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CELL CARRIERS FOR SYSTEMIC DELIVERY OF ONCOLYTIC VIRUSES
By
Anthony Power
ABSTRACT
There is a clear need for novel therapeutics that can improve the treatment of metastatic
cancers. Conditionally replicative oncolytic viruses represent one promising class of new
agents that have garnered recent attention in laboratory and clinical studies. While much
success has been achieved in targeting the replication and cytolytic effects of viruses to
tumor cells, systemic delivery remains a major challenge. We have developed a murine
tumor model in order to investigate potential obstacles to systemic delivery of oncolytic
viruses in an immunocompetent host. We find that the in vivo delivery of naked virus
particles to tumors is ablated by the humoral antiviral response elicited during repeated
therapeutic administration. In contrast, live cell carriers avoid neutralization and deliver
oncolytic virus to tumor beds in the presence of high-titer circulating antibodies. We
investigated the properties of various mammalian cell lines as oncolytic virus carriers, and
conclude with studies of a novel insect cell carrier system. The unique properties of this
insect cell carrier platform make it an attractive technology for immediate clinical use as

well as continued refinement in the lab.
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CHAPTER 1: INTRODUCTION
The work described in the following thesis examines the use of conditionally replicative

“oncolytic” viruses as novel agents for systemic cancer therapy.

1.1 The Need for Novel Approaches to Systemic Cancer Therapy

Cancer is a group of diseases characterized by uncontrolled cell growth which frequently
lead to death, and was responsible for killing an estimated 6.7 million people worldwide in
2002. Standard therapy currently consists of a combination of three primary modalities:
surgery, radiation and chemotherapy’. Surgery and radiatiron are effective against solid
localized tumors, whereas systemically administered chemotherapeutics are necessary to
treat disseminated hematological or metastatic disease®. Although chemotherapeutics are
commonly prescribed for cancer treatment, they are curative in only a small minority of
cases’. Many patients do not respond to chemotherapy, and many others showing initial
disease regression subsequently develop drug resistance and eventually relapse3.
Furthermore, systemically administered chemotherapeutics reach every organ in the body
but lack specificity for malignant cells. As a result they exhibit undesirable levels of toxicity
to normal tissues at effective clinical doses®. The limitations of chemotherapeutics currently
employed in the clinic thus provide strong impetus for the development of novel

therapeutics that can be systemically delivered with less toxicity and greater efficacy.

1.2 Early Studies of Cancer Virotherapy: Promise and Problems
The concept of exploiting viral infection to treat malignancies emerged not long after the

original identification of viruses as transmissible, subcellular agents capable of giving rise to



tissue damage in their hosts”. In pursuit of this goal, an extensive body of research was
carried out during the early to mid 20" century investigating the effects of various naturally
occurring virus strains on tumors”. Susceptibility of human and murine tumors to infection
with many different viruses was noted, as were at least two overarching limitations to their
clinical use. Firstly, viruses exhibiting the greatest antitumor effect were often those with
the most devastating impact on normal tissues, many being neuropathogenics. Thus it
proved difficult to cure murine tumors without also seriously harming or killing the animal,
delineating “the problem of host survival”. Secondly, it was noted that consecutive doses of
viral agents would be susceptible to neutralization by adaptive immune responses mounted
by the patient over the course of therapy’. Little progress could be made to overcome
these problems without in vitro systems for culturing tumor cells and viruses, or any
knowledge of their molecular genetics. A scattering of clinical trials continued, but without
solutions to such problems, oncolytic viruses failed to gain acceptance as a proven
mainstream medical therapy through the latter part of the 20™ century, just as

chemotherapies began to see increasingly widespread use.

1.3 Oncolytic Virus Research and the Molecular Era: Targeting Tumors

Recent advances in cellular and molecular biology offer opportunities to overcome the
problems that have limited the success of oncolytic virotherapy over the past century and
there has been a resurgence of interest in the field. Chief among these advances has been
the molecular characterization of selected or engineered viral mutants. Thus it has been
possible to generate conditionally replicative viral mutants whose loss of function is

complemented by genetic defects known to occur during tumorigenesis. For example, the



first oncolytic virus developed based on this strategy was a Herpes Simplex Virus 1 (HSV-1)
mutant with a deletion of the thymidine kinase gene®. This gene is needed to promote the
biosynthesis of nucleotides for virus replication to proceed in non-dividing cells, but its
function is dispensable for growth in rapidly dividing transformed cells with high levels of
available nucleotides. Thus the TK-deleted HSV-1 selectively replicated in tumor cells, and
could safely induce tumor regression in mice®. A similar strategy has been used to develop
E1B-deleted adenoviruses which conditionally replicate in p53-deficient tumor cells. In
addition, the viral growth factor (VGF) gene which encodes an activating ligand for cellular
receptor tyrosine kinases has been deleted from vaccinia virus in order to target this virus

to transformed cells with aberrantly activated growth signaling pathways®®.

In addition to conditionally replicative viral mutants, studies in cultured human cell lines
have revealed that some natural or wild-type strains possess an inherent tropism for tumor
cells. These include bovine enterovirus 1 (BEV-1)'*, parvovirus®?, reovirus®®, newcastle
disease virus (NDV)™, vesicular stomatitis virus (VSV)™, and myxoma virus®®. Investigation
of the mechanism underlying this phenomenon has led to the understanding that defective
anti-viral signaling, most notably in the type | interferon (IFN) pathway, is a common

feature of many human cancers®.

The type | IFNs are a group of secreted cytokines that activate cellular Jak/STAT kinase
signaling pathways by binding to a common type | interferon receptor (IFNAR) expressed on
the surface of all nucleated mammalian cells®’ (Figure 1.1). Janus tyrosine kinases (i.e. Jak1,

Tyk2) are recruited to the activated IFNAR, leading to phosphorylation of intracellular
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receptor chains. In turn, STAT1/2 monomers are recruited to the receptor and

phosphorylated.

Activated STAT-1 and STAT-2 then dissociate from the IFNAR and join with the transcription
factor IFN regulatory factor-9 (IRF-9) to form the IFN stimulated gene factor 3 (ISGF3),
which translocates the to the nucleus to activate the transcription of IFN stimulated genes
(ISGs). These ISGs mediate the anti-viral, anti-proliferative and immunomodulatory

functions of the IFN signaling pathway.

Type | IFNs play a crucial role in the innate defence against many viruses. For example VSV
is highly sensitive to the effects of IFN, which potently blocks infection of cultured cells®®.
Likewise IFNAR-deficient mice are highly susceptible to infection with numerous viruses,
particularly VSV*°. In addition, productive viral infections in host organisms generally rely on
the expression of one or more gene products that inactivate the IFN system?’, further

underscoring its central role in innate immunity.

In addition to antiviral functions, the IFN system exerts significant effects on cellular
proliferation, playing a particularly important role in the regulation of normal
hematopoiesis®®. For this reason preparations of recombinant interferon have undergone
extensive clinical testing as cancer therapeutics. However these studies met with limited

success as malignant cells frequently failed to respond to the regulatory effects of IFNs?* .

The revalence of IFN unresponsiveness seen in many types of cancer cells led to the
prediction that they could be preferentially infected and killed by IFN-sensitive viruses. This

hypothesis was first tested with VSV, and it was shown that while normal cells were



resistant to infection, transformed cells were indeed well infected and susceptible to the
virus’ cytopathic effects in the presence of IFN*°. Subsequent studies have shown loss of IFN
responsiveness also leads to preferential infection of tumor cells by myxoma®* and
parvoviruses>. A survey of the NCI-60 cell panel revealed IFN-resistance and sensitivity to
viral infection in the vast majority of human cancer cell lines, irrespective of their
histological origins**. Therefore it is likely that a variety of different molecular mechanisms
underlie the susceptibility of tumors to infection depending on the disease type and the
viral agent in question. As one of the first characterized examples, the susceptibility of
cancer cells to reovirus was shown to be mediated by inactivation of the interferon-
regulated, antiviral PKR gene product by oncogenic Ras signaling™. Furthermore, the
master tumor suppressor p53 plays a central role in ISG activation and its frequent
inactivation, a nearly ubiquitous feature of tumor cells, increases susceptibility to viral
infection. Thus innate antiviral immunity and cellular proliferation appear to be intimately

linked through their common regulation by pleiotropic signaling pathways.

The discovery that tumor cells often exhibit defects in innate anti-viral signaling pathways
has also suggested novel ways in which the specificity of oncolytic virus replication might be
further improved. Many, if not all animal viruses encode gene products that counteract
innate immune signaling and are required to productively infect normal cells. Viruses with
loss-of-function mutations in such genes are therefore crippled in normal cells, but grow
preferentially in transformed cells with defective antiviral defenses. Examples of
conditionally replicative viral mutants that exploit this strategy are y34.5 gene-deleted

HSV-1%%%, NS1-deleted influenza virus®® 2, and M-mutated VSV?*. Each of these genes



functions to inactivate one or more components of the type | interferon signaling pathway
in normal cells, however their functions are dispensable for growth in cancer cells with

acquired innate immune defects.

As basic research into the mechanisms of gene regulation advances further, novel strategies
for engineering tumor-specific viruses continue to emerge. For example, replacement of the
poliovirus internal ribosome entry site with its counterpart from human rhinovirus ablates
neuropathogenicity but does not hamper cytolytic replication in gliomas®°. The recent
discovery and characterization of host cell regulatory microRNAs (miRNAs) has also been
exploited for viral targeting. Since miRNAs generally appear to down-regulate expression of
target genes and their expression is tissue-specific, it was hypothesized that insertion of
certain miRNA target sequences (miRT) into the regulatory regions of viral genes could
confer tumor tropism. For example, the let-7 miRNAs show tumor suppressor activity and
their expression is frequently lost in cancers®". Target sites for this miRNA were therefore
inserted into the 3’ untranslated region of the matrix gene, in order to ablate the
neurotropism exhibited by wt-VSV in laboratory mice*2. In a similar approach, tissue-
specific miRT were used to diminish the muscle tropism of an oncolytic picornavirus,
preventing the development of lethal myositis in mice®. Tissue-specific miRT have also

been used to ablate the hepatotoxicity of wild-type adenovirus*.

To summarize, a variety of different targeting strategies can be used to engineer tumor
specific replication into virtually any genetically tractable viral platform. Future research is
likely to present novel molecular targeting opportunities, while genomic sequencing and

synthesis technologies should continue to offer a steady supply of replicating vector



platforms. Thus it appears that one of the major long-standing challenges to the success of
oncolytic virotherapy, attenuating virulence without compromising tumor-specific

replication and cytolysis, has largely been overcome.

1.4 The Problem of Host Immunity: A 21* Century Challenge for Oncolytic Virotherapy
While major advances have been made in redirecting viral tropism to malignant tissues, the
delivery of virotherapeutics to tumors in the face of a hostile host immune system remains
a major challenge. Systemically administered viruses are susceptible to both innate and
adaptive immune effectors. In naive animals and humans circulating blood serum proteins

35-37

such as complement and natural antibodies can bind to and inactivate viral vectors,

either directly or by promoting their clearance by cells of the reticuloendothelial system.

