water and
air-dried.

For quantitative analysis of the cytocidal effect of
each adenovirus, five sets of 96-well tissue-culture plates
containing Met5A, MESO4 or MSTO cells (1 x 104
cells/well) were infected with Ad881, Ad883, Ad884
or Ad885 at MOIs of 0, 0.01, 0.1, 1, 10 or 100. Half
of the supernatant medium volume was replaced with
fresh medium containing 4% FCS every other day. On
day 6, one set of plates was treated with ganciclovir
(GCV) (1 mg/ml) (Toronto Research Chemicals Inc.,
North York, Ontario, Canada). On days 1, 2, 4 and 8 post-
infection, the viable cell numbers of triplicate cultures
were measured by the Alamar blue method in accordance
with the manufacturer’s instructions (Alamar Biosciences,
Inc., Sacramento, CA, USA). Briefly, 40 ml of Alamar
blue was aseptically added to the cultures, which were
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then returned to the incubator for 3 h; fluorescence was
measured by an ARVO X4 multilabel plate reader with a
544 nm excitation wavelength and a 590 nm 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 viral vectors.

Subcutaneous human malignant
mesothelioma xenograft models and
in vivo fluorescence imaging analysis

All animal experiments were conducted according to
institutional guidelines under an approved protocol.
Human malignant mesothelioma xenografts were estab-
lished in 6-7-week-old female BALB/c-nu/nu (nude)
mice (Charles River Japan Co., Yokohama, Japan) by sub-
cutaneous inoculation of 1 x 10 MESO4 cells into the
right dorsal flank. When tumors reached a diameter of
approximately 5 mm, mice were injected intratumorally
with 100 pul of phosphate-buffered saline (PBS), Ad881
or Ad884 (5 x 108 TU) on day 0 (n =3 per group).
Over sequential days, mice were anaesthetized with
sodium pentobarbital and whole body images (exposure
of 0.05-0.5 s) were taken and analysed with the Maestro
in vivo fluorescence imaging system (CRi, Woburn, MA,
USA). All images were analysed using the Maestro soft-
ware provided by the manufacturer. In a separate set of
experiments, MESO4 cells were grown subcutaneously in
nude mice to a diameter of 5—6 mm as above, and five
groups of mice (n = 8 per group) were then injected intra-
tumorally with 100 pl of PBS, Ad881 or Ad884 (5 x 108
TU) on day 0, followed by intraperitoneal administration
of either GCV (100 mg/kg/day) or saline (0.9% NaCl)
from days 14-28 (n =8 per group). 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 large and small diameters, respec-
tively. This experiment was repeated using MSTO cells,
and tumors were injected with 100 pul of PBS, Ad881
or Ad884 (5 x 108 TU) on days 0 and 6, followed by
intraperitoneal administration of either GCV or saline
from days 24-48 (n = 8 per group).

To compare the antitumor efficacy between Mdk-driven
Ad881 and CMV-driven Ad883, subcutaneous MSTO
tumors in nude mice were injected intratumorally with
5 x 108 TU of either Ad881 (n = 4), Ad883 (n=4) or
Ad884 (n =3) or PBS (n=3) on day O, followed by
intraperitoneal administration of GCV from days 14-28.

To compare the potential for hepatotoxicity caused
by targeted versus nontargeted adenovirus, 6—7-week-
old female nude mice were intravenously injected with
5 x 108 TU of Ad881, Ad883 or PBS (n = 3 per group)
via tail vein. Sera were collected from mice sacrificed on
day 3, and the serum levels of alanine aminotransferase
(ALT) were measured by the Transaminase CII-test
(Wako Pure Chemical Industries, Osaka, Japan) to assess
hepatotoxicity.
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Statistical analysis

The results are presented as the mean + SD. Statistical
significance of differences was calculated using Student’s
t-test. P < 0.01 was considered statistically significant.

