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Abstract

Background—Malignant pleural mesothelioma (MPM) is an aggressive cancer that is refractory
to current treatment modalities. Oncolytic herpes simplex viruses (HSV) used for gene therapy are
genetically engineered, replication-competent viruses that selectively target tumor cells while sparing
normal host tissue. The localized nature, the potential accessibility and the relative lack of distant
metastasis, make MPM a particularly suitable disease for oncolytic viral therapy.

Methods—The infectivity, selective replication, vector spread and cytotoxic ability of three
oncolytic HSV: G207, NV1020 and NV1066 were tested against eleven pathological types of MPM
cell lines including those that are resistant to radiation therapy, gemcitabine or cisplatin. The
therapeutic efficacy and the effect on survival of NVV1066 were confirmed in a murine MPM model.

Results—All three oncolytic HSV were highly effective against all the MPM cell lines tested. Even
at very low concentrations of MOI 0.01 (MOI: multiplicity of viral infection, ratio of viral particles
per cancer cell), HSV were highly effective against MPM cells that are resistant to radiation,
gemcitabine and cisplatin. NV1066, an oncolytic HSV that expresses green fluorescent protein (GFP)
was able to delineate the extent of the disease in a murine model of MPM due to selective infection
and expression of GFP in tumor cells. Furthermore, NV1066 was able to reduce the tumor burden
and prolong survival even when treated at an advanced stage of the disease.

Conclusion—These findings support the continued investigation of oncolytic HSV as potential
therapy for patients with therapy resistant malignant pleural mesothelioma.
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INTRODUCTION

Malignan 2pleural mesothelioma (MPM) is an aggressive cancer with a median survival of 4-12
monthsl: 2. There has been a steady rise in the incidence of this malignancy over the past 25
years. Because of patterns of occupational asbestos exposure and the long latency period (30
to 40 years), the annual |nC|dence of 3000 new cases is expected to increase by more than 50%
inthe coming decade3: 4. Pleural mesothelioma is a diffuse disease. Therefore radiation therapy
must include the entlre hemithorax and the dose of radiation required to produce local control
of the disease is hlgh Mesothelioma is a chemoresistant malignancy. Even with combination
chemotherapy (cisplatin and/or glatlnum -based combination chemotherapy), only a 13 to 18%
response rate has been reported®. Surgery has been the mainstay of treatment for MPM as
chemotherapy and radiation are relatively ineffective. Even with combined surgery,
chemotheragy and radiation, only a minority of patients are rendered prolonged disease-free
survivors®-8. There is a clear need for development of new treatment modalities.

Oncolytic Herpes Simplex type-1 (HSV 1) viruses have been efficacious in the treatment of
number of human and animal cancers and are currently under evaluation in clinical
trials20-23, HSV-1 viruses preferentlally infect and lyse tumor cells because of their affinity
for actively dividing cells 2427 These viruses are replication-competent, allowing their
progeny to infect other tumor cells and thus prolong antitumor activity. The localized nature,
the potential accessibility, and the relative lack of distant metastasis make pleural malignant
mesothelioma a particularly suitable disease for oncolytic viral therapy. Since the primary
mechanism of oncolytic viral therapy is direct cell lysis, there is a good reason to believe that
the bulk of the tumor may be reduced, thus allowing more patients to be eligible for surgical
therapy.

One source of replication-competent HSV-1 vector selectivity for actively dividing cells, and
hence cancer cells, is by virtue of mutations in viral enzymes involved in nucleotide metabolism
(thymidine kinase [TK], ribonucleotide reductase [RR], and uracil deglycosylase [UNG]).
There are functional similarities between the viral and cellular enzymes, which are upregulated
in cancer cells and not expressed for the most part in postmitotic cells. Early attempts to utilize
HSV-1 as an oncolytic vector focused on mutating/deleting one of these genes, leading to the
development of first-generation attenuated vectors such as NV1020. This virus was originally
developed as a herpes vaccine but was unsuccessful. However, building on the associated safety
studies in rodents and primates, it has been used as an oncolytic agent against various non-
CNS tumors. These first-generation HSV-1 vectors, thus, provided the foundation for
examining the critical issues of safety, specificity, and efficacy for oncolytic virotherapy. In
order to maximize safety, it was reasoned that HSV-1 vectors developed for clinical application
contain multiple mutations, so that virulent strains would not arise from reversion or second
site suppressor mutations. G207 was constructed as a second-generation vector from HSV-1
laboratory strain F, with both copies of 34.5 deleted and the ICP6 gene mactlvated by insertion
of the E. coli LacZ gene. Both NVV1020 and G207 are currently in clinical trials20

When administering HSV-1 mutants and other oncolytic viruses or viral vectors, attempts have
been made to follow viral infection and spread in vivo by noninvasive imaging methods in
several preclinical studies. Such imaging strategies have limitations similar to conventional
radiological techniques and may only detect areas with large amounts of viral uptake.
Genetically engineered herpes viruses may be useful in the treatment of cancer based upon
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their oncolytic properties alone, or as vectors to carry therapeutic or immunomodulatory
transgenes to targeted tumors. NV1066 carries such a marker gene, a constitutively expressed
transgene for EGFP, the protein product of which is identifiable 4-6 hr following viral entry
into cells. In the current study, we sought to determine the efficacy of three oncolytic viral
therapy; G207, NV1020 and NV1066 in the treatment of human MPM both in vitro and in
vivo.