38,39

Viruses may also be sequestered by binding and/or uptake by blood cells* *°, or cleared

from the circulation entirely by organs such as the liver*®**

which specialize in this task.
Despite these innate barriers, several studies have shown that it is possible, in naive mice,
to deliver oncolytic viruses to tumors by systemic administration™ *>**. However, hosts
which have been pre-exposed to viral agents also develop lasting adaptive immunity,
mediated by circulating immunoglobulins which can increase the neutralizing capacity of
serum by several thousand-fold or more, as well as cellular components. The question of
adaptive immunity is likely to be highly relevant to the outcome of virotherapy in the clinic,
particularly for agents based on human pathogens, such as adenovirus, hsv-1, measles,
vaccinia and reovirus, for which patients would be expected to possess some level of pre-

existing immunity. For oncolytic vectors to which humans are not exposed naturally or

through vaccination programs, there exists a window of opportunity to administer the



initial therapeutic dose to immunologically naive patients. However, repeated dosing

regimens would be subject to the adaptive response evolving during therapy.

1.5 Molecular Biology of Vesicular Stomatitis Virus

The work described in the following thesis exploits a mutant strain of VSV (described in
Appendix V1) as a model oncolytic therapeutic. VSV belongs to the family of Rhabdoviridae,
so named due to the bullet-shaped structure of the enveloped virion. The negative sense
RNA genome is 11.1 kilobasepairs in length and encodes five genes (Figure 1.2). They are
arrayed as individual, non-overlapping cistrons in a linear fashion in the order (3’ to 5’) N-P-
M-G-L. The N gene encodes the nucleocapsid protein, which tightly associates with the RNA
genome to form the mature viral RNP. Along with the phosphoprotein encoded by the P
gene, it is a required co-factor for viral transcription and replication. These factors in turn
associate with the viral RNA-dependent RNA polymerase encoded by the L gene to form the
complete transcription/replication complex. The M gene of VSV encodes the matrix protein
which functions in the inactivation of host gene expression and viral budding at the plasma
membrane. The viral glycoprotein encoded by the G gene is a type | transmembrane protein
arranged in homotrimeric spikes on the virion surface. It mediates host cell attachment and
entry by orchestrating pH-dependent fusion between the viral envelope and endosomal
membranes. As the sole viral polypeptide exposed on the outer virion surface, the G
protein is also the exclusive target of virus neutralizing antibodies elicited during in vivo
infection. The recombinant strains of VSV used in this thesis harbor deletions of Met-51 in
the matrix protein as well as reporter transgenes between the G and L genes, and were

generated by established techniques of reverse genetics (Appendix VI). The initial



Figure 1.2 VSV Genome and Virion Structure. Schematic depicting the linear arrangement
of the 5 VSV genes on the negative strand RNA genome, and arrangement of the encoded
proteins within the bullet-shaped, enveloped virion. The coiled nucleocapsid on the interior

of the virion contains the RNA genome.
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characterization of these oncolytic VSV mutants is described in Appendix VI. Further general

background on VSV is reviewed in Appendix V.

1.6 Molecular Biology of Vaccinia Virus

Several experiments described in Chapter 3 of this thesis make use of a recombinant
oncolytic strain of vaccinia virus generated by F. LeBoeuf of the Bell lab. Vaccinia virus is an
enveloped virus with a linear dsDNA genome of approximately 190 kilobasepairs that is
predicted to encode some 217 genes. The genome is flanked by 12 kbp inverted terminal
repeats at each end. Incomplete base-pairing gives rise to terminal hairpin loops and the
genome thus forms a continuous polynucleotide circle. The virion is brick-shaped, 300-
400nm in diameter, and carries a full complement of enzymes required for the initial
transcription of capped and polyadenylated mRNAs following entry into the cell.
Transcription and replication occur in cytoplasmic virus factories, largely independent of
host cell factors (see Moss, B. (1990) Poxviridae and their Replication, in “Virology” (B.N.
Fields et al., Eds.), 2" ed. Raven Press, NY). Particularly relevant to the work described in
this thesis is the fact that vaccinia virus encodes numerous secreted immunomodulatory
proteins, such as B18r which binds and inactivates type | IFNs (Symons et al. (1995), Cell).
The oncolytic strain used in these studies was a doubly-deleted vaccinia virus (VVdd)
carrying deletions of the viral TK and VGF genes and harboring the mCherry fluorescent

reporter transgene.

RATIONALE
Despite the well-established role of the adaptive immune response in preventing repeated

viral infections and their associated pathogenesis, little experimental work had been done

11



to investigate its impact upon systemic oncolytic virotherapy prior to the undertaking of the
studies described in this thesis. Consequently, the potential role of adaptive immunity has
had little influence in the design of recent clinical trials of virotherapy. Although both pre-
existing and induced neutralizing antibody titers have been detected repeatedly in human

patients receiving systemic therapy46'51

, ho effort has been made to avoid virus inactivation.
This is likely a key reason why systemic anti-tumor efficacy has not yet been achieved in

human oncolytic virus trials*.

AIMS AND APPROACH

In the work described in the following thesis, we sought to investigate the impact of
antiviral immunity on systemic oncolytic virus delivery, and to test strategies to overcome
this obstacle. Recombinant strains of VSV were generated which carried an attenuating
mutation in the matrix protein as well as a fluorescent reporter or bioluminescent
transgene. These recombinant strains could be tracked in vivo to assess the delivery and
spread of oncolytic viruses in an immunocompetent murine tumor model. This model
system then allowed us to investigate the use of cell carriers as a novel strategy for immune
evasion and systemic delivery of oncolytic virotherapy. The characteristics of a wide variety
of putative carrier cell types from different lineages and species were compared in vivo,
leading to the development of a novel insect cell platform for the propagation and systemic

delivery of oncolytic viruses and other biotherapeutics.
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Abstract

Oncolytic viruses capable of tumor-selective replication and cytolysis have shown early
promise as novel cancer therapeutics. However the host immune system remains a
significant obstacle to effective systemic administration of virus in a clinical setting. Here,
we demonstrate the severe negative impact of the adaptive immune response on the
systemic delivery of oncolytic vesicular stomatitis virus (VSV) in an immune-competent
murine tumor model, an effect mediated primarily by the neutralization of injected virions
by circulating antibodies. We show that this obstacle can be overcome by administering
virus within carrier cells that conceal viral antigen during delivery. Infected cells were
delivered to tumor beds and released virus to infect malignant cells while sparing normal
tissues. Repeated administration of VSV in carrier cells to animals bearing metastatic
tumors greatly improved therapeutic efficacy when compared to naked virion injection.
Whole-body molecular imaging revealed that carrier cells derived from solid tumors
accumulate primarily in the lungs following intravenous injection, whereas leukemic
carriers disseminate extensively throughout the body. Furthermore, xenogeneic cells were
equally effective at delivering virus as syngeneic cells. These findings emphasize the
importance of establishing cell-based delivery platforms in order to maximize the efficacy of

oncolytic therapeutics as they move into the clinic.
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INTRODUCTION

A variety of different replication-competent viruses have been selected or engineered to
preferentially infect and kill cancer cells and are currently under clinical or preclinical study
>, These novel therapeutics offer an unprecedented level of anti-tumor potency and, if
administered systemically, could be particularly effective against disseminated disease.
However, delivering an oncolytic virus to tumor cells through the circulatory system is a
unique challenge in itself. Virus particles injected into the bloodstream are particularly

53, 54

vulnerable to inactivation by complement proteins , uptake by the reticuloendothelial

55, 56 53, 57-60

system and neutralization by circulating antibodies . Of these, host antibodies
are likely to be the most restrictive barrier to therapy, as they mediate a long-lasting state

of immunity to repeated infection.

Vesicular stomatitis virus (VSV) is an effective oncolytic therapeutic when administered
intravenously in a variety of murine cancer models °*®*, however the impact of a pre-
existing or evolving immune response has yet to be tested. Since robust adaptive immunity
is elicited upon administration to mice ® this system offers the valuable opportunity to

study oncolytic virotherapy in the context of a fully functional host immune system.

Here we demonstrate the negative impact of humoral immunity on systemic delivery of
VSV, underscoring the need for alternative approaches to oncolytic virus administration.

Infected cells have shown promise as delivery vehicles for viral therapeutics °7

, and we
now demonstrate that cellular carriers can shield oncolytic virus from neutralizing

antibodies during delivery, providing a simple and effective means to enhance therapy in

15



the face of sterilizing anti-viral immunity. Furthermore we show that a wide variety of
established, non-autologous cell lines, particularly those of hematological origin, could be
the ideal platform for the construction of specialized biotherapeutic delivery vehicles to

maximize the efficacy of oncolytic viruses when applied in the clinic.

RESULTS
Circulating antibodies impair systemic therapy with VSV

To examine the impact of a pre-existing immune response upon therapy, we compared
virus delivery in naive animals to those immunized with an intravenous dose of 5 x 10% pfu
VSV 6 weeks prior to treatment. As we have reported previously ®1 extensive tumor-specific
replication, as evidenced by virus-associated fluorescence, is seen in CT26 tumors 24h
following intravenous administration of VSV-GFP to naive mice (Fig. 1A, upper panel). In
contrast, no expression of virus-associated GFP was observed in tumors from pre-
immunized mice (Fig. 1A, lower panel). Interestingly, the inhibition of delivery correlated
with the onset of humoral immunity. Neutralizing titers were detectable in serum as early
as 4 days into therapy and reached long-lasting plateau levels by 21-28 days (Fig. 1B),
suggesting that circulating antibodies were responsible for impairing VSV delivery. To
further investigate this possibility, we examined whether passive immunization with anti-
VSV immune serum prior to treatment was sufficient to ablate infection of subcutaneous
tumors. Quantitative analysis of tumor homogenates revealed nearly 10'° plaque-forming

units (pfu)/g in tumors from naive mice, whereas no virions were detected in tumors from
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Figure 2.1 Humoral Immune Response Impairs Systemic Tumor Therapy with Oncolytic
VSV. (A) Composite bright-field/fluorescent microscopy images of subcutaneous tumors
from either naive (upper panels) or pre-immunized (lower panels) mice, 24h following
intravenous administration of 5 x 10® VSV-GFP. (B) Kinetics of neutralizing antibody (NAb)
response to either single { A ) or multiple dose (m) therapy with oncolytic VSV. Multiple dose
group received 3 intravenous doses of 5 x 10® pfu per week over a total period of 7 weeks.
Geometric mean NAb titers for each group +/- SD are shown (C) Quantitative analysis of
VSV titers in subcutaneous tumors removed from either naive, VSV-immunized, or
passively-immunized mice 24h following intravenous therapy as described above. Bars
represent mean logi titers +/- SD. (D) Quantitation of tumor luciferase activity in mice
receiving a transfer of T lymphocytes from either naive (dark bar) or VSV-immune (light bar)
donors 24h prior to intravenous therapy with VSV-luciferase. Tumors were assayed 24h

post-treatment. Bars represent mean relative luciferase units +/- SD.
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mice pre-immunized with either live virus or anti-VSV immune serum (Fig. 1C). In contrast,
adoptive transfer of purified immune T cells had no effect on tumor infection (Fig. 1D).
These results indicate that circulating antibodies rather than cellular responses elicited
during oncolytic therapy are sufficient to ablate delivery of repeat virus doses, consistent

with earlier observations that in the mouse, immunity to VSV is largely a humoral response