Results

Tumor-specific Mdk mRNA expression
and Mdk promoter activities in human
cell lines

To evaluate whether the Mdk promoter could be
useful for targeting mesothelioma in the context of a
transcriptionally targeted oncolytic adenoviruses, first,
we analysed the expression levels of Mdk and CAR
in human mesothelioma cell lines by quantitative
RT-PCR. Mdk mRNA was expressed in all of the
six mesothelioma cell lines tested (MESO1, MESO4,
H28, H2052, H2452 and MSTO), but was low in
NMC and undetectable in SMC (Figure 1a). Among
the mesothelioma cells, MESO4 and MSTO showed
the highest expression (>100-fold more than NMC).
CAR mRNA expression was also confirmed in these
mesothelioma cell lines.

To analyse Mdk promoter activity, cells were trans-
fected with an Mdk promoter-driven luciferase expression
plasmid. The luciferase activities were normalized to the
activity in Met5A nonmalignant transformed human pleu-
ral mesothelial cells. The Mdk promoter was found to be
highly activated in all of the six mesothelioma cells lines
tested (Figure 1b), as well as in human embryonic kidney
293 and 293T cell lines. These findings suggest that Mdk
is a promising tumor-specific promoter for transcriptional
targeting of malignant mesothelioma cells, and could be
employed to effectively regulate conditional replication of
oncolytic adenoviruses.

Design and production of the oncolytic
and control adenoviruses

As shown in Figure 2, four different adenoviruses
were constructed and tested. Ad881 is a conditionally
replicating adenovirus, in which the adenoviral E1 gene
is driven by the Mdk promoter. Ad881 also contains
an HSV-TK suicide gene linked to Mdk promoter-driven
expression of E1 via an internal ribosome entry site (ires)
sequence, as well as an independent CMV promoter-
driven EGFP marker gene cassette. Ad883 serves as
a replication-competent virus control, in which the
Mdk promoter was replaced with the constitutively
active CMV promoter. Ad884 and Ad885 serve as
replication-defective virus controls, in which HSV-TK
transgene expression is driven by Mdk or CMV promoters,
respectively.

J Gene Med 2010; 12: 681-692.
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Figure 1. Evaluation of tumor-specific Mdk promoter activities in vitro. (a) Relative mRNA levels of Mdk and CAR in cell lines by
quantitative RT-PCR. Total RNA was extracted from various human cells, including normal cells (NMCs and SMCs), 293 human
embryonic kidney cells, nonmalignant transformed human pleural mesothelial cells (Met5A), and malignant mesothelioma cell
lines (MESO1, MESO4, H28, H2052, H2452 and MSTO). The RNA was reverse-transcribed and amplified by PCR with specific
primers for Mdk, CAR and GAPDH. GAPDH was used as an endogenous RNA control to normalize for differences in the amount
of total RNA. (b) Mdk promoter activities in cell lines. Relative luciferase activities in various cell lines transfected with a firefly
luciferase-expressing reporter plasmid driven by the Mdk or SV40 promoter, together with Renilla luciferase-expressing plasmid.
At 48 h after transfection, the cells were lysed and assayed for luciferase activity using the Dual-Glo luciferase assay system. Data

were normalized to the baseline value in Met5A, and shown as the mean + SD calculated from triplicates

Virus spread and cytotoxicity of
oncolytic adenovirus in mesothelioma
cells

To determine whether the Mdk promoter can confer
tumor-selective replication and cytolytic properties in
mesothelioma cells, MESO4 cells were infected with
the Mdk-driven oncolytic adenovirus Ad881 or the
corresponding replication-defective control virus Ad884,
at a low MOIL A low percentage (<10%) of EGFP-
positive cells was detected 24 h post-infection in both

Copyright © 2010 John Wiley & Sons, Ltd.

cultures, but a rapid increase in the EGFP-positive
population was seen only in the Ad881-infected culture
over the next 4 days, eventually reaching almost 100%
(Figure 3). This reflects robust spread of the oncolytic
adenovirus in the mesothelioma cells. In addition, Ad881-
infected cells display an increasing cytopathic effect (CPE)
over time, whereas CPE was not observed in Ad884-
infected cells (Figure 3). Similar results were obtained
using other mesothelioma cell lines (i.e. MESO1, MSTO
and H2452) (data not shown), indicating that lytic
spread of the Ad881 oncolytic adenovirus mediates