Human malignant mesothelioma cell lines of various histological subtypes were studied
including sarcomatoid (VAMT, H-28, H-2052, H-2373), epithelioid (H-2452, H-meso),
biphasic (H-mesolA, MSTO-211H, JMN) and others (Meso-9, Meso-10). MSTO-211H, H28
and Vero cells (from the African green monkey kidney) were obtained from the American
Type Culture Collection (ATCC®, Rockville, MD). H-meso and H-mesolA cell lines were
obtained from National Cancer Institute (NCI, Bethesda, MD). JMN, VAMT, Meso-9 and
Meso-10 cell lines were kind donation from Dr. Sirotnik from Memorial Sloan-Kettering
Cancer Center, New York. H-2052, H-2452, H-2373 cell lines were kind donation from Dr.
Pass from Karmanos Cancer Institute, Wayne State University, Detroit. All the cell lines were
grown in appropriate media and were incubated in a humidified incubator supplied with 5%
carbon dioxide.

G207 is an engineered herpes simplex virus based on the wild-type HSV-1 strain-F, and was
received as a gift from SD Rabkin and RL Martuza. As previously described, both y134.5 genes
have been deleted, and the Escherichia coli lacZ marker gene has been inserted into the

U, 39 gene, inactivating RR. NVV1020 (gift of Medigene Inc, San Diego, CA) is an attenuated,
replication-competent derivative of HSV-1. NV1020 is a non selected clonal derivative of
R7020, an attenuated, replication-competent virus based on the HSV-1 strain-F, originally
obtained from B Roizman29. It has a 15-kb deletion over the joint region of the HSV-1 genome.
This deletion encompasses the region of the genome coding for the ICPO, ICP4, latency
associated transcripts (LAT), and one copy of the neurovirulence gene (y134.5). These
deletions greatly attenuate virulence of the virus. Because it was originally designed as a
vaccine against HSV-1 and HSV-2 infection, a fragment of HSV-2 DNA from the HindIlIL
region encoding for several glycoprotein genes was inserted into the deleted joint region. It
also has a 700-bp deletion of the endogenous TK locus that prevents expression of the
overlapping transcripts belonging to the UL24 gene. An exogenous copy of the HSV-1 TK
gene was inserted under control of the 4 promoter. NV1066 is a replication-competent,
attenuated HSV-1 oncolytic virus with loss of single copies of the ICP-4, ICP-0, and y;134.5
genes have been deleted to increase tumor specificity and to decrease virulence30. NV1066
also contains the enhanced GFP (Green Florescent Protein) sequence under the control of a
constitutive cytomegalovirus promoter. All virus preparations were formulated in D-
phosphate-buffered saline solution (PBS)-10% glycerin and stored at —80°C. Viral stocks were
propagated on Vero cells, harvested by freeze-thaw lysis and sonication, and titered by standard
plaque assay.

Cell proliferation assay

Each MPM cell line was plated at a concentration of 20,000 cells per well in 1 ml of respective
media in 24-well plates (Becton Dickinson, Franklin Lake, NJ) and incubated. On days 3, 5,
6 and 7, viable cells from four individual wells were counted after trypsinization and staining
with trypan blue. The average number of cells per well of each cell line were plotted
logarithmically to demonstrate the growth properties.
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Determination of therapy resistance

Exponentially growing cells were detached from the cell culture and were plated to achieve
15,000 cells per well for each of the eleven cell lines in 96-well plates. Plated cells were
incubated for a 12-hr period before treatment. Cells were treated with chemotherapeutic agents
at concentrations 1, 10, 100, 1000 and 10,000 ng / mL of gemcitabine alone, or 0.1, 1, 10, 100
and 1000 uM / mL of cisplatin alone. Each concentration of drug alone was completed in six
wells. Also, controls (no drug) were included for each 96-well plate. At 72 hours, media was
removed. Cells were washed with PBS, and lysed (1.35% Triton-X solution) to release
intracellular lactate dehydrogenase (LDH). LDH was quantified using a Cytotox 96
nonradioactive cytotoxicity assay (Promega, Madison, WI) that measures the conversion of a
tetrazolium salt into a red formazan product. The amount of color formed is directly
proportional to the number of lysed cells. Absorbance was measured at 450 nm using a
microplate reader (EL 312e: Bio-Tek Instruments, Winooski, VT). Results were expressed as
surviving fraction, based on the measured absorbance of treated cellular lysates, compared to
that of untreated, control cellular lysates. Experiments were repeated in triplicate to ensure
reproducibility and the ICsq (dose required to achieve 50% growth inhibition) was determined
from the mean percent growth inhibition. Similar experiments were repeated with 20,000 cells
plated in 24-well plate with radiation alone (13Cs source irradiator, 224 cGy/min) at a dose
of 1, 2, 3, 4 or 5 Gy or no radiation and I1Csq for each cell line was derived. I1Csq for each
therapeutic agent for all the cell lines was calculated by using median-effect equation and plot
of Chou and Talalay method.

In vitro cytotoxicity assay

Malignant mesothelioma cells were plated at a concentration of 20,000 in 24-well flat bottom
plates in 1 ml of media. Cells were treated with media alone (control wells), or virus alone
(G207,NV1020, NV1066). Viral infection was carried out at multiplicities of infection of 0.01,
0.1 or 1 in a total volume of 100 pl of medium. Typically cells were plated overnight and
infected with virus in the morning. Percent survival for each group was determined on each
day for 7 days after treatment using a standard LDH release bioassay. Results were expressed
as surviving fraction, based on the measured absorbance of treated cellular lysates, compared
to that of untreated, control cellular lysates. All samples were tested in six wells. Experiments
were repeated at least three times to ensure reproducibility.