65

Systemic delivery of VSV using syngeneic carrier cells

We next tested whether an established syngeneic cell line could be used as a “trojan horse”
vehicle to transiently sequester viral antigen during systemic delivery. As shown in figure
2A, CT26 murine colon carcinoma cells are readily infected with VSV and begin to
accumulate viral protein within 6 hours. We therefore harvested cells after 3h of infection,
prior to the onset of antigen expression, for administration to mice with established lung
metastases. Microscopic examination of lungs 24h after intravenous injection of 10° VSv-
infected cells revealed widespread expression of virally-encoded GFP within tumor nodules,
but not in surrounding normal lung tissue (Fig. 2B). Nearly all visible tumor nodules were
GFP-positive, indicative of highly efficient carrier cell delivery to the lungs. Similarly, dual-
color fluorescence experiments revealed significant accumulation of CFSE-labeled carrier
cells (Fig. 2C, green fluorescent dye) in the lungs within 30 min of injection, which released
VSV-RFP to infect nearby metastases within 12h (Fig. 2C, red). Notably, CFSE-labeled cells
were found distributed throughout normal lung tissue, whereas the replication of virus was

confined exclusively to tumor nodules (Fig. 2C, white arrows).
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Figure 2.2 Trojan Horse Delivery of Oncolytic VSV to Lung Tumors in Syngeneic Carrier
Cells. (A) Western blot analysis showing timecourse of VSV protein synthesis in CT26 colon
carcinoma carrier cells infected in vitro. (B) Balb/c mice with established CT26 lung tumors
were treated IV with 10° trojan horse cells infected with VSV-GFP. Mice were euthanized
and lungs were imaged under a dissecting microscope at 24h post-treatment. Bright field
images (left) show distribution of tumor nodules, while green fluorescent images (right)
show localization of viral replication. (C) Two-color fluorescent imaging of trojan horse
delivery to lung metastases. The cellular fluorochrome CFSE was used to label CT26 trojan
horse cells prior to infection with VSV-RFP and subsequent systemic infusion as above. At
indicated timepoints mice were sacrificed and lungs were examined under a fluorescent
dissecting microscope. Images shown are composites from CFSE (green, cellular label) and
RFP (red, virus replication) channels. Lungs were examined under bright field to identify

tumor nodules (arrows).
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In vivo imaging of cell-based delivery

In order to non-invasively visualize both the distribution of the cellular vehicle and the viral

payload delivered in vivo, we created a cell line that expresses Renilla reniformis luciferase

RLUC VFLUC

from an integrated cellular gene, CT26"" ", and a viral strain (VS ) that expresses firefly
luciferase from a viral promoter. This allowed us to independently follow the biodistribution
of the carrier-cell and virus-associated luciferase enzymes by administering the appropriate
substrate to treated mice and imaging bioluminescence with an in vivo imaging system
(IVIS). Using the IVIS, we observed that syngeneic carrier cells accumulate rapidly in the
lungs within the first hour following intravenous infusion, where they remain until releasing
virus and undergoing lysis by 24h (Fig. 3A, upper panel). The lung-associated localization
was not tumor-specific, as the same pattern was observed in the lungs of tumor-free mice
(Fig. 3B upper panel). In contrast, virus-associated FLUC activity continued to increase and
persisted well after the elimination of carrier cells in tumor-bearing, but not tumor-free

lungs (Figs. 3A,B lower panels), confirming the release of virus and tumor-specific

replication as detected by fluorescence imaging in the preceding experiments.

Xenogeneic carrier cells mediate systemic delivery of VSV in immune-competent animals

Past experience with cell-based therapies has led to the belief that autologous cells are the
preferred source for viral carriers %, since unlike histoincompatible allogeneic and
xenogeneic cells they are not subject to immune rejection. To test this hypothesis
experimentally, we used whole-body imaging to examine the capacity of labeled human

FLUC

A549°Y carcinoma cells to deliver VSVY to tumors in immune-competent mice. Human
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Figure 2.3 Dual-enzyme in vivo luminescence imaging of VSV delivery by autologous and

xenogeneic carcinoma cells. (A) Lung tumor-bearing mice were injected IV with 10°

RLUC FLUC
6

autologous CT2 carcinoma cells infected with VSV =", (B) Tumor-free mice were

RLUC carcinoma cells infected with VSV™YC, (C) Lung

injected IV with 10° autolgous CT26
tumor-bearing mice were injected IV with 10° Xenogeneic A5497YC human carcinoma cells
infected with VSV"'YC. At timepoints indicated mice were treated with the appropriate

substrate to independently image cell-associated (RLUC, rainbow color scale) and virus-

associated (FLUC, yellow-red color scale) enzyme expression.
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carcinoma cells, like their mouse counterparts, accumulated in the lung within the first hour

following IV administration and were eliminated by 24h (Fig. 3C, upper panels).

Surprisingly, the xenogeneic cells were equally capable of releasing VSV to infect lung
tumors (Fig. 3C, lower panels). Thus cell-mediated delivery of VSV can be achieved using

immunologically incompatible cells of allogeneic or xenogeneic background.

Leukemic carrier cells deliver VSV to disseminated tumor sites

Although murine and human carcinoma cell lines efficiently delivered and released VSV to
tumor cells in vivo, their apparent accumulation within lung microcapillaries prompted us to
investigate whether a cell line derived from a hematological malignancy might more readily
distribute throughout the circulatory system upon intravenous administration. In sharp

contrast to carcinoma cells, a murine leukemia cell line (L1210%Y¢

} showed a much more
disseminated pattern of delivery following intravenous administration, with RLUC-tagged
cells detectable not only in the lungs, but also throughout the abdominal cavity and

lymphoid organs (Fig. 4A,B left panels). Infected L1210%Y¢

cells retained the ability to
deliver VSV™Y“ to lung tumors (Fig. 4B, right) and were also able to bypass the lung and
deliver virus to subcutaneous tumors located on the hind flank of mice (Fig. 4C). As

FLUC \was confined to carrier cells

observed with carcinoma carriers, replication of VSV
following injection into tumor-free mice, with no detectable replication persisting in normal

tissues. Therefore leukemic carrier cells appear to be less restricted in their passage

through the circulatory system and can disseminate virus to diverse anatomical locations.
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Figure 2.4 Dual-enzyme in vivo luminescence imaging of VSV delivery by murine leukemia

RLUC

cells. (A) Tumor-free mice were injected IV with 10° murine L1210V cells infected with

RLUC cells

VSVYC (B) Lung tumor-bearing mice were injected IV with 10° murine L1210
infected with VSVY¢. (C) Subcutaneous tumor-bearing mice were injected 1V with 10°
murine L1210%Y¢ cells infected with VSV'Y. At timepoints indicated mice were treated

with the appropriate substrate to image cell-associated (RLUC, rainbow color scale) or virus-

associated (FLUC, yellow-red color scale) enzyme expression.
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Immune evasion by cell-based delivery of VSV

Given the effective systemic delivery achievable using cellular carriers, we asked whether
this approach could protect a therapeutic dose of VSV from the detrimental effects of anti-

viral antibodies. Administration of naked VSv™U¢

particles to mice did not lead to detectable
infection of lung tumors when anti-VSV antibodies were present (Fig. 5A, lower panel). A
transient, low- level of replication was detected only in the spleen at 7h. In contrast, carrier
cells could bypass circulating antibody to reach the lungs and transfer virus to pre-existing
tumor cells, with robust viral infection persisting for up to 6 days post-injection (Fig. 5A,
upper panel). In a separate experiment, quantitative titers of virus were undetectable in
lung tumors 24h following administration of naked virions to mice with pre-existing
humoral immunity, whereas tumors treated with infected cells contained on the order of
10° virus particles, despite the presence of circulating antibodies (Figs. 5 B). Consistent with
the ablation of viral delivery, mice with pre-existing immunity to VSV show no therapeutic
response to multiple systemic doses of naked virions, succumbing to extensive tumor
burden within the same time period (15d) as saline-treated controls (Fig. 5C). However
administration of VSV-infected carrier cells could induce significant tumor regression (Fig.
5C, right). On autopsy we observed clearance of nearly all tumor nodules from the lungs
and only one small residual nodule that had presumably escaped infection (white arrow).

These data indicate that carrier cells can enable systemic VSV delivery and tumor oncolysis

despite the presence of virus-neutralizing humoral immunity.
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Figure 2.5 Cell-mediated systemic delivery and anti-tumor activity of VSV in the presence
of circulating antibody (A) Mice were injected IP with immune serum containing antibodies
against VSV and treated with VSV in carrier cells (upper panels) or as naked virions (lower
panels). Mice were injected with luciferin and imaged at the indicated timepoints. (B)
Quantitation of VSV in subcutaneous tumors 24h following IV administration of infected
carrier cells or naked virions in the presence (shaded bars) or absence (hatched bars) of
circulating anti-viral antibodies. Mean logio tumor titers +/- SD are plotted. (C) Post-mortem
images of lung metastases following IV repeated administration of either saline (PBS), 5 x
108 naked VSV virions, or 10° VSV-infected carrier cells (3 doses/week over 4 weeks) in mice

with pre-existing anti-viral immunity.



A

Trojan Horse Cells + VSYFLUC

T\ﬂ[m/ N\ \ T \1’@}/ T- ZE‘_ / \%/ ;N4 ‘g@j( ; @@/ 4
\ } \ ) ! ‘( !
; 5 ] ooy 1 } . | ( ; {
\ e / g; N /AR / K \/ % ’ LN Ee
! 4 I \ A ) £
[ | E S | N | EN I | PO ————— —e e
Nakedwions o _ o
FT N ’]Jm/ N 71?/ [ \IJ(O)/ I paclys o8 f [0 Lo
‘ { t
\\/ \ N \ { { \\ ) \ ;
\ ) L [Nye
S _!1~wuLJL~_E__1__;>J\, .k _JLJ L
C
[Nave PBS Nakod vinons __ Troan Horse Celis
o4 oy SYPassive mmunity 7
12d / V ~
g o ns ! {
E 107 / . \\4
> ? / Y
838 RN
53 64 ] - ey > N g
o a
E ~—
2 4
e
g 7 ne
0
Carner Cells Naked Virions

25



Enhanced efficacy of systemic therapy with repeated administration of VSV-infected cells