J Gene Med 2010; 12: 681-692.
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Figure 2. Schematic structure of recombinant adenovirus vectors. Replication-competent adenoviruses were constructed by
insertion of Mdk promoter (Ad881) and human CMV promoter (Ad883)-driven E1 expression cassettes linked to the HSV-TK suicide
gene via an internal ribosome entry site. Replication-defective adenoviruses were constructed by insertion of an HSV-TK cassette
driven by the Mdk promoter (Ad884) and human CMV promoter (Ad885). ITR: adenovirus inverted terminal repeat sequence, ¥,
packaging signal; CMV, cytomegalovirus promoter; EGFP, enhanced green fluorescent protein; pA, polyadenylation signal; ires,
internal ribosome entry site; HSV-TK, Herpes simplex virus-thymidine kinase suicide gene
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Figure 3. Virus spread and cytotoxicity of oncolytic adenovirus
in mesothelioma cells. MESO4 cells were infected with Ad881
or Ad884, at an MOI of 1. Photomicrographs were obtained at
the indicated times after infection (x200 magnification). Inset
numbers indicate quantification of EGFP-positive cells by flow
cytometry

Ad 884

efficient killing in multiple established mesothelioma cell
lines.

Tumor-selective propagation of Mdk
promoter-based oncolytic adenoviruses
in malignant mesothelioma cell lines

To assess oncolytic adenovirus propagation in mesothelial
cells, NMCs, Met5A, and the malignant mesothelioma cell

Copyright © 2010 John Wiley & Sons, Ltd.

lines (MESO1, MESO4 and MSTO) were infected with
Mdk-driven replication-competent Ad881, CMV-driven
replication-competent Ad883 or Mdk-driven replication-
defective Ad884 at an MOI of 100. After 48h,
cells and medium were harvested to assay adenovirus
progeny production in the cell lines. In both NMC
and Met5A cells, the Mdk-driven Ad881 showed 3-4-
fold less virus production than the CMV-driven Ad883
(Figure 4a). By contrast, in malignant mesothelioma cells
Ad881 showed much higher levels of virus production
compared to Ad883: in MESO1, MESO4 and MSTO cells,
Ad881 showed, respectively, 2.6-, 51.3- and 21.2-fold
higher virus production than Ad883 (Figure 4a). When
normalized to the baseline value in NMC cells, Mdk-
driven Ad881 oncolytic adenovirus replicates selectively,
and efficiently produces viral progeny in these malignant
cells (Figure 4b). This suggests that the strength and
selectivity of the Mdk-promoter in these malignant cells
may outweigh their differences in CAR expression.

Oncolytic efficiency of an Mdk
promoter-based oncolytic adenovirus
in untransformed and mesothelioma
cell cultures

To investigate tumor-specific cytotoxicity, malignant
mesothelioma cell lines (MESO1, MESO4, H28, H2052,
H2452 and MSTO), Met5A nonmalignant transformed
mesothelial cells and untransformed cell lines (NMC
and fibroblast), either remained uninfected or were
infected with Ad881, Ad883, Ad884 or Ad885 at various
MOIs. After 8 days, oncolytic efficiency of these viruses
was examined by staining adherent viable cells with

J Gene Med 2010; 12: 681-692.
DOI: 10.1002/jgm
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Figure 4. Tumor-selective propagation of Mdk promoter-based
oncolytic adenoviruses in malignant mesothelioma cell lines.
(a) Human malignant mesothelioma cell lines (MESO1, MESO4
and MSTO), normal mesothelial cells (NMCs) and nonmalignant
transformed human pleural mesothelial cells (Met5A) were
infected with Ad881, Ad883, or Ad884 at an MOI of 100.
Forty-eight hours after infection, cells and media were harvested
to determine the viral titer (TU) by EGFP expression using flow
cytometry. (b) Virus production levels as determined above,
normalized to the baseline value in NMC cells