In vitro viral growth analysis

The ability of the oncolytic virus to replicate within malignant mesothelioma cells was
evaluated by viral growth analysis. 50,000 cells / well were plated in 6-well plates. Cells were
then infected with G207, NVV1020 or N\VV1066 (MOI 0.01, 0.05, 0.1 or MOI 1). Cells and media
were harvested at 48, 72, 96, 120 and 144 hours post-infection. After three cycles of freeze-
thaw lysis, standard plaque assay was performed on Vero cells to evaluate viral titers. All
samples were performed in triplicate.

Vector Spread Assay

Vector propagation as analyzed by GFP expression was determined by FACS analysis at a
viral infective dose of MOI 0.01, 0.1 or 1. Percentage of GFP-positive live cells at 12, 24, 48,
72, 96,120, and 144 hours compared to control cells without viral infection was plotted to
derive the GFP-expression trend. Cells were harvested with 0.25% trypsin in 0.02% EDTA,
centrifuged, washed in PBS, and brought up in 100 pl of PBS. Five pl of 7-amino-actinomycin
(7-AAD, BD Pharmingen, San Diego, CA) was added as an exclusion dye for cell viability.
Data for GFP expression was acquired on a FACS Calibur machine equipped with Cell Quest
software (Becton Dickinson, San Jose, CA). Results are reported as percent of live cells
expressing GFP. All samples were performed in triplicate.
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Establishment of malignant pleural mesothelioma

Athymic male mice were purchased from the National Cancer Institute (Bethesda, MD) and
were provided food and water ad libitum. All animals received humane care in accordance
with the “Guide for the care and use of laboratory animals (NIH)” and the animal protocols
were approved by animal care committee of the institution. Anesthesia was induced by a
mixture of Isoflurane (2 liters / minute) and oxygen (2 liters / minute) in an induction chamber
and maintained by a nasal cone. Mice were placed in left lateral position. The right chest was
prepared with 10% povidone-lodine solution. A 3 to 5 mm incision was created over the fourth
to fifth intercostal space. Sharp dissection was carried out exposing the parietal pleura without
breaching it. The underlying expanding lung was thereby easily visualized through the thin
membrane. One hundred microliters of MSTO-211H malignant mesothelioma cellular
suspension (5 x 106 cells in mice for the treatment effect analysis and 1 x 107 cells in mice for
survival analysis) was slowly injected through the pleura with a 27-gauge needle. Puncture of
the lung was easily avoided because the needle tip was clearly observed to be superficial to the
lung surface during injection through the transparent parietal pleura. After the injection the
skin was closed with surgical staples. Recovery was observed for 15 minutes before the mice
were returned to their cages.

Imaging pleural malignant mesothelioma

One x 107 MSTO-211H cells were injected into the pleural cavities of mice as described
previously. Animals (n = 4) were treated with 1 x 107 plaque forming units (pfu) of intrapleural
NV1066 as above at separate time points. For imaging of gross pleural disease, mice were
treated 10 days after cell injection. Mice were examined 48 to 72 hours and one week later in
both cases, using a fluorescent thoracoscopic system and by fluorescent stereomicroscopy. The
thoracoscopic system was developed in concert with Olympus America, Inc. (Scientific
Equipment Division, Melville, NY) to allow for the detection of GFP as well as routine white
light. The light source was an Olympus Visera CLV-U40 model with an adaptable excitation
filter set at 470 £ 20 nm. The camera processor was an Olympus Visera OTVS7V with an
emission filter set at 510 nm. Imaging was performed in both bright-field and fluorescent
modes. With the stereomicroscope (Olympus America Inc., Melville, NY), imaging was also
performed in bright-field mode and after placement of both excitation and emission filters to
detect GFP. The excitation filter was fixed passage 470 + 40 nm wavelength light as GFP has
a minor excitation peak at 475 nm. The emission filter was fixed at 500 nm, to accommodate
the emission peak of GFP at 509 nm. The image-capture system consisted of a Retiga EX
digital CCD camera (Qimaging, Burnaby, BC, Canada). For generation of topography maps,
images were presented in Zeiss LSM510 software (v3.2) using the “pseudo 3D” tool. Individual
pixel intensity values of the image are mapped upon a height grid to quantify fluorescent
intensity. Pixels of high intensity are represented by the grid peaks, while pixels of low intensity
are represented by grid valleys.

Treatment of malignant pleural mesothelioma

Intrapleural treatment with virus was performed in a similar fashion described above five days
after tumor cell instillation (5 x 108 cells) into the pleural cavity. NV1066 (1 x 107 pfu) was
administered in 100 uL of PBS. Control animals were treated with an equal volume of PBS.
Mice were regularly assessed for weight loss and tachypnea throughout the experimental
period. Mice were sacrificed on day 21, weighed and all visible tumor in the chest was graded
(grade 1: disease limited to one side of the pleural cavity, grade 2: disease present on both sides
of the pleural cavity, grade 3: disease present on both sides of the pleural cavity and
mediastinum, grade 4: extensive disease on both sides of the pleural cavity, mediastinum, and
diaphragm). Both lungs, heart along with mediastinal content was removed intact and weighed.
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In treated mice with gross disease, tissue from the chest cavity was harvested for
immunohistochemistry.