We next examined whether the cell-based delivery approach could enhance the therapeutic
efficacy of a clinically-relevant dosing regimen in an animal tumor model. Since VSV is not a
common pathogen in humans, patients are likely to be immunological naive at the outset of
therapy, but repeat virus doses will be exposed to an evolving adaptive response. We
therefore chose to compare the anti-tumor efficacy of multiple VSV doses administered as
naked virions or within infected carrier cells to initially naive, but immune-competent mice
with pre-established lung tumors. In this highly aggressive model of disease, saline-treated
controls rapidly succumb to disease within 14 days due to the invasion of normal lung tissue
by hundreds of metastatic tumor nodules (Fig 6B, -O-, 6¢c upper-left). We have previously
shown that delivery of a single dose of VSV directly to the lungs via intranasal instillation
induces lasting disease regression in this model **. However, repeated intravenous infusion
of VSV particles has only a modest effect on tumor progression (Figs. 6B, , 6C upper-right),
presumably since delivery to all tumor nodules is not achieved before continued dosing is
rendered ineffective by the onset of humoral immunity (Fig. 1). In contrast, 12
administrations of VSV-infected carrier cells led to lasting cures in the majority of mice and
significantly increased survival in all others (Fig. 6B V, 6C lower-left). These results suggest
that hiding oncolytic virus within carrier cells during delivery can greatly increase the
cumulative therapeutic benefit of systemic dosing regimens in the face of evolving anti-viral

immunity.
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Figure 2.6 Enhancement of systemic therapy with VSV delivered in carrier cells. Tumors
were seeded in balc/c mice at day 0 by IV injection of 3 x 10° CT26 cells. Beginning at day 6,
mice were treated IV with either saline (PBS), 5 x 108 pfu VSV as naked virions or 10° VSV-
infected syngeneic carrier cells. Animals were dosed 3 days/week for 4 weeks as shown in
(A) or until reaching tumor burden endpoints as plotted in (B). (C) Representative

photographs of lung tumor burdens at experimental endpoints for each treatment group.
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DISCUSSION

The adaptive immune system, evolved over millions of years to defend animals from
invading pathogens, is a serious impediment to the prospect of using viruses as systemic
therapeutics. We have shown that circulating antibodies elicited against an oncolytic strain
of VSV in immune-competent animals are sufficient to ablate delivery of naked virions to
tumors. However infected “trojan horse” cells conceal VSV from the host immune system to
bypass this obstacle. Many oncolytic viruses are potent anti-tumor agents when directly
injected into tumors >78, but vulnerability to host defenses complicates their
administration as systemic therapeutics. Serum factors such as complement proteins and

53, 54,57-60

antibodies can bind to and inactivate virus , whereas organ sinks such as the liver

can remove it from the circulation altogether > 56

. Excessive uptake of virus by the liver can
also be responsible for toxic side-effects following systemic administration ’°. The use of
carrier cells to shield virions from systemic defenses thus offers a simple solution to the key

probiems associated with delivering VSV and other viral therapeutics to disseminated

tumor sites.

We have shown that multiple doses of VSV administered systemically within carrier cells
can induce complete disease regression in a lung model (Figure 6B,C) while a single dose
cannot (data not shown). In contrast, even multiple doses of 1V-injected naked VSV virions
were largely ineffective in this model (Figure 6B,C). These findings indicate that stealth
delivery contributes to the overall efficacy of multiple-dosing with VSV-laden carrier cells
administered in the face of an evolving anti-viral immune response. It will be important in

future studies to determine whether an immune response is mounted against the carrier
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cell vehicle itself, and whether this has any effect on virus delivery. On the other hand, the
immunogenicity of carrier cells may enhance therapy, since the activation of anti-tumor
immunity during virotherapy appears to contribute some degree to eliminating tumors and
may help to protect from disease recurrence. Indeed, HSV #° and VSV (data not shown)
appear to invoke cell-based anti-tumor responses in addition to killing malignant cells by
direct infection and oncolysis. In similar fashion, tumor cells infected with Newcastle
disease virus and injected into tumor-bearing animals have also been reported to activate
anti-tumor immunity 8. Thus the destruction of tumors by oncolytic viruses, whether
administered as naked virions or within infected cells, is likely achieved through multiple
mechanisms. Significant effort is now being made in our lab to understand how these
mechanisms contribute to the overall potency of oncolytic virus therapy with these

different delivery approaches.

The possibility of seeding de novo tumor growth is an important safety consideration if
transformed cells are to be used as systemic therapeutics. To ensure that cells do not
persist to form tumors, Coukos et al. have shown that HSV-infected carriers can be lethally
irradiated prior to administration ®’. Similarly, we have observed that the production of VSV
is unimpaired by irradiation of infected cells (data not shown), and are currently
investigating whether they retain the ability to deliver virus in vivo. Alternatively, allogeneic
or xenogeneic carrier cells such as those described here would be eliminated by the
patient’s own immune system following virus delivery, avoiding the need for any special
manipulation of carrier cells prior to administration. Inducible suicide programs could also

be engineered into carrier cell lines to ensure they do not persist following injection into
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the body. Combining these types of safeguards should ensure the safety of transformed

cells lines for clinical administration, a tremendous advance over the use of autologous

66, 67 68, 69,71

tumor or normal cells

since the former are renewable, rapidly propagated to

large quantities and generally more permissive to oncolytic virus infection.

Previous studies have clearly demonstrated efficient delivery of therapeutic viruses to lung

tumors % 82

. and we have shown here that certain cell types, particularly those derived
from solid tumors, accumulate rapidly and exclusively within the lungs, the site of the first
microcapillary bed encountered following intravenous injection. While such a vehicle could
be useful for delivering virus specifically to the tumor site in patients with primary or
metastatic disease localized to the lung, it is clear that carrier cells must be capable of
bypassing lung capillaries to reach metastases found at other anatomical locations. Blood
cells normally traffic throughout the circulation and our studies suggest that they may be
the ideal vehicle for delivering virus to disseminated sites. We found that a leukemia cell
line was able to largely bypass the lungs and could deliver VSV to more distally-located
tumors. Similarly, previous studies have established that leukocyte-derived CIK cells can
deliver oncolytic vaccinia virus to hind flank tumors upon intravenous administration . The
small size of leukocyte-derived carriers is likely a crucial parameter that facilitates their
passage through blood vessels to achieve this widespread dissemination, although other

factors such as structural rigidity ®2, chemotactic responses * and adhesion molecule

expression 2 are also known to influence blood cell circulation.

A live-cell carrier for therapeutic delivery is an attractive alternative to the various

86-91

chemicals that can be used to encapsulate virions . Infected-cell carriers have the
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unique ability to produce a burst of virus upon delivery to the tumor site, thereby
amplifying the effective therapeutic dose by several orders of magnitude. In addition, the
cell can be engineered to have limited or no innate anti-viral response thus increasing the
output of therapeutic virus at the target site. Carrier cells could be made to express tumor
antigens on their surface in the ideal context to stimulate immunity or perhaps surface
molecules to facilitate retention in tumor beds. Our results suggest that an immortalized
cell line of hematological origin could be an ideal foundation for constructing custom-built
biotherapeutic vehicles with the potential to significantly enhance the delivery, selectivity

and anti-tumor efficacy of systemic virotherapy.
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MATERIALS AND METHODS

Viruses

The recombinant AV3 strain of VSV with an attenuating deletion of methionine 51 of the
matrix protein and a transgene encoding eGFP 81 RFP or eGFP-luciferase (see below) were
propagated in Vero cells. Virions were purified from cell culture supernatants by passage
through a 0.2um Steritop filter (Millipore) and centrifugation at 30,000 x g prior to

resuspension in phosphate-buffered saline (Hyclone) for all animal studies.
Construction and Rescue of Recombinant VSV Strains

Two additional recombinant VSV genomes were generated by insertion of the either the
mRFP1 2 or EGFPLuc (Clontech) reporter genes and rescued as described previously &',

Rescued viruses were propagated and purified as above.
Lentiviral transductions

A bicistronic lentivector was rescued by insertion of the Renilla reniformis luciferase gene
(pGL3 R2.1, Promega) into the Pmel restriction site downstream from the EMCV IRES-driven
GFP marker in pWPI and used to transduce target cell lines as described elsewhere *. FACS

sorting based on GFP expression yielded a population consisting of >90% transduced cells.
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Cell Lines

Murine CT26 colon carcinoma, human A549 lung carcinoma, and L1210 murine leukemia
cell lines (American Type Tissue Collection) were propagated in Dulbecco’s Modified Eagle’s

Medium (Hyclone) supplemented with 10% fetal calf serum (Cansera).

Serum Neutralizing Antibody Assay

Two-fold serial dilutions of mouse serum were incubated with 300 pfu of VSV in a total
volume of 60 ul for 90 min at 37°C and applied to Vero cell monolayers in a 96-well plate.
Wells were examined for cytopathic effects (CPE) 48h post-inoculation. Neutralizing titer

was taken as the highest dilution factor of serum that prevented the appearance of CPE.

Passive Immunizations

Serum was collected from donor mice 6 weeks following 1V immunization with 5 x 10® pfu
of VSV. Recipients were injected IP with 100ul immune serum 24h prior to therapeutic

administration of VSV.

T Cell Purification and Adoptive Transfer

Single-cell suspensions of splenocytes from donor mice were purified on a MACS column
using a Pan T Cell Isolation Kit (Miltenyi Biotec) to obtain an enriched population of
untouched T cells. Each recipient was injected IV with a single spleen equivalent of purified

T cells 24h prior to treatment with VSV.
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Mice and Tumor Models

Female, 8-10 week old balb/c mice were obtained from Charles River Laboratories, and

injected IV with 3 x 10° CT26 cells to establish lung tumors, or injected subcutaneously with
10° CT26 cells to establish hind flank tumors. Animals bearing lung tumors were euthanized
upon signs of severe respiratory distress. All experiments were conducted with the approval

of the University of Ottawa Animal Care and Veterinary Service.
In vivo imaging

Mice were injected with either native coelenterazine (NanoLight Technology) (40ul IV at 1
mg/mL in 50% v/v methanol/PBS) to image Renilla luciferase activity, or d-luciferin
(Molecular Imaging Products Company) (200ul IP at 10 mg/mL in PBS) for Firefly luciferase
imaging. Mice were anesthesized under 3% isofluorane (Baxter Corp.) and imaged with the
IVIS 200 Series Imaging System (Xenogen). Data acquistion and analysis was performed
using Living Image v2.5 software. For each experiment, images were captured under
identical exposure, aperture and pixel binning settings and bioluminescence is plotted on

identical color scales.
Infection of carrier cells

Cells were infected at an MOI of 10 at 37°C for 2.5h, harvested (adherent lines were
detached with 0.05% Trypsin-EDTA), washed to remove cell-free virions, and resuspended
at a concentration of 10’ cells/mL in PBS before intravenous tail-vein injection into mice at

3h post-infection (10° cells/mouse in 100ul). For fluorescent imaging experiments, cells
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were stained with 5uM carboxyfluoroscein succinimidyl ester (Molecular Probes) for 30min

prior to infection following the manufacturer’s protocol.

Fluorescent imaging

Mice were euthanized and tumors were examined using a Leica MZFLIII dissecting
microscope with a standard GFP filter set. Images were captured with a Nikon Coolpix 100

camera. Overlays were generated using Adobe Photoshop CS v8.0 software.

Western blot detection of VSV proteins

Cell lysates were collected in 4% SDS sample buffer, run on a NUPAGE Bis-Tris 4-12%
polyacrylamide gel, transferred to a nitrocellulose membrane and probed with polyclonal

anti-VSV serum from hyperimmune rabbits.