crystal violet. All of the mesothelioma cell lines tested
showed cytolysis in a dose-dependent manner by the
replication-competent adenoviruses, Ad881 and Ad883,
although the sensitivity varied among different cell
lines (Figure 5). As expected from the virus propagation
assay results, Ad881 showed cytotoxicity at levels
comparable to Ad883 in Met5A cells. In most malignant
mesothelioma cell lines, Mdk-driven Ad881 caused more
extensive cell death at lower MOIs than CMV-driven
Ad883, which is consistent with the higher level of
virus propagation seen in most of these cell lines
(Figures 4a and 4b). Notably, in NMC cells, Ad883 was
observed to cause CPE at an MOI of 1000. By contrast,
Ad881 showed no apparent CPE in NMCs or fibroblasts
even at MOI 1000, representing a therapeutic window
ranging between two and five orders of magnitude for
Ad881 cytotoxicity in the various mesothelioma cell
lines compared to normal cells. These findings indicate
that the Mdk promoter confers highly tumor-specific
cytotoxicity to oncolytic Ad881 in mesothelioma cell
lines.

Copyright © 2010 John Wiley & Sons, Ltd.
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Quantitative in vitro cytotoxicity assay

The cytotoxicity of the adenoviruses was assayed by
infecting replicate cultures of Met5A, MESO4 and MSTO
cells with Ad881, Ad883, Ad884 or Ad885 at various
MOIs. At serial time points thereafter, the number of
surviving cells was analysed using a colorimetric method.
In one set of replicate cultures, GCV, the prodrug for HSV-
TK, was added to the cultures on day 6 post-infection.
As shown in Figure 6, the replication-defective vectors,
Ad884 (with an Mdk-driven HSV-TK expression cassette)
and Ad885 (with a CMV-driven HSV-TK cassette), showed
cytotoxicity only in the presence of GCV. On the other
hand, both the Mdk-driven Ad881 and the CMV-driven
Ad883 replication-competent adenoviruses showed time-
and dose-dependent cytotoxicity in MESO4 and MSTO
cells, in which the Mdk promoter is highly activated.
These cytocidal effects were significantly enhanced by
GCV treatment. As expected, CMV-driven Ad883 was
also cytotoxic to Met5A nonmalignant transformed
mesothelial cells, even without GCV treatment. By
contrast, Mdk-driven Ad881 did not show significant
cytotoxicity in the absence of prodrug, consistent with
its inability to propagate at high levels in Met5A cells
(Figure 4a), which have low levels of Mdk promoter
activity (Figure 1b). These findings confirm the selective
cytotoxicity of Mdk-driven oncolytic Ad881 in malignant
mesothelioma cells.

In vivo imaging of the spread of
oncolytic adenovirus in malignant
mesothelioma xenografts

The presence of the EGFP marker gene in the adenoviral
backbone, enabled the spread of the oncolytic adenovirus
to be monitored in vivo by fluorescence imaging in a non-
invasive manner. Athymic nude mice with subcutaneous
MESO-4 human malignant mesothelioma xenografts
received an intratumoral injection with 5 x 108 TU of
either Ad881 or Ad884, or PBS control on day 0. Virus
replication was monitored by in vivo imaging at serial
time points thereafter.

In mice injected with replication-defective Ad884,
intratumoral EGFP expression was first observed on day 1,
reached a peak level by day 3, maintained a plateau level
for up to 4 weeks, and then decreased, whereas tumors
kept growing (Figure 7). By contrast, tumors injected
with Mdk-driven oncolytic adenovirus Ad881 showed a
robust increase in EGFP expression during the first week
of infection. The peak EGFP fluorescence intensity during
this time was approximately three-fold higher than in
Ad884-injected tumors. Subsequently, EGFP expression
was observed to diminish gradually by week 4, correlating
with tumor regression. These data indicate that Mdk-
driven oncolytic adenovirus was capable of efficient
replication and progressive spread through mesothelioma
tumors in vivo. Ultimately, virus propagation could not be
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Figure 5. Oncolytic efficiency of Mdk promoter-driven oncolytic adenovirus in normal and mesothelioma cell cultures. Human
malignant mesothelioma cell lines (H2052, H2452, H28, MESO1, MESO4 and MSTO), nonmalignant transformed human pleural
mesothelial cells (Met5A), and the human normal cell lines (NMC and fibroblast), were infected with Ad881, Ad883, Ad884,
or Ad885, at MOIs in the range 0.1-1000. Crystal violet staining of viable cells was used to evaluate oncolytic activity 8 days

post-infection

sustained as a result of a lack of host cells in the regressing
tumor.