Survival analysis

Efficacy of NV1066 in prolonging the survival was assessed in two groups of animals with
early and advanced disease. In the first experiment, the ability of N\V1066 to treat microscopic
disease and prolong survival was assessed. Twenty mice (n = 10 / group) were injected with
MSTO-211H cells (1 x 107 cells) into the pleural space, and chest incisions were closed. Five
days later, mice were treated with either intrapleural PBS or intrapleural NV1066 (1 x 107 pfu).
In a second experiment, the ability of NV1066 to treat macroscopic disease and prolong the
survival was assessed. Two groups of mice (n = 10/ group) were implanted with MSTO-211H
(1 x 107 cells) and treated 11 days later with NV1066 (1 x 107 pfu). Three additional mice
were injected with tumor and sacrificed at 10 days to verify the presence of macroscopic
disease. Similar survival experiments were repeated with treatment groups receiving three
doses of either PBS or NV1066 (1 x 107 pfu each) either injected intrapleurally or given by
systemic tail vein injection.

Viral specificity for tumor

Samples of tissue emitting GFP under stereomicroscopy from the chest cavity were frozen in
Tissue-Tek embedding medium (Sakura Finetek, Torrance, CA) and sectioned by cryotome
for histological examination. Similar sections were taken from other organs (heart, lungs, liver,
spleen, kidney, intestine and bone). Following paraformaldehyde fixation, slides were first
examined under fluorescent microscopy for GFP expression, then stained with hematoxylin
and eosin (H & E) to determine whether GFP expression localized to foci of cancer. To confirm
that GFP expression was localizing virus, serial sections that expressed GFP were stained with
rabbit polyclonal HSV-1 antibody using a Histomouse-SP Bulk Staining Kit (Zymed
Laboratories Inc., San Francisco, CA) and compared for GFP expression and viral antibody
binding. An institutional animal pathologist confirmed all results.

Evaluation of viral dissemination and toxicity

Following the establishment of intrathoracic disease as described above, 1 x 107 pfu NV1066
was injected into the pleural cavity. Tissue from normal organs (lung, heart, liver, spleen,
kidney, brain, urinary bladder, bone and serum) (n = 3) were harvested at serial time points,
24, 48, and 72 hours, and snap frozen in liquid nitrogen. Genomic DNA was isolated per
standard protocols (Wizard Genomic DNA Isolation Kit, Promega, Madison, WI). Real-time
quantitative PCR was performed using a Bio-Rad iCycler thermal cycler (Bio-Rad
Laboratories, Hercules, CA). Forward (5-ATGTTTCCCGTCTGG TCCAC-3) and reverse
(5'-CCCTGTCGCCTTACGTGAA-3) primers and a dual-labeled fluorescent TagMan probe
(5'-6FAM-CCCCGTCTCCATGTCCAGGATGG-TAMRA-3') were designed for the 111-bp
fragment of the HSV-1 ICPO immediate-early gene. Forward (5'-
CGCCTACCACATCCAAGGAA-3') and reverse (5-GCTGGAATTACCGCGGCT-3)
primers and a dual-labeled fluorescent TagMan probe (5'-
VICTGCTGGCACCAGCTTGCCCTC-TAMRA-3") were designed for the 87-bp coding
sequence for 18s rRNA to normalize the amount of DNA. The PCR consisted of 50 cycles
(step 1: 94°C for 30 sec.; step 2: 55°C for 30 sec.; and step 3: 72°C for 30 sec.). Results are
reported as fold increase in ICPO, using the 6 hour time point as the reference. Normal mice
without disease were injected with either saline or NVV1066 into the pleural cavity and organs
were collected to serve as controls.
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Statistical analysis

All data were expressed as mean * standard error of the mean. Comparisons between groups
were made using the two-tailed Student's t-test. ANOVA test, where appropriate, was used to
identify statistical significance for multiple comparisons. Log rank analysis was performed to
analyze the mean survival difference between treated and untreated group.

RESULTS

Mesothelioma cells differ in cell proliferation rates

There was significant variability in the proliferation rates of the 11 malignant mesothelioma
cells. Compared to the initial cell number, there is a 7 (Meso-10 cells) to 56 (MSTO-211H
cells) —fold increase in cell number by day 7. The most rapidly dividing cells were
MSTO-211H, H-Meso, and HMesol1A. JMN, H-2373, VAMT, H-2452 and Meso-9
demonstrated intermediate growth rates. The most slowly dividing cell line was Meso-10.

Oncolytic HSV are highly cytotoxic to malignant mesothelioma cells

All three HSV: G207, NV1020 and NV1066, progressively killed all the mesothelioma cells
tested in vitro at all MOI's (MOI: ratio of viral plaque forming units per tumor cell). Higher
dose of virus was able to achieve an early high cell kill (MOl of 1, Figure 1A). At lower infective
doses (MOI 0.1 and 0.01, Figures 1B and 1C), virus progressively replicated with minimal cell
kill at earlier time points, but higher cell kill at later time points. In the most sensitive cell lines
(JMN, Meso-1A, Meso-9 and H-2373), 95-100% cell Kill is achieved with NVV1066 even at a
very low dose of virus (MOI of 0.01: one viral pfu per 100 cancer cells). Even in the most
resistant cell lines (Meso-10, H-28 and H-2052), > 50% cell kill is achieved at a low MOI of
only 0.1 by day 7. In the biphasic cell line, MSTO-211H, after one week in culture, NV1066
was able to achieve a cell kill of 89%, 98% and 99% of cells, at an MOI of 0.01, 0.1 and 1
respectively (p < 0.01). Similar cytotoxicity was observed with other viruses NVV1020 and
G207 (data not shown). Infected MM cells support viral replication: Significant in vitro viral
replication occurred in all malignant mesothelioma cells after infection at all MOI's as
determined by viral plaque assay. After in vitro treatment with oncolytic HSV-1 mutants,
higher peak viral titers often occur after lower initial MOls, because early cell death in the
populations that are treated with the higher MOI limits the time and cell number for productive
cellular replication of virus. In MSTO-211H cell line, infection at an MOI of 0.05 and 0.01
resulted in progressive increase in viral titers until all the cells are lysed (Figure 2A). At an
MOI of 0.01, 0.1 and 1.0; NV1066 is able to replicate over 20,000, 1500 and 70 -fold as
compared to the initial dose (Figure 2B). In all the cell lines tested, NV1066 is able to replicate
between 5-fold (most resistant cell line) to 20,000-fold (most sensitive cell line). Both G207
and NV1020 showed similar replicative pattern (data not shown).