Quantitation of VSV infection in tumors

Tumors were excised from euthanized mice and homogenized in PBS. The extent of VSV
infection was measured either by plaque assay on Vero cells or luciferase assay (Promega)

read on a luminometer (EG&G Berthold Lumat LB9507).
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ABSTRACT

Due to cancer’s genetic complexity, significant advances in the treatment of metastatic
disease will require sophisticated, multi-pronged therapeutic approaches. Here we
demonstrate the utility of a Drosophila melanogaster cell platform for the production and
in vivo delivery of multi-gene biotherapeutic systems. We show that cultured Drosophila S2
cell carriers can stably propagate oncolytic viral therapeutics that are highly cytotoxic for
mammalian cancer cells without adverse effects on insect cell viability or gene expression.
These transporters can be modified to express banks of biotherapeutics with
complementary activities that enhance anti-tumour activity. Drosophila cell carriers
administered systemically to immunocompetent animals efficiently trafficked to tumors to
deliver multiple biotherapeutics with little apparent off-target tissue homing or toxicity.
Cells of this Dipteran invertebrate provide a genetically tractable platform supporting the
integration of complex, multi-gene biotherapies while avoiding many of the barriers to

systemic administration of mammalian cell carriers.
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INTRODUCTION

The advent of high throughput sequencing and the molecular biology revolution has
provided a rich library of biological parts with vast potential for technological application.
With this tool box of information it is now possible to create an integrated biological
platform in which multiple genetically encoded therapeutics can be delivered as a single
agent. Most efforts to date have relied on the simplicity of viruses or microbial cells to
assemble multi-gene biosynthetic pathways” ?, sophisticated regulatory circuits** and
minimal or synthetic genomes.> ® However, a standardized cell platform that can be

programmed for the production and delivery of active biotherapeutics is currently lacking.

Genetically-encoded biotherapeutics with naturally evolved activities can be harnessed for
the treatment of disease. In particular, proteins with the ability to regulate cell growth,
modulate the host immune system or recognize tumor-specific antigens are of interest in
the treatment of cancer. Although many tested agents demonstrate highly specific
therapeutic effects when inoculated or expressed directly in tumors, they often lose
potency when administered systemically due to poor stability in blood and/or rapid
clearance from the circulation’. Incorporation of biotherapeutic genes into viral vectors can
help to increase the efficiency of delivery to the tumor site. In particular, conditionally
replicating oncolytic viruses (OVs) can be delivered systemically to tumors where they
rapidly self-amplify to manufacture the therapeutic transgene specifically at the site of

disease®. Host immunity remains a major challenge to the clinical realization of this goal”™*.

We have recently demonstrated that cellular carriers can shield oncolytic virus from

neutralization to achieve systemic delivery to tumors in the presence of circulating
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antibodies™®. Our group and others have investigated the ability of numerous mammalian
cell types to function as oncolytic virus carriers for systemic therapy in pre-clinical models,

10,13

including solid*® *? and hematogenous cell lines, cytokine-induced killer cells**, T cells™

1829 However there remain

1 primary monocytes'’, and mesenchymal stem cells
significant obstacles to using any mammalian cell type for systemic oncolytic virus delivery
in the clinical setting. Adherent solid tumor cells and mesenchymal stem cells are unable to
traverse capillary beds and generally arrest within the vessels of the first organ they

10, 20

encounter™ “*, while leukocyte-based carriers are able to re-circulate but still exhibit

10,2122 Thys interactions

receptor-mediated homing to lymphoid organs and bone marrow
between mammalian carrier cells and off-target host tissues interfere with systemic tumor
targeting. Secondly, primary cell types are often cumbersome to isolate and culture, while
systemic administration of permanent cell lines carries the risk of tumorigenicity. Finally, OV

infection is by design cytotoxic to mammalian host cells. This precludes the opportunity to

genetically modify virus-laden carriers and complicates clinical delivery.

In order to move beyond the limitations of mammalian cells, we have investigated the
potential of Dipteran insect cells as novel vehicles for systemic biotherapeutic delivery.
Notably, established Drosophila melanogaster cell lines supported continuous propagation
of multi-gene oncolytic virotherapeutics normally cytotoxic to mammalian cells, enabling
the simultaneous production of secondary biotherapeutic gene products. Systemically-
administered insect cell carriers were well tolerated, circulated extensively with little off-
target tissue homing, and effectively delivered oncolytic virus to tumors in

immunocompetent animals. Established D. melanogaster cell lines therefore offer a
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genetically-tractable platform suitable for systemic delivery of multiple integrated

biotherapies.
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RESULTS

Establishment of Continuous Dipteran Cell Lines Propagating Oncolytic VSVA51

Oncolytic virus preparations destined for use in research or clinical development are
manufactured in mammalian or avian cell cultures. The OVs are propagated in these cell
lines via a cytotoxic replicative cycle, in a batch production format followed by extensive
purification and safety testing before a clinical grade product can be obtained. In contrast,
insect cells can carry similar viruses as persistent infections while suffering little adverse
effect®®. For example vesicular stomatitis virus (VSV), a highly effective oncolytic agent
when administered to mammalian tumor cells **%*, has been reported to infect and persist
in cultured Hemipteran?® or Dipteran®’ cells without detectable cytopathic effects. We
tested whether cultured Dipteran cells could serve as carriers for the continuous growth of
VSV-A51, an engineered OV previously developed in our laboratory?®. Suspensions of the D.
melanogaster S2 cell line were cultured in a minimal, serum-free medium formulation and
infected with recombinant VSV- A51 harboring a yellow fluorescent protein (YFP) reporter
transgene to monitor viral persistence. We observed efficient infection of S2 cells with
virtually all cells expressing virus-encoded YFP (Fig. 3.1a). During continued passaging over a
period of months, VSV-infected S2 cell cultures showed similar log-phase growth kinetics to
uninfected controls (Fig. 3.1b), with only a modest increase in doubling time from
approximately 27h to 29h (Fig 3.1c). No change in the percentage of viable cells or average
cell diameter was detected when infected S2 cultures were compared to uninfected
controls (Fig. 3.1c). We have continued to monitor virus gene expression at the single cell

level during continued passage of infected cell lines, and have found that they maintain a
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Figure 3.1 — Establishment of Continuous Insect Cell Lines Propagating Oncolytic VSV-A51
a) Brightfield and corresponding fluorescent image of Drosophila S2 cells 7 days after
infection with VSV-A51-YFP at a multiplicity of 10 pfu/cell. b) Log-phase growth curves
comparing uninfected Drosophila S2 cells to two S2 lines persistently infected with VSV-A51
(VSV-A51-mRFP or VSV-A51-FLuc). ¢) Summary comparing doubling time (tg), percentage of
viable cells, and average cell diameter (da,) of Drosophila S2 cultures either left uninfected

or persistently infected with VSV-A51-mRFP or VSV-A51-FLuc.
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homogeneously high level of infection throughout hundreds of doubling generations (Fig.
3.1a). To date, after more than one year of continuous culture and repeated freeze-thaws,
we have not observed loss of viral persistence or even a detectable decrease in the
percentage of infected Dipteran cells. Furthermore, a recombinant VSV-GFP lacking the
naturally encoded glycoprotein gene also persisted long-term in S2 cells (data not shown),
indicating that spread between cultured Dipteran cells is dispensable for the persistence of
viral infection. Thus VSV appears to be maintained as an innocuous passenger in cultured
Dipteran cells with continuous propagation of the viral genome in an intracellular form and

vertical transmission to daughter cells.

Persistently Infected Insect Cell Carriers Deliver Oncolytic VSVA51 to Tumors

We examined whether persistently-infected Dipteran cell carriers could deliver oncolytic
virus leading to infection of mammalian tumor cells in vitro. Carrier cell cultures harboring
VSVAS1-Luciferase (S2VV:>'F““) were harvested and divided into 0.2um-filtered cell-free
supernatant and washed cell pellet fractions. Serial dilutions of either cells or supernatant
were then added to adherent monolayers of mammalian tumor cell lines. After 48h, the
tumor cells were assayed for viral luciferase expression by bioluminescent imaging. As
shown in figure 3.2a, few infectious particles were released into the culture supernatants of
insect cell carriers. Limiting dilution analysis revealed approximately 10 infectious
particles/mL in supernatants harvested from cultures containing 10°% infected cells/mL.
Therefore the quantity of infectious particles released from Dipteran cells was on the order
of 0.01/cell, consistent with earlier report527. In contrast, the infected carriers themselves

retained the ability to efficiently deliver VSV directly to tumor cells, with as little as a single
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insect cell able to initiate a productive infection (Fig. 3.2a). Time-lapse microscopy of this
insect cell-mediated delivery process revealed docking of fluorescently-labeled Dipteran

. VSV 51mR
carriers (52"°V21MRFP

) to the surface of tumor cells within minutes of inoculation (Fig. 3.2b).
Docking was followed by insect cell death and loss of visible viral transgene (mRFP)
expression (Video S1), likely due to heat shock effects experienced under mammalian
culture conditions. After a short eclipse period, the tumor cells began to show infection-
associated rounding within several hours, followed by visible accumulation of the virus-
encoded mRFP transgene, and ultimately lysis by approximately 24h. (Fig 3.2b, Video S1).
We next examined whether insect cell carriers could deliver oncolytic virus to tumors
growing in immunocompetent animals. Drosophila S2 cells carrying VSV-A51-Luciferase
were washed to remove cell-free particles and directly injected into solid subcutaneous
tumors grown in syngeneic balb/c mice. Tumor luciferase expression was followed via
longitudinal imaging. As shown (Fig 3.2c), robust VSV-A51-Luciferase infection was
observed specifically within tumors following administration of 10° insect cell carriers.
Substantial signal (10-fold over background) was detectable by 24h post-injection and
continually increased until peaking at 3d (Fig. 3.2d), identical to the previously reported
replication kinetics of VSV-A51 administered as naked virions in this tumor model®. Further
characterization of the intratumoral dose-response revealed the minimal threshold number
of insect cells carriers required to initiate a durable oncolytic virus infection. Injection of 10*

cell carriers led to a minimally detectable and slow-evolving infection detectable at levels

just over background by 7d (Fig. 3.2d). Thus similar to results of previous studies with naked
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Figure 3.2 - Persistently Infected Insect Cell Carriers Deliver Oncolytic Virus to Tumor Cells
a) Limiting dilution assay of insect cell carriers. Serial dilutions of S2 cells persistently
infected with VSV-AS51-FLuc or their filtered culture supernatants were overlaid onto
monolayers of CT26 murine carcinoma cells. Viral luciferase activity was assayed by IVIS at
48h post-infection. b) Time-lapse images of insect cells delivering VSV-A51-mRFP to CT26
murine carcinoma cells, at 5min and 24h post-iﬁoculation. Composite images show bright
field overlaid with red fluorescence. c) IVIS image shows luciferase activity at 3 days post-
treatment, in duplicate mice bearing subcutaneous CT26 tumors treated by IT injection of
10° Drosophila S2 cells persistently infected with VSV-A51-FLuc. The total luciferase signal
for each tumor was digitally quantified at 24h, 48h, 72, 96h and 7d post-treatment and

plotted in d).
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virionszs, a significant threshold dose was required to overcome the innate restrictions to

oncolytic virus growth within the in vivo tumor microenvironment.