Therapeutic efficacy of recombinant
adenoviruses in malignant
mesothelioma xenograft models

We examined the antitumoral therapeutic efficacy in vivo,
and assessed whether suicide gene activation would
augment the effectiveness of viral oncolysis. Accordingly,
nude mice bearing established MESO4 subcutaneous
tumors were treated with a single intratumoral injection
of 5 x 108 TU of Ad881, Ad884 or PBS control on day
0, followed by intraperitoneal administration of either
GCV or saline from days 14-28. Tumors treated with
replication-defective adenovirus Ad884 showed partial
regression (40.9% reduction in tumor volume) only in
the presence of GCV, and tumor regrowth was observed
(Figure 8a). Without GCV treatment, the Mdk-driven
oncolytic adenovirus, Ad881, caused complete regression

Copyright © 2010 John Wiley & Sons, Ltd.

of subcutaneous tumors, which were barely palpable by
3 weeks post-infection. The absence of residual viable
tumor tissue was confirmed by necropsy and pathological
examination of these tumor-free animals. In the presence
of GCV, the Ad881-treated group showed a 64.2%
reduction in tumor volume by day 20, and tumor regrowth
was observed thereafter, suggesting that further viral
replication and spread was inhibited by suicide gene
activation.

We then compared the antitumor efficacy of Mdk-
targeted replication-competent Ad881 versus Mdk-
targeted replication-defective Ad884 in the MSTO
mesothelioma model, in which both Mdk and CAR are
expressed at lower levels than in MESO4. Subcutaneous
MSTO tumors were established in nude mice, and injected
intratumorally with PBS, Ad881 or Ad884 (5 x 108 TU) on
days 0 and 6, followed by intraperitoneal administration
of either GCV or saline from days 24—48. Tumors treated
with Ad884 showed partial regression (23.2% reduction
in tumor volume) only in the presence of GCV, and
tumor regrowth was observed (Figure 8b). Without GCV
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Figure 6. Quantitative in vitro cytotoxicity assay. Met5A, MESO4 and MSTO cells (1 x 10*/well) were cultured in multiple replicate
96-well plates and infected with Ad881, Ad883, Ad884 or Ad885, at MOIs in the range 0.01-100. On the indicated days, the number
of surviving cells was analysed by a fluorescent methods using Alamar blue. One set of cultures was treated with GCV (1 mg/ml)
during the last 3 days prior to the colorimetric assay (8d+G). Data shown are the mean =+ SD calculated from triplicates
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Figure 7. In vivo imaging of the spread of oncolytic adenovirus in malignant mesothelioma xenograft tumors. MESO4 tumors were
grown subcutaneously in nude mice to 5-6 mm in diameter, and injected intratumorally with 5 x 108 TU of either Ad881 or Ad884
or PBS control on day 0 (n = 3 per group). At different time points indicated, whole body images (exposure of 0.05-0.5 s) were
taken and analysed by in vivo fluorescence imaging. Representative images are shown from each group
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Figure 8. In vivo antitumor effect of recombinant adenoviruses in malignant mesothelioma xenograft models. (a) MESO4 tumors
were grown subcutaneously in nude mice to 5-6 mm in diameter, and injected intratumorally with 5 x 108 TU of either Ad881
or Ad884, or PBS control on day 0. This was followed by intraperitoneal administration of either GCV or saline from days 14-28
(grey zone; n = 8 per group). Tumor volumes were measured twice a week, and data shown are the mean + SD. (b) Subcutaneous
MSTO tumors established in nude mice were injected intratumorally with 5 x 108 TU of either Ad881 or Ad884, or PBS control on
days 0 and 6, followed by intraperitoneal administration of either GCV or saline from days 24-48 (grey zone; n = 8 per group).
(c) Subcutaneous MSTO tumors established in nude mice were injected intratumorally with 5 x 108 TU of either Ad881 (n = 4),
Ad883 (n =4) or Ad884 (n = 3), or PBS control (n = 3) on day 0, followed by intraperitoneal administration of GCV from days

14-28 (grey zone)

treatment, Ad881 yielded significant growth inhibition
compared to PBS control, but did not achieve complete
tumor regression. By contrast, in the presence of GCV, the
Ad881-treated group showed complete regression of sub-
cutaneous tumors, and no tumor regrowth was observed
up to 4 weeks after discontinuation of GCV.