In vitro imaging and vector spread

The GFP transgene carried by NV1066 was used as a marker of viral infection in mesothelioma
cells. Under microscopy, cells were visualized under bright-field, cell nucleus stained with
Hoechst stain (blue) was visualized with DAPI filter and GFP expression in the cytoplasm was
visualized with GFP filter. Representative pictures were taken and overlapped to identify the
infected mesothelioma cells (Figures 3A-D). In vitro, with progressive viral replication and
vector spread percentage of GFP expressing cells increased over time (Figures 3A-D). In
MSTO-211H cells, after the treatment with N\VV1066 at MOI 0.01, 0.1 and 1.0, nearly 79%,
94% and 98% of the cells expressed GFP by day 6 (p < 0.001 versus untreated control cells)
as measured by flow cytometry.
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Cytotoxicity in relation to cell growth

Oncolytic herpes simplex viruses are effective in all malignant mesothelioma cells irrespective
of their growth properties (Figures 1B-D). By day 7, Meso-10, JMN and MSTO-211H cells
have grown 7-, 27- and 61-fold compared to initial plating concentration of 20,000 cells. In all
the cell lines, oncolytic herpes simplex viruses were effective in Kkilling the cancer. By day 7,
49% (Meso-10), 93% (JMN) and 97% (MSTO-211H) of the cells were killed compared to
control untreated cells at an infective dose of MOI 0.1. Viral replication and cell kill is more
efficacious in rapidly dividing cells as viral replication is dependent upon the cellular
replicative machinery.

Oncolytic viral therapy is effective against therapy resistant mesothelioma cells

Malignant mesothelioma cells were relatively resistant to radiation therapy. ICsq was
calculated for each cell line to calculate dose required to cause a growth inhibition of 50%.
Mesothelioma cells were characterized as ‘radiation therapy resistant” when the dosage
required to achieve ICgg is > 5Gy (JMN, Meso, MSTO-211H, H-28, H-2052 and Meso-10).
Gemcitabine and cisplatin demonstrated a dose- and time- dependent decrease in cell viability.
Cell lines with gemcitabine 1C5g > 100 nM / ml were characterized as ‘gemcitabine
resistant’ (VAMT, H28, MSTO-211H, Mes09, Meso10, MesolA, H2052, H2452 and H-Meso)
and those with cisplatin 1Csq > 100 uM / ml were characterized as ‘cisplatin resistant’ (Meso9,
H2052, H28, and Meso10). These concentrations were chosen basing upon the published peak
plasma concentrations achieved with these therapeutic agents when used to treat malignant
mesothelioma. HSV were effective in all the mesothelioma cell lines that are resistant to other
therapeutic modalities. The ICgq values for three oncolytic viruses in all mesothelioma cell
lines were documented in Table 1. In highly gemcitabine resistant cell line, VAMT (ICsq >
1000 nM / ml), atan MOI of 0.1, all three HSV killed 90 + 5% cells by day 7. In highly cisplatin
resistant cell line, Meso-10 (ICsg > 1000 uM / ml), at an MOI of 0.1, all three HSV killed 77
+ 24% cells by day 7. In highly radiation resistant cell line, H-28 (IC5¢ > 10 Gy), at an MOI
of 0.1, all three HSV killed 72 £ 22% cells by day 7.

A single intrapleural instillation of NV1066 is effective in reducing pleural mesothelioma
tumor burden

In these experiments, treated animals continued to demonstrate normal activity with normal
feeding and grooming habits. Mice treated with NVV1066 retained their body weights. The
average body weight of normal, PBS treated and NV1066 treated mice were 30.3 + 5.9 gm,
26.4 £ 2.6 gm and 30.9 + 2 gm respectively (p < 0.01). By day 21, only 2/10 NV1066 treated
animals (grade 2 and 3) had macroscopic pleural disease compared to 10/10 PBS treated control
mice (grade 3 - 4). Organ and mediastinal weights of PBS treated, N\VV1066 treated and non-
tumor bearing animals were 669.3 + 97.1 mg, 394.9 + 47.9 mg, and 359.5 £ 80.2 mg, p < 0.01).