Insect Cells Carrying Oncolytic VSV Can Be Armed with Auxiliary Biotherapeutic Gene
Cargoes

We examined whether insect cells carrying oncolytic VSVA51 could be armed with
additional biotherapeutic gene products to overcome innate limitations to intratumoral
oncolytic virus growth. Replication competent vaccinia vectors provide a robust platform
for biotherapeutic transgene production®, and their growth and cytopathic effects can be
targeted specifically to tumors®. Furthermore they encode an array of secreted
immunomodulators>® with the ability to complement growth deficiencies of heterologous

. 32
VII'USGS31'

. We reasoned that insect cell carriers modified to constitutively secrete such
immunomodulators should prime the tumor microenvironment to help promote oncolytic
virus growth. Conditioned media from insect cells infected only with VVdd or from
uninfected control S2 cells, were collected and passed through a 0.2um filter to remove
free vaccinia particles. Tumor cell monolayers were subsequently infected with VSVA51-YFP
viral particles in the presence of conditioned medium. The spread of the VSV-encoded YFP
transgene and the production of virus were followed. At the limiting dose employed in this
experiment VSVA51-YFP poorly infected tumor cells primed with control medium from
uninfected insect cells, with minimal viral gene expression detected (Fig. 3.3c, S1). In
contrast, tumor cells primed with conditioned medium from VVdd-infected S2 cells showed

a robust VSV infection throughout the monolayer and production of nearly 100-fold greater

titers of infectious virus (Fig. 3.3c, S1).
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Figure 3.3 — Arming Drosophilid Oncolytic Virus Carrier Cells with Additional
Biotherapeutic Cargoes a) Persistently infected VSV-A51-YFP cell carriers were
superinfected with VVdd-mCherry at a multiplicity of 10 pfu/cell and imaged after 24h. b)
Expression of VSV proteins in persistently infected S2 carriers in the presence or absence of

VSVSIYRP coll carriers were left uninfected or superinfected with Vvdd for

vaccinia virus. S2
24h, then harvested and subjected to immunoblotting with a polyclonal antibody

recognizing the VSV proteins. c) Fluorescent images of monolayers of U20S osteosarcoma
cells infected with VSV-A51-YFP at a multiplicity of 10° pfu/cell for 48h in the presence of

conditioned medium from mock- or VVdd infected Drosophila S2 cells. Supernatants from

these tumor cells were collected at the same timepoint and titered for VSV production (d).
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Figure 3.51: Insect cell carriers constitutively secreting vaccinia immunomodulators prime
786-0 human renal carcinoma cells for infection with oncolytic VSVA51. a) Monolayers of
786-0 cells were infected with VSVAS51-YFP at a multiplicity of 10° pfu/cell, in the presence
of conditioned medium from uninfected or vaccinia virus (VVdd) infected S2 insect cells.
Fluorescent images were acquired at 36h post-infection. b) Shows the titers of VSVA51-YFP

produced by 786-0 tumor cells after 36h during the same experiment. c) Monolayers of

VSV, 51-YFP VSV 51-YFP/VVdd-

786-0 cells were inoculated with singly-armed S2 or doubly-armed S2

MCRe™Y insect cell carriers at a multiplicity of 0.01. Fluorescent images were acquired at 40h

post-treatment. d) Shows titers of VSVA51-YFP produced by 786-0 tumor cells after 40h

during the same experiment.



$2 Cond. Sup 52-VVdd Cond. Sup VSV Production
{pfu/mL)

$2 Conditioned Medium 5.2x10°
$2-VVdd Conditioned Medium 5.0x107

VEVAST-YFP

$2 $2 VSVAS1-YFP/VVdd-mCherry
] VSV Production (pfu/mL)
§2VSVASI-YFP 8.1x 10°
szVSVASI-VFP+VVdd-mCherry 3.3x10°

54



Insect Cell Carriers Deliver Multiple Integrated Biotherapeutics to Tumor Cells

We next examined whether oncolytic VSV and complementing vaccinia virus
immunomodulators could be integrated into insect cell transporters and delivered to tumor
cells as a single therapeutic agent. To test this idea, we determined whether insect cells
carrying VSVAS51 (52Y5V*Y"") could support super-infection with an oncolytic vaccinia strain
(VWdd*®) tagged with the mCherry fluorescent reporter gene. Indeed, infection of $2V*V.>Y%
carrier cells with VVdd-mCherry led to readily detectable vaccinia gene expression within
24h (Fig. 3.3a). Insect cells not only maintained VSV gene expression when superinfected
with vaccinia virus, but it appeared that specific protein levels were significantly increased,
as assessed by both viral reporter gene imaging and anti-VSV western blot (Fig 3.3a,b). Thus
we were able to obtain a homogeneous population of carriers with virtually all cells infected
with both VSVA51-YFP and VVdd-mCherry (Fig. 3.3a). These doubly-armed cell carriers
(52VSViSHYFP/VVAdmCherry) \are added to monolayers of mammalian tumor cells and infection
was followed by fluorescent imaging and plaque assay. Insect cell carriers were
administered at a minimal dose which resulted in little infection of tumor cells when
VSVAS51 was delivered as a single agent (Fig 3.4a, 3.51). However doubly-armed
§2VSV.SLYFP/WVAdmCherry ¢4 riars constitutively secreting vaccinia immunomodulators could
prime the tumor cell monolayers for infection and consequently a much more robust
VSVA51 infection was observed. Significantly greater viral spread was evident with
extensive YFP expression throughout the monolayer (Fig. 3.4a, 3.51), leading to dramatic

increases in the titer of infectious VSV produced by the tumor cells (Fig 3.4b, 3.51). We

conducted similar experiments to determine whether insect cells could deliver this
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Figure 3.4 — Insect Cell Carriers Deliver Multiple Integrated Biotherapeutics to Tumor Cells

P/VVddmch . )
VSV,SIYFP o g VSV,S1YFR/VVddmCherry o) carriers were inoculated onto

a) Drosophila S2
monolayers of U20S osteosarcoma cells at a multiplicity of 0.001 for 48h. Composite
YFP/mCherry fluorescent images are shown. b) Tumor cell supernatants from the same
timepoint were titered for VSV production. ¢) Drosophila S2 cells infected with either VSV-
AS51-YFP alone or with both VSV-A51-YFP and VVdd-mCherry were injected IT into human
HT29 tumors grown as xenografts in nude mice. At 3d post-infection tumors were removed
and imaged. Brightfield and composite YFP/mCherry fluorescent images are shown. d) The
same tumors were homogenized and titers of infectious VSV and VV were determined by

plague assay. Bars show mean logyg titers +/- standard deviation. Bracketed bars show

statistical significance at the indicated p value according to the two-tailed paired t-test.
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integrated biotherapeutic system to tumors in vivo. In order to rigorously test its activity
within a restrictive microenvironment, the HT29 human colon carcinoma model was used,
which has previously shown to be only partially sensitive to VSVA51 in vitro®*. When HT29
tumors were grown as xenografts in nude mice and directly injected with insect cells
carrying VSVAS1 as a single agent, little infection was detected by fluorescent imaging or
plaque assay (Fig. 3.4c,d). However insect cells doubly infected with vaccinia and VSV led to
a profound oncolytic virus infection within the tumor. Extensive spread of VSV was clear
upon fluorescent imaging and we observed a 1000-fold increase in infectious virus
recovered from the tumors (Fig. 3.4c¢,d). Additionally, VVdd-mCherry was delivered by the
doubly infected carriers and also went on to infect the tumors (Fig. 3.4c,d). Thus insect cells
carriers can deliver an integrated biotherapeutic system to tumors in order to promote

oncolytic virus growth within a restrictive microenvironment.

Systemic Delivery of Insect Cells Carrying Multiple Integrated Biotherapeutics

The treatment of advanced disseminated cancers requires therapies that can be delivered
systemically. We have previously demonstrated that mammalian carriers derived from
leukocytic cell lineages show much improved circulatory distribution in comparison to their
counterparts from solid tissues (ref. 10 and Fig. 3.52). However, these mammalian carriers
still express surface recognition molecules that facilitate their trafficking to, and
accumulation in, lymphoid organs (ref. 10 and Fig. 3.52) limiting their capacity for tumor-
targeted biotherapeutic delivery. In contrast, insect cells which lack these homing receptors
and are therefore incapable of interacting with mammalian host tissues could have a longer

half-life in the circulation and thus be more available for tumour delivery. To test this idea,
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Figure 3.52: Systemic biodistribution of mammalian carrier cells. Balb/c mice were
injected intravenously with 10° of each firefly luciferase-tagged cell line and imaged by 1VIS
at timepoints as indicated. a) Solid tumor cell lines at 30min post-injection, HelLa cervical
carcinoma (human), A549 lung carcinoma (human), MCF-7 breast carcinoma (human), CT26
colorectal carcinoma (murine), SF268 glioblastoma (human). b) Murine A20 lymphoma
imaged at 30min and 5h post-injection. ¢) Murine L1210 leukemia cells imaged at 40min
post-injection. Ventral and left-side (revealing spleen) views are shown. d) Murine L1210
leukemia cells imaged at 5.5h and 6d post-injection. Ventral and left-side (revealing spleen)

views are shown.
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we directly compared the circulatory half-life of insect cells harboring VSVA51-Luciferase

VSV 51FLuc FLuc
(52VSVs

) to murine leukemia carriers tagged with luciferase (L1210 ). Carrier cells
were injected intravenously into immunocompetent mice, and the cellular component of
recovered blood was assayed for luciferase activity at various timepoints. Consistent with
our imaging studies (ref 10 and Fig. 3.52), mammalian leukemia cell carriers rapidly
extravasated from the circulation, with a 90% decrease in their recovery from blood
between 1min and 5min post-administration (Fig. 3.5a). In contrast, insect cell carriers
failed to extravasate into non-tumor tissues and circulated at stable levels in the blood
throughout the 30min of monitoring in this experiment. Importantly systemically
administered insect cell carriers could deliver integrated biotherapeutics to distally located
tumor beds. By 3d following intravenous administration of doubly-loaded carriers,

extensive spread of both VSVA51-YFP and VVdd-mCherry was visible in tumors (Fig. 3.5b),

and high titers of each virus could be recovered (Fig. 3.5c).
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Figure 3.5 — Systemic Delivery of Insect Cells Carrying Multiple Integrated Biotherapeutics
a) Circulatory kinetics of Drosophila S2 cell carriers administered systemically to
immunocompetent balb/c mice. Mice were injected intravenously with either 107 L1210-
FLuc murine leukemia cells or 107 S2 VSV-A51-FLuc carriers. Blood samples were collected
at 1, 5, 15 and 30min post injection, and the cellular fractions were assayed for luciferase
activity in triplicate. Each point represents the mean of 3 triplicate measurements +/-
standard deviation. b) Duplicate immunocompetent balb/c mice bearing CT26 tumors were
treated intravenously with 10’ Drosophila S2 cells carrying VSV-A51-YFP and VVvdd-
mCherry. Tumors were excised after 72h and imaged. Brightfield and composite
mCherry/YFP fluorescent images are shown. c) Each tumor was homogenized and titers of
VSV-A51 and VVdd were determined by plaque assay. Bars show individual viral titers for

tumors of each of two mice.
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DISCUSSION

The current standard of care for cancer, employing conventional chemotherapy and/or
radiation therapy is unable to effect cures in the majority of patients with systemic disease.
There is little doubt that sophisticated new therapeutic approaches need to be developed if
significant success is to be attained in the treatment of metastatic cancers. A great deal of
effort has been put toward the development of biotherapeutics including oncolytic viruses

(OVs) with encouraging recent clinical results>>=®

. To complement and augment OV
therapeutics there has been an emerging interest in the use of cell carriers to enhance the
systemic delivery of OVs>’. Mammalian carrier cells proposed to date are limited by one or
more of the following features: cumbersome isolation and/or manufacturing protocols,

limited viral productivity (in the case of non-tumor cells), off-target tissue homing tropisms,

and safety concerns (in the case of tumorigenic cell lines).