Next, we compared the anti-tumor efficacy of tar-
geted Mdk-driven Ad881 versus nontargeted CMV-driven
Ad883 replication-competent adenoviruses in the sub-
cutaneous MSTO tumor model. Mdk-targeted but non-
replicating Ad884 was also used as a control. Nude
mice bearing MSTO tumors established as above were
injected intratumorally with PBS, Ad881, Ad883 or Ad884
(5 x 108 TU) on day 0, followed by intraperitoneal
administration of GCV from days 14-28. Prior to GCV
administration, Mdk-driven Ad881 but not CMV-driven
Ad883 showed significant inhibition of tumor growth
compared to the PBS-treated group. Additionally, when
combined with GCV treatment, Mdk-targeted replication-
competent Ad881 yielded a significant inhibition of tumor
growth (95.9%) compared to the nontargeted CMV-driven
replication-competent control virus Ad883 (73.7%), as
well as the Mdk-targeted nonreplicating Ad884 (44.6%)
(Figure 8c). Tumor regrowth was observed in Ad884- and
Ad883-treated groups after GCV discontinuation, but not
in the Ad881-treated group.

We next compared hepatotoxicity in mice after
intravenous injection with PBS, targeted Mdk-driven
Ad881, or nontargeted CMV-driven Ad883 (5 x 108 TU).
Sera were collected on day 3 after virus administration,
and assayed for ALT activity. We found that serum ALT
levels in mice injected with the nontargeted Ad883
virus were significantly higher (225.5439.52 U/1)
compared to those injected with Mdk-targeted Ad881

Copyright © 2010 John Wiley & Sons, Ltd.

(29.70 £+ 14.98 U/1) (p = 0.0098). Notably, no significant
difference was observed in serum ALT values between
Ad881-injected mice (29.70 + 14.98 U/1) and the PBS-
injected negative control group (15.43+1.981 U/])
(p = 0.3986). These results suggest that transcriptional
targeting may be able to reduce potential adverse effects of
oncolytic adenovirus on extra-tumoral organs, particularly
the liver.

Discussion

Tumor specificity and viral infectivity are critical
parameters for the success of oncolytic virotherapy. In
the present study, we asked whether the Mdk promoter
could confer tumor selectivity to oncolytic adenovirus
vectors and enable transcriptional targeting of malignant
mesothelioma. Significantly, we found that Mdk mRNA
was expressed to some extent in all six of the human
mesothelioma cell lines we tested, although its expression
was restricted in normal cells. Consistent with the Mdk
expression data, we confirmed that the Mdk promoter is
highly activated in these human mesothelioma cell lines.
We also found that CAR mRNA was expressed to some
extent in all of the six human mesothelioma cell lines we
tested, indicating that they were susceptible to adenoviral
infection.

On this basis, we proceeded to develop a transcription-
ally targeted oncolytic adenovirus controlled by the Mdk
promoter, armed with the HSV-TK suicide gene, that also
carries the EGFP marker gene. This Mdk-regulated virus
(Ad881) demonstrates tumor cell-specific replication and
cytotoxicity as well as potent therapeutic efficacy against
malignant mesothelioma cells both in vitro and in vivo.
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The Mdk-driven oncolytic adenovirus achieves robust
tumor-specific cytotoxicity in MESO4 human mesothe-
lioma cells (Figure 6) and complete regression of sub-
cutaneous tumor xenografts in athymic mice, following
a single intratumoral injection (Figure 8a). This strik-
ing result may reflect the high permissivity of MESO4
cells for Mdk-driven adenovirus infection, as reflected by
MESO4 cells having the highest observed levels of Mdk
and CAR expression (Figure 1a). However, in MSTO cells,
which show high Mdk expression but low CAR expres-
sion (Figure 1a), oncolytic effects were subtherapeutic
compared to MESO4 cells.