NV1066 is effective in achieving cures and improving survival in mice with pleural malignant
mesothelioma

In mice with established pleural mesothelioma (MSTO-211H), the median survival for the
early NV1066 treated group (single dose) was 95 days versus 19 days for control PBS treated
animals (logrank p value < 0.001, n = 10 each, Figure 4A). For the late NVV1066 treated group
(single dose), the median survival was 48 days versus 20 days for control animals (logrank p
=0.002, n = 10 each, Figure 4B). Treatment with three doses of NVV1066 intrapleurally
improved survival (logrank p < 0.001, n = 10 each, Figure 4B). The median survival for this
group was 86 (47, not reached) and the PBS treated group was 21 (17, 27). In mice treated with
NV1066 systemically (three doses by tail vein injection), survival was prolonged (logrank p
value < 0.001, n = 10 each, Figure 4C). The median survival for the systemic treated group
was 89 (49, 103) and for the PBS treated group was 23 (15, 27). None of the NVV1066-treated
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animals suffered from any clinically apparent side effects attributable to viral administration.
A post mortem examination was performed after sacrificing mice in both groups. In control
PBS treated group, gross disease was confirmed in all mice. In the N\VV1066 treated group, in
mice that died or sacrificed after prolonged survival, no intrathoracic disease was noted. In
these mice, metastatic disease was seen in the retroperitoneal lymph nodes, and in the liver,
and adrenal glands. NV1066 was able to spread systemically and selectively infect metastatic
disease as identified by GFP fluorescence under fluorescent microscope. But the metastatic
tumor burden was high and only part of the metastatic disease expressed GFP.

In vivo imaging

After the administration of NVV1066 in vivo, GFP expression was visualized easily by
fluorescent microscopy, in both flank and pleural tumor models. GFP expression was localized
to tumor deposits, sparing normal tissues following intrapleural administration of virus. GFP
expression could be visualized to localize intrapleural tumor deposits, identifying foci of tumor
<1 mm in diameter. Because both pleural cavities are connected in mice, even a single dose of
NV1066 was able to spread, infect, replicate and propagate to adjacent pleural disease. This
phenomenon was noted in mice that were sacrificed on consecutive days. Mice that were
examined a week following NV1066 demonstrated robust GFP expression in all the tumor
tissue. The virus was able to spread and infect pleural (Figure 5A-B), and mediastinal
mesothelioma (Figure 5C-D) and spare normal tissue. These findings were reproduced when
pleural cavity is examined with thoracoscope fitted with fluorescent filter to identify the GFP
expression. Specific infection of malignant mesothelioma was clearly seen with thoracoscope
in diaphragmatic (Figure 6A-C) and pleural (Figure 6D-E) position. Similar results were
obtained after NV1066 treatment of mice with malignant pleural Mesothelioma established by
VAMT (sarcomatoid) and JMN (mixed) pathological type.

Viral specificity for tumor

After the intrapleural administration of N\V1066, within 48 hours, strong GFP expression was
noted on the periphery of the tumor nodules after serial sections. All sections that expressed
GFP were found to have tumor cell infiltrations that correspond to the areas of expression.
When a cross section was taken from the frozen tissue and stained with HSV-1 specific
polyclonal antibody, NV1066 infection and GFP expression was localized clearly to
mesothelioma nodule and no evidence of infection was noted in normal tissue. The specificity
of tumor infection was also demonstrated by HSV-1 specific immunohistochemistry after
intrapleural delivery to detect the presence of herpes virus in vivo. Immunohistochemistry of
other organs (lung, heart, liver, spleen, kidney and bone) by HSV-1 specific antibody confirmed
absence of viral infection in other organs. To assess the risk of the virus spreading systemically
following intrapleural administration, serum and other normal organs were analyzed for viral
infective gene, ICPO and no evidence was noted (data not shown).

DISCUSSION

For MPM, therapeutic success with current therapies is a rarity31’ 32 Inthe majority of
patients, a palliative treatment approach remains the only choice. Combined systemic
chemotherapy and intrapleural chemotherapg/33 results in partial responses of between 15%
and 20%; with only rare complete responses 4,35 1t is not feasible to administer radiotherapy
as a single treatment modality because of the large target volume and the toxicity incurred by
the adjacent organs5. Because of the diffuse nature of this malignancy, complete resection even
by extrapleural pneumonectom§ or decortication can only be achieved in those rare cases
discovered at an earlier stage7' + 361t is also difficult to achieve a microscopically complete
resection because of the anatomy of the pleura and the characteristic infiltrative nature of MPM.
Therefore, surgery alone is associated with a high recurrence rate. Recently, most efforts have
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been directed towards multimodality systemic treatment options to supplement surgical
resection3”.

Oncolytic HSV-1 viruses have been shown to be efficacious in the treatment of a number of
human cancers in the Iaboratory9'19’ 38, Two such viruses are currently in clinical trials for
recurrent malignant gliomaszzl 23 and for unresectable colorectal metastases to the liver20,
Oncolytic HSV maintain several biologic properties that make them promising vectors for the
treatment of cancer, in particular as therapy for diffusely spread malignancy such as malignant
pleural mesothelioma. The ability of these viruses to selectively replicate within tumor cells
means that they do not have to be directly injected into a mass to produce an antitumor response.
Furthermore, smaller initial doses can be delivered with the expectation that viral progeny will
kill neighboring, uninfected cells. These viruses are engineered to be safe through strategic
deletions in nonessential herpes genes that attenuate virulence, yet still allow recombinants to
replicate in tumor cells. Previous studies have shown the efficacy of Oncolytic HSV,
HSV-1716, a mutant lacking both copies of the gene coding ICP-34.5, in the treatment of
localized intraperitoneal malignant mesothelioma39. Human malignant mesothelioma cells
supported the growth of HSV-1716 and were efficiently lysed in vitro. Intraperitoneal injection
of HSV-1716 into animals with established tumor nodules reduced tumor burden and
significantly prolonged survival without dissemination or persistence. These findings suggest
that HSV virus may be efficacious and safe for use in localized malignant mesothelioma.