To improve the clinical feasibility of the carrier cell approach, we have investigated whether
insect cells persistently infected with an oncolytic virus could be exploited for systemic
therapy. We observed that cultured Drosophila melangaster cell populations continued to
proliferate normally while maintaining a homogeneous infection with VSVA51. Consistent
with previous findingsn, these persistently infected Dipteran cell lines released on the order
of only 0.01 infectious particles per cell into culture supernatants, much less than the
hundreds to thousands typically produced by mammalian cell lines®®, and too little to be of
therapeutic use. However insect cells directly harvested from these cultures remained
highly infectious and effectively delivered oncolytic VSV to tumor cells through direct

contact. Thus individual VSVAS1-infected Dipteran cells represent potent therapeutic
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agents in their own right, and importantly, could deliver this oncolytic virus to tumors in

vivo following either intratumoral or intravenous administration.

Unlike the mammalian cell lines typically used to propagate VSV, insect cell carriers
remained viable and actively proliferated while infected with their oncolytic virus cargo,
allowing further modification to express add(itional biotherapeutic gene products.
[lustrating this point, we have shown that Dipteran VSV carriers could be armed to
constitutively secrete vaccinia virus-encoded immunomodulators that successfully primed
the tumor microenvironment to promote oncolytic virus infection. Interestingly, the
oncolytic vaccinia virus vector consisting of some 200 genes also productively infected the
insect cell carriers and was delivered to tumors in vivo. These findings indicate that the
insect cell platform has the capacity to simultaneously carry many integrated

biotherapeutic genes and viruses to tumors upon systemic administration.

Insect cell lines capable of continuously propagating oncolytic viruses and other
biotherapeutics therefore represent an attractive delivery platform with both immediate
clinical utility and long-term potential for continued development. Insect cells stably
propagating oncolytic virotherapeutics would be ideally suited to large-scale
manufacturing®®, and could be systemically administered to patients without the drawbacks
of off-target tissue homing and tumorigenicity that limits the safety of mammalian cell
lines. Therefore a continuous insect cell line could be established as a standardized clinical

vehicle, giving rise to a novel class of programmable cell biotherapies for cancer.
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MATERIALS AND METHODS
Celis

Human (HT29, U20S, 786-0, Hela, SF268, A549, MCF-7) and murine (CT26-lacZ, L1210, A20)
cell lines were cultured in Dulbecco’s modified eagle medium (D-MEM, Hyclone, Logan, UT,
USA) supplemented with 10% fetal calf serum (Cansera, Etobicoke, Canada). All mammalian
cells were cultured at 37°C under 5% CO,. Drosophila melanogaster Schneider line 2 (52)
cells were cultured in SF900Il serum-free medium (Invitrogen) at 22°C under atmospheric
pressures. Establishment of murine L1210 leukemia cells expressing an integrated firefly
luciferase transgene (L1210-FLuc) has been described previously™. All cell lines were

obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA).
Viruses

Construction of recombinant strains of VSVA51 expressing eGFP-firefly luciferase or
monomeric red fluorescent protein reporter transgenes (referred to herein as VSVA51-FLuc

10.25 An additional

and VSVA51-mRFP, respectively) have been described previously
recombinant harboring a yellow fluorescent protein (YFP) reporter was generating by
subcloning the YFP coding region between the Xhol and Nhel sites of the pXN vector*® and
rescuing recombinant virus as described previously®. All VSV stocks were propagated on
Vero cells. For animal studies, VSV stocks were further purified from cell culture
supernatants by filtration through a 0.2um Steritop filter (Millipore, Billerica, MA, USA) and

centrifugation at 30,000 x g before resuspension in phosphate-buffered saline (PBS)

(Hyclone, Logan, UT, USA). Vaccinia VVdd-mCherry was made by insertion of mCherry-DNA
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into the vaccinia thymidine kinase (TK) gene locus of VVdd*® by homologous recombination.
Successful recombinants were selected by mCherry expression and plaque-purified..
Vaccinia stocks were propagated on U20S cells and cell-associated virus was collected by
repeat (3) freeze-thaw cycles. Further purification of viral stocks were done by
centrifugation at 20,700 x g through a 36% sucrose cushion (in 1mM Tris) before

resuspension in ImM Tris, pH 9.
Western blot detection of VSV proteins

Cell lysates were collected in 4% sodium dodecyl sulfate sample buffer, run on a NuPAGE
Bis-Tris 4-12% polyacrylamide gel, transferred to a nitrocellulose membrane, and probed

with polyclonal anti-VSV serum from hyperimmune rabbits.
Analysis of Cultured Insect Cells

Cell suspensions were counted on an automated cell viability analyzer (Beckman Coulter,
Brea, California, USA), which determined the total cell concentration, viability by trypan

blue exclusion, and average cell diameter.
Preparation of Insect Cell Conditioned Medium

Drosophila S2 cells were either mock infected or infected with VVdd-mCherry at a
multiplicity of 10 pfu/cell for 24h, harvested and then pelleted by centrifugation.
Supernatants were collected and passed through a 0.2um filter twice to eliminate cell-free
vaccinia virions. To test for factors enhancing VSV infectivity, tumor cell monolayers were

pre-treated for 5h with conditioned insect cell supernatant diluted into 50% 2X tumor cell
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growth medium. Tumor cells were then infected with VSV in the presence of conditioned

medium.

Mice and tumor models

CT26 tumors were established by subcutaneous injection of 1x 10° cells into the hind or
front flank of female 8- to 10-week old balb/c mice (Charles River Laboratories, Wilmington,
MA). Palpable tumors were treated after approximately 10-14 days. HT29 (3x10°) tumors
were established subcutaneously in CD1 female nude mice (Charles River). Palpable tumors
were treated approximately 14-21 days after injection. Intratumoral injections were
performed under 3% isofluorane anesthesia. Intravenous injections were in the tail vein. All
experiments were performed in accordance with institutional guidelines review board for

animal care (University of Ottawa).

Bioluminescent and In vivo imaging

Mice were injected with d-luciferin (Molecular Imaging Products, Ann Arbor, Ml, USA)
(200ul intraperitoneally at 10mg/mL in PBS) for Firefly luciferase imaging. Mice were
anesthesized under 3% isofluorane (Baxter Corp., Deerfield, IL, USA) and imaged with the in
vivo imaging system (IVIS) 200 Series (Xenogen Corp., Hopkinton, MA, USA). Data
acquisition and analysis was performed using Living Image v2.5 software. For in vitro
imaging, cells were assayed in black multiwall plates (Sigma-Aldrich, Oakville, Canada). d-
Luciferin substrate was diluted directly into the tissue culture medium, cells were incubated
at room temperature for 5 min and then imaged using the IVIS 200. Bioluminescence signal

from each well was quantified digitally with the Living Image 2.5 software.
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Quantitation of Tumor Infection

Tumors were excised from euthanized mice and homogenized in PBS. Homogenates were
serially diluted and plated onto Vero cells for 24h for VSV plaque assays, or U20S cells for

72h for vaccinia virus plaque assays.

Fluorescent Imaging of Cell Infection In Vitro

Fluorescent images of infected cell cultures were acquired using the Axiovert S-100 (Carl
Zeiss, Inc., Oberkochen, Germany) microscope equipped with a Axiocam camera (Carl Zeiss,
Inc.). Axiovision 3.1 software (Carl Zeiss, Inc.) was used for digital image acquisition and
Photoshop CS software (Adobe, San Jose, CA, USA) was used for post-acquisition image

manipulation and creating 2-color overlays.

Fluorescent Imaging of In Vivo Tumor Infection

Mice were euthanized and dissected to expose tumors. Brightfield and fluorescent images
were acquired using the M205-FA dissecting microscope/imaging system (Leica
Microsystems Inc., Richmond Hill, ON, CANADA). The associated LAS FA6000 software was

used for all image acquisition and post-imaging manipulations.

Live Cell Imaging

Time-lapse live-cell imaging was performed on an Axiovert 200M microscope. Cells were

maintained at 37°C and 5% CO, throughout.
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Infection and Preparation of Insect Cell Carriers

Drosophila S2 cells were initially infected with VSVAS51 at a multiplicity of 10pfu/cell.
Cultures were passaged continually at a density between 10°-10 cells/mL to maintain log-
phase growth. Doubly-infected carriers were generated by superinfecting S2-VSVA51
carriers with VVdd-mCherry for 24h. For delivery to tumor cells, insect cells were washed
three times in 10mL SF900Il medium, and resuspended in a final volume of SF900I! before

inoculation onto cell monolayers or injection into animals.
Analysis of Circulatory Half-Life of Carrier Cells

Mice were injected intravenously with 10’ carrier cells, and blood samples were collected
by cardiac puncture from live mice under ketamine anesthesia. Pelleted total blood cells
were directly resuspended in the lysis buffer supplied with the Luciferase Assay Kit
(Stratagene, Cedar Creek, TX, USA) and firefly luciferase activity was assayed as per the
manufacturer’s protocol. Samples were imaged in a black 96-well plate (Sigma-Aldrich,
Oakville, Canada) using the IVIS 200 (Xenongen, Alameda, CA, USA) and the total signal

from each well was digitally quantified using the Living Image 2.5 software.
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CHAPTER 4: DISCUSSION

The work described in this thesis has examined a novel cell carrier strategy for the systemic
delivery of oncolytic viruses to tumors in vivo. Particular emphasis was placed on comparing
this novel strategy to the administration of naked virions by intravenous injection, which
has been the standard approach employed in all clinical trials of systemic virotherapy to
date*®% %% | preclinical investigations, coating with various chemical carriers has also
been explored as a strategy to enhance systemic oncolytic virus delivery%'gs. Key points

regarding the unique advantages and limitations of live cell carriers are discussed herein.

4.1 Targeting Virotherapeutic Delivery
The goal of systemic cancer therapy is to target micrometastatic tumor deposits growing

within any organ of the body. However the quantity of intravenously-administered virions
reaching disseminated tumors is limited by the reticuloendothelial system, which
specializes in clearing microbes from the circulation. This problem has been particularly
well-studied in murine systems with adenoviral agents, where it has been shown that
greater than 99% of infused virus is rapidly cleared from the circulation within 30 minutes®’.
Experimentally this problem can be alleviated by physically blocking blood flow into the
liver during administration of the virus, resulting in increased delivery of virus to other
organs®. While this approach would be cumbersome to implement in humans, it has been
shown that masking virus surface antigens can have a similar effect, and coating adenoviral
virions with a covalently linked multivalent copolymer can dramatically increase plasma
circulation time®’. However this approach may not be generally applicable to other

oncolytic agents. For example, modification with covalently-linked polymers may interfere
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with the membrane fusion step required for cellular entry by some enveloped viruses which

are potent oncolytic agents such as VSV, measles and vaccinia.

Our studies with oncolytic VSV have also demonstrated the strong impact of
reticuloendothelial uptake upon systemic virotherapy. We have found that the vast
majority of injected virus is rapidly taken up by the liver and spleen within 5 minutes of
intravenous injection'®. Consequently less than 0.001% of the administered dose will reach

a murine tumor implanted in the hind flank*®

. Similar to synthetic polymers, live cell
carriers have the ability to mask viral antigen during delivery and thereby redirect tissue
biodistribution. In the studies described here, we found that carriers derived from a variety
of solid tumor cell lines accumulated exclusively in the lungs, and this became the primary
site of virus delivery, rather than liver (Chapter 2). Consequently solid tumor cell carriers
delivered oncolytic VSV to lung tumors with high efficiency. Similar results have been
reported for mesenchymal stem cells carrying oncolytic adenoviruses'®" *°% The tissue

restricted distribution of cell types derived from solid tissues would therefore appear to

limit their utility for systemic delivery of oncolytic viruses to advanced metastatic disease.

In contrast, our in vivo studies show that hematogenous leukemia cell lines recirculate
much more extensively than carriers of solid tissue origin and were able to traverse lung
vessels to reach other organs. However blood cell carriers did not distribute uniformly, but
preferentially delivered VSV to lymphoid organs (Chapter 2), consistent with the natural
receptor-mediated trafficking patterns of these cell types’®. Thus interactions of
mammalian cell carrier with host tissues may lead to off-target virus delivery. One solution

to this problem would be to match the homing properties of the cell carrier to the location
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of disease to be treated. For example, lymphocytes homing to lymph nodes might be used
to deliver virus to lymph node metastasis'®. Practically, however, this approach would be
difficult to apply to the treatment of advanced human disease, as micrometastatic growth is
often not confined to a single organ and can be undetectable. Thus a better strategy may
be to target carrier cell delivery based on general features of tumor cells themselves. For
example, T cells targeting a model tumor antigen can home and deliver oncolytic virus to

the tumor site in murine sys'cems105

. However, tumor-antigen specific T cells are not
available for the majority of the patient population. ideally, carrier cells would be targeted
to a specific but ubiquitous feature of tumor cells, tumor endothelium or tumor stromal
cells to be widely effective across the heterogeneous spectrum of clinical disease. In this
regard, insect cell carriers possess the unique advantage of lacking homing receptors that
interact with mammalian tissues in vivo. These carriers displayed a much greater circulatory
half-life than mammalian leukocytic carriers and effectively delivered oncolytic virus to
distally-located tumor deposits (Chapter 3). Therefore insect cell carrier lines such as those

described here are naturally de-targeted from non-tumor tissues and could be further

modified to target delivery specifically to sites of disease growth (discussed further below).

In addition to systemic trafficking patterns, the timing of virus release is another crucial
feature of OV carriers. Ideally, intravenously administered cell carriers would release virus
only upon reaching metastatic tumor deposits, in order to maximize the effective
therapeutic dose and minimize the potential for off-target toxicity. However, OVs undergo a
time-sensitive growth cycle in mammalian carriers, and release of progeny virions occurs

within a fixed period after the initial infection. In contrast, insect cell carriers propagated
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VSV in a latent form until interacting directly with susceptible tumor cells (Chapter 3).
Although further experimentation is required to determine the precise nature of this
latency-reactivation behavior, it is clear from this work that full-length VSV genome copies
are symmetrically partitioned in continuously dividing S2 cells, since a single infected carrier
was sufficient to transmit fully infectious virus to mammalian cancer cells (Chapter 3). In
preliminary electron microscopy studies we could not detect mature virions in infected S2
carriers (data not shown), suggesting that the VSV genome may persist as a naked RNP
particle in these cells. This apparent inability of infected insect cells to form mature
particles would also suggest that the virus is transmitted to tumor cells through a novel
mechanism. Infected insect cells were seen to directly attach to the tumor cell surface
(Chapter 3}, which may allow for transfer of cytoplasmic RNPs containing the VSV genome.
Viral glycoprotein expressed on the insect cell surface could bind to the tumor cell surface
and trigger membrane fusion to facilitate this transfer. Clearly further studies are required
to determine the form under which the VSV genome persists in insect cells, the copy
number and the mechanism of vertical transmission. it will also be important to determine
whether the VSV glycoprotein is indeed expressed on the insect cell surface, and what role

it plays in attachment and transmission of virus to mammalian cells.

4.2 Evasion of Acquired Antiviral Immunity
In addition to uptake by off-target tissues, the efficacy of systemic virotherapy can be

limited by the acquired immune response. Our studies show that high-titer neutralizing
antiviral antibodies are naturally elicited during oncolytic VSV therapy in immunocompetent

animals (Chapter 2). This leads to a long-lasting state of sterilizing immunity that is
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sufficient to completely ablate systemic virus delivery and prevent tumor infection.
Antibodies capable of neutralizing virus directly in the circulation, but not antiviral T cells,
were found to be the crucial effectors of this phenomenon (Chapter 2). Similarly, other
investigators have found that passively transferred human anti-sera are sufficient to ablate

106,107 and adenovirus’® X% These findings have

systemic delivery of oncolytic measles
significant consequences for human therapy in light of the fact that robust neutralizing
antibody titers have been consistently elicited in patients receiving systemic virotherapy in

clinical trials*®>?

. It is likely that much of the naked virus administered to these patients
would have been immediately neutralized in the bloodstream before having the

opportunity to infect tumor cells. Improved methods for delivering oncolytic viruses are

therefore urgently needed.

The studies described here provide the first report of successful intravenous oncolytic virus
delivery in the face of high-titer neutralizing antibody. This was achieved by administering
infected cells which trafficked to tumor beds through the circulation before releasing their
viral cargo (Chapter 2). Consequently, multiple doses of oncolytic virus administered within
carrier cells exhibited much greater therapeutic efficacy than when injected as naked
virions (Chapter 2). Therefore, sequestration of oncolytic viruses within carriers to avoid
neutralization during transit to tumor beds has the potential to improve their efficacy as
systemic therapeutics. Ongoing work in the field is aimed at determining which types of
cellular vehicles can be used to best exploit this ability in the clinic. Xenogeneic cell types
such as insect cells have unique advantages and we show that they can deliver an initial

dose of oncolytic virus to tumors in naive mammalian hosts. However further work is
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required to determine whether immunity develops against repeated administration of
xenogeneic cells types, and if so, whether this immunity has any impact on systemic
delivery. The possibility of multi-dosing with xenogeneic carriers would vastly expand the
available repertoire of available cell lines whose diverse properties could be exploited for
oncolytic virus delivery. Alternatively, patient-derived leukocytes offer a readily available
source of autologous carriers should the expression of cellular xeno-antigens prove to limit
multi-dose delivery.

4.3 Biosafety

Potential safety concerns are important to consider in the development of novel systemic
cancer therapeutics. We did not observe any overt toxicity following systemic
administration of cell carriers at the doses required for effective oncolytic virus delivery.
Notably, this observation also extends to cell carriers of xenogeneic and invertebrate origin.
However, de novo tumor growth was occasionally noted at the injection site following
intravenous treatment with syngeneic tumor cell carriers, perhaps due to a small fraction
which escaped ex vivo infection. The safety of systemically injecting live tumor cells for
therapy is an obvious concern which might be addressed by lethally irradiating pre-infected
carriers without compromising their ability to deliver oncolytic virus**’. However the ideal
solution might be to use insect cell carriers which are unable to proliferate or survive long-
term in mammalian systems (Chapter 3). Intriguingly, sequestration of injected virus within
carrier cells may help to alleviate some of the transient toxicities triggered by systemic
administration of naked virus particles (ie fever, dehydration, lethargy). Although this

hypothesis was not examined in the studies described here, others have shown that
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excessive reticuloendothelial uptake of adenovirus particles can trigger these adverse
effects. Cell carriers which effectively target virus delivery to tumor deposits and conceal
viral antigen in transit may therefore help to mitigate the acute toxicity of these agents in

patients.

4.4 Manufacturing
Manufacturing live therapeutic viruses of sufficient quantity and purity for use in human

patients is a major challenge. Typically, oncolytic viruses are grown in cultured mammalian
cells which undergo cytolysis as the virus is amplified. Cell supernatants or lysates
containing live oncolytic virus are then collected and subjected to purification steps to
remove medium or cellular components that might cause undesired effects upon
administration to patients. The use of carrier cells would add extra complications to this
process. Primary cells, if they were to be used as carriers would have to be isolated, purified
and characterized. Carriers would then have to be infected ex vivo with large quantities of
purified virus, and perhaps irradiated to ablate tumorigenicity. Mammalian cells carriers,
being susceptible themselves to the cytolytic effects of their virotherapeutic cargoes, would
be unstable and could only be administered to patients within hours of infection in the lab.
Therefore clinical application of the mammalian carrier cell types investigated in preclinical

studies to date may not be feasible.

In contrast, an insect cell carrier system would significantly streamline the process of
oncolytic virus manufacturing and clinical delivery. As we have shown here, Dipteran cells
carrying oncolytic virus can be stably propagated under minimal culture conditions (Chapter

111

3) that are highly amenable to large-scale production™". We also find that insect cell carrier
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lines retain oncolytic virus infectivity after cryopreservation, and therefore doses could be
aliquoted and frozen on liquid nitrogen for storage or transport prior to therapeutic
administration. Since infected insect cell carriers deliver oncolytic virus directly to tumor
cells following intravenous injection, they could then be harvested from storage or culture
and immediately administered to patients without any need for further purification of virus
particles. A streamlined manufacturing and clinical delivery pipeline for systemically
administered insect cell carriers could be readily standardized not only for use with viral

therapeutics but any other biotherapeutic, or combination thereof, as discussed below.

4.5 A Programmable Cell Platform for Integrated Cancer Biotherapy
The vast potential of live cell carriers to be genetically reprogrammed is another unique

advantage of this therapeutic approach. Cells possess a virtually unlimited capacity for the
integration of multiple biotherapeutic transgenes, and unlike inert virions, have the ability
to express the encoded gene products during systemic delivery and/or immediately upon
arrival within the tumor microenvironment. Although infection would lead to a shutoff of
cellular transgene expression in mammalian carriers, we have shown that insect cells
carrying oncolytic virus remain viable and are therefore capable of simultaneously
expressing additional biotherapeutic transgenes (Chapter 3). Therefore insect cell carriers
could be modified to express surface proteins that cause them to be retained preferentially
within tumor beds following systemic administration, for example those which bind to
molecules exposed on the tumor neovasculature'*?. Since these cells show little natural
tropism for off-target mammalian tissues (Chapter 3) they provide an ideal starting point

for engineering a tumor-targeted vehicle. Insect cells carrying oncolytic virus can also be
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modified to constitutively secrete gene products upon arrival at the tumor site in order to
enhance therapy. As an example, we have shown in this work that modification of insect
cell carriers to secret vaccinia-encoded immunomodulators upon arrival within the tumor
microenvironment promotes the subsequent delivery of the oncolytic virus cargo (Chapter
3). These findings demonstrate the possibility of constructing sophisticated biotherapeutic
systems consisting of multiple viruses and gene products integrated into a single cell carrier
that can be delivered systemically to patients with metastatic disease. In our studies we
have focused primarily on the delivery of viruses as a “proof of principle” but it is easy to
imagine the establishment of stable insect cell lines expressing immune stimulating growth
factors, monoclonal antibodies, imaging gene products, tumour antigens, suicide genes