Further enhancement of therapeutic efficacy has been
reported by the synergistic combination of radiation
and chemotherapy with oncolytic virotherapy [31],
particularly when the oncolytic viruses are armed
with suicide genes or immunomodulatory genes [10].
Accordingly, we tested the effect of arming the Mdk
promoter-driven adenovirus with an HSV-TK suicide gene
expression cassette. As expected, the in vitro cytocidal
effects were significantly enhanced by treatment with the
prodrug, GCV (Figure 6), and in vivo antitumor activity
was enhanced, resulting in complete tumor regression in
the MSTO-xenograft mouse model (Figure 8b). However,
in the MESO4-xenograft mouse model, GCV treatment
was associated with a significant reduction of antitumoral
efficacy in vivo, compared to the effectiveness of oncolytic
virotherapy without GCV (Figure 8a). This reduction
of antitumoral efficacy may result from inhibition
of viral replication and from premature induction
of tumor cell death due to suicide gene activation
by GCV. Although most studies combining oncolytic
virotherapy with suicide gene therapy have reported
enhancement of therapeutic efficacy [32—35], there has
been at least one study reporting that intracellular
conversion of prodrug to active toxin can result in
complete inhibition of oncolytic vaccinia virus replication
[36]. It is likely that suicide gene function will be
most useful in situations where oncolytic activity is
subtherapeutic, and the timing of prodrug administration
may be critical for optimal therapeutic synergy. On the
other hand, suicide gene-mediated termination of virus
replication may also be useful as a safety precaution
to eliminate any residual virus remaining after tumor
eradication.

There have only been two prior studies reporting tran-
scriptional targeting of oncolytic adenovirus to mesothe-
lioma cells. These studies used tumor-specific promot-
ers derived from the survivin [37] and CREBBP/EP300
inhibitory protein 1 (CRI1) genes [38]. It is difficult
to make a direct comparison to these studies as the
survivin-targeted adenovirus employed a different panel
of mesothelioma cell lines. In addition, in luciferase
and viral replication assays the survivin promoter gen-
erally showed ten- to 100-fold lower activity than the
constitutively active CMV promoter [37]. By contrast,
we found that the Mdk promoter-driven oncolytic aden-
ovirus generally showed ten-fold higher replication levels
and cytolytic activity in mesothelioma cells than the

Copyright © 2010 John Wiley & Sons, Ltd.
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equivalent control vector driven by CMV but still main-
tained reduced cytotoxicity to normal mesothelial cells.

In this context, it is interesting to note that the survivin-
targeted adenovirus gave up to a five-fold enhancement
of infectivity in mesothelioma cell lines with fiber
modifications to increase CAR-independent binding [37].
Although we found adequate levels of CAR expression
in our mesothelioma cell panel, it is likely that oncolytic
virotherapy with Mdk-driven adenoviruses can be further
improved by combining tumor-targeted transcriptional
control with re-targeted binding tropism via adenovirus
fiber modification.

The previously reported CR11-driven adenovirus was
tested in a panel of mesothelioma cells (H2452, H2052,
MSTO) similar to those used here but, in this case,
there was no CMV-driven control vector, and therefore
it is difficult to draw a direct comparison. Notably,
in that study, the wild-type CR11 promoter showed
up to ten-fold higher luciferase induction, whereas
a synthetic version containing four tandem repeats
of the CR11 promoter showed up to 30-fold higher
induction compared to normal mesothelial cells [38].
Hence, additional engineering of the Mdk promoter may
also result in further gains in promoter activity while
maintaining selectivity.

In conclusion, we have identified the Mdk promoter
as a tumor-specific regulatory element that is highly
useful for targeting oncolytic adenovirus to malignant
mesothelioma. Because the Mdk gene is highly up-
regulated in a variety of other cancers, this may represent
a highly promising general strategy for transcriptionally
targeted oncolytic virotherapy.
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