The viruses used in the current studies are viruses that are multi-mutated to avoid a wild-type
reversion. In the current study, the HSV-1 viruses, G207, NV1020 and NV1066, effectively
killed a wide variety of malignant mesothelioma cells. In vitro, initial doses of the viruses as
low as MOI 0.01, one viral pfu per one hundred cancer cells killed more than 90% of cell
populations after one week in culture. This is due to the ability of the malignant mesothelioma
cellsto support viral replication, with increase in viral titers from 5 to 20,000- fold. The efficacy
of oncolytic viruses was also proven in vivo. In addition to efficacy in flank tumor models
established with JIMN and VAMT cells (data not shown), a model of pleural malignant
mesothelioma was chosen for this study because of its clinical relevance. NVV1066 replicated
in vivo, highly specific to tumor cells and not only decreased the tumor burden, but increased
the survival with a single dose of the viral administration without any evidence of toxicity.
When used as an adjunct to prior to surgical procedure, these viruses may reduce the tumor
burden and help increase the percentage of patient population that is eligible for surgical
resection. Furthermore, oncolytic viral therapy can be combined with postoperative adjuvant
modalities to eliminate the residual disease. The current data demonstrate promise for the three
HSV oncolytic viruses as therapy for diffuse malignant pleural mesothelioma.

Previous studies have suggested that rapidly dividing cells may be most susceptible to
cytotoxicity by oncolytic HSV. Cytotoxicity by the ribonucleotide reductase (RR) deficient
G207 HSV has been correlated to the proliferation rates of colorectal carcinomas?’. But unlike
G207, NV1020 and NV1066 carry an intact RR gene and might therefore be less dependent
on host cell RR to sustain viral replication. Because pleural malignant mesotheliomas
proliferate at varying rates, we assessed whether this factor might influence sensitivity to
oncolytic HSV therapy. All MPM cell lines were susceptible to G207, N\VV1020 and NVV1066.
In rapidly dividing cell lines, all three viruses were very highly effective in killing tumor cells
even at a very low MOI of 0.01 and no differences can be discerned. Both viral replication and
cytotoxicity of NV1020 and NVV1066 were greater than G207 for all cell lines. Even in the
slowly proliferating MPM cell lines (Meso-10, H-28 and H-2052); NVV1066 was able to kill >
70% cells at a low MOI of 0.1 when compared to control untreated cells after one week in
culture. Therefore, even slowly proliferating malignant mesothelioma cell lines remain viable
targets for herpes oncolytic therapy.
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In published studies, the epithelioid variant has the most favorable histology for malignant
mesothelioma. In our study, in addition to epithelioid histology, oncolytic HSV are effective
in all other pathological types of MPM cell lines. In addition, even tumors that were resistant
to radio- or chemotherapy were sensitive to oncolytic herpes viruses. MPM cells tested in this
study are uniformly radiation therapy resistant. Oncolytic viruses are highly effective in the
radiation therapy resistant MPM cells even at a low dose of one viral pfu per ten cancer cells.
Such efficacy is also demonstrated against gemcitabine and cisplatin resistant MPM cells.
Furthermore, the efficacy of oncolytic HSV is not isolated to one particular type of virus. All
three viruses G207, NV1020 and NV1066 are highly effective in killing therapy-resistant MPM
cells.

The safety of these multi mutant viruses has been well established in previous studies?0: 41,
G207 has been directly injected into the brains of Aotus monkeys with no virally-related toxic
side effects#2. When delivered similarly in human trials showed no major toxicity at titers
above 1 x 109 pfu. NV1020 was also shown to be safe in Aotus monkeys when delivered
systemically in doses ten-thousand fold greater than the known lethal dose of the wild-type
virus#3: 44 The basis for attenuation of NV1020 may be secondary to deletion of the internal
repeated region, and deletions of the UL5/6 gene and the L/S junction. The NV1020 vector is
currently being studied in a trial for patients with hepatic colorectal metastases. Doses of up
to 1 x 108 pfu were administered by hepatic arterial infusion without dose-limiting
toxicityzo. NV1020 therefore has a favorable safety profile, a finding encouraging our study
of the related N\VV1066 vector for clinical application. In the current study, intrapleural NV1066
was well tolerated in all animals. The specificity of tumor infection was also demonstrated by
immunohistochemistry after intrapleural delivery to detect the presence of herpes virus in
vivo. Histologic assessment of peripheral organs revealed no signs of inflammation or injury,
whereas tumor tissue was characterized by viral presence and necrosis.

NV1066 carries a marker gene, a constitutively expressed transgene for GFP, GFP, the protein
product of which is identifiable 4-6 hours following viral entry into cells. While GFP and its
derivative proteins have been used extensively as reporters and/or markers in numerous
biologic studies, their use to determine infection and spread of replication-competent viral
vectors in vivo is an emerging technology45. In this study, we demonstrated the feasibility of
using GFP expression to localize the virus, and secondarily to localize tumor deposits in vivo
due to the inherent specificity of N\VV1066 for cancer cells. Samples of tissue expressing GFP
were harvested, sectioned serially, and examined for the presence of virus. All tissue that
expressed GFP was noted to stain positively for HSV-1 polyclonal antibody, while no viral
staining was evident in tissues not expressing GFP. In vitro, GFP expression increases in
infected cell populations with viral replication. Furthermore, our laboratory has shown that
following intrapleural administration of NV1066, in situ metastatic tumor deposits could be
distinguished by green fluorescence using fluorescent stereomicroscopy or a thoracoscopic
system with appropriate fluorescent filters®. This suggests that fluorescent protein expression
can be used as a surrogate to identify viral distribution in vivo without the need for extensive
tissue sampling. The specificity of viral replication and of GFP expression for tumor cells
serves the further purpose of identification of tumor deposits in vivo.

In conclusion, this study demonstrates that an oncolytic HSV may efficiently infect, replicate
within, and lyse a variety of human malignant mesothelioma cells. Patients with pleural
malignant mesothelioma failing standard therapies are in need of alternate treatment options.
Our finding that a wide variety of human malignant mesothelioma cells are highly sensitive to
HSV oncolysis therefore might have important clinical applicability. These findings support
the continued investigation of replication-competent, attenuated, oncolytic HSV as potential
therapy for patients with therapy resistant malignant mesothelioma.
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Figure 1.

Cytotoxicity of NV1066 on mesothelioma cells. Eleven mesothelioma cells, epithelioid
(H-2452, H-Meso), sarcomatoid (VAMT, H-28, H-2052, H-2373), biphasic (H-MesolA,
MSTO-211H, JMN) and miscellaneous (Meso-9 and Meso-10) were infected in vitro with
NV1066. In all these cell lines, NV1066 was cytotoxic at all MOls of 1 (A), 0.1 (B) and 0.01
(C). Cell kill was represented as percentages of live cells compared to control untreated cells
grown under identical conditions. MOI = Multiplicity of infection, ratio of viral particles to
tumor cells.
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Figure 2.

NV1066 replicates in MSTO-211H cell line at all MOIs. MSTO-211H cells were infected with
NV1066 at an MOI of 0.05 or 0.1. Cells and supernatant was collected on days 2, 3, 4, 5 and
7. Viral titers were measured by viral plaque assay on Vero cells. Average numbers of viral
plaque forming units in individual well were represented (A). When infected at MOI's 0.01,
0.1 and 1, at all MOls, infected MSTO-211H cells supported viral replication (B). Initial
infective dose was represented as white bars and viral plague forming units on the day of
maximal burst as crossed bars (B). MOI = Multiplicity of infection, ratio of viral particles to
tumor cells.

J Gene Med. Author manuscript; available in PMC 2007 February 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Adusumilli et al. Page 17

GFP

Hoechst
+ GFP

6 Hours After Infection 48 Hours After Infection

Figure 3.

In vitro vector spread as identified by GFP expression. Following treatment with NV1066,
infected MSTO-211H cells express GFP, as determined by fluorescent microscopy. GFP
expressing cells increased over time, to nearly 100% at all MOls, indicating that all the cells
were infected by NV1066. Malignant mesothelioma cells were infected by NV1066 and their
nucleus was stained with Hoechst staining (blue). Images were taken under DAPI filter (to
identify individual cells by blue nuclear staining) and GFP filter (to identify GFP expressing
infected cells) at 6 and 48 hours. Images were overlapped using metamorph software. Over
time, NV1066 was able to infect, replicate, propagate, and express GFP in all malignant
mesothelioma cells. MOI = Multiplicity of infection, ratio of viral particles to tumor cells, GFP
= Green fluorescent protein.
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NV1066 prolongs survival in murine malignant pleural mesothelioma model. MPM was
established in mice after intrapleural instillation of MSTO-211H cells (1 x 107). Mice were
treated with either PBS or NV1066 (1 x 107 pfu) injected intrapleurally. NV1066 significantly
improved the median survival in the early treatment (day 5) group (A), (p < 0.001); late
treatment (day 11) group with one dose (B), (p = 0.002) or three doses (B), (p = 0.002); and
with systemic treatment with three doses (C), (p < 0.001). Each dose was administered as 1 x
107 pfu either intrapleurally or systemically by tail vein injection. pfu = plaque forming unit.
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Figure 5.

Thoracoscopic identification of diaphragmatic and pleural mesothelioma. In vivo, viral uptake
and GFP expression in pleural cavities and diaphragmatic mesothelioma can be easily
identified by using a thoracoscope with GFP filter. All the mice were injected with NV1066
intrapleurally. GFP expression can be visualized selectively only in malignant mesothelioma
tissue as early as 48 - 72 hours. Normal mouse diaphragm (A), diaphragmatic mesothelioma
(B) were examined under bright-field. Examination under GFP mode identifies no GFP
expression in normal diaphragm (C) and selective infection of diaphragmatic mesothelioma
by NV1066 (D). Normal parietal pleura (E), pleural malignant mesothelioma (F) was identified
under bright-field. No GFP expression in normal parietal pleura (G) and selective infection of
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pleural mesothelioma (H) was identified by thoracoscope fitted with fluorescent filters for GFP.
GFP = Green fluorescent protein.
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Figure 6.

NV1066 selectively infects malignant mesothelioma and spares normal tissue. Tissue
specimens from thoracic cavity were selected by their GFP expression. Serial sectioning was
performed and specimens were stained with polyclonal HSV-1 antibody. Representative
section shown here includes mesothelioma nodule (A, HSV immunohistochemistry and B,
H&E), HSV immunohistochemistry of normal tissue from brain (C), lung (D), intestine (E),
liver (F), spleen (G) and bone (H). Viral infection was localized to mesothelioma nodules. No
GFP expression or viral staining was evident in normal tissue surrounding mesothelioma
nodules as shown in figures | and J. GFP = Green fluorescent protein
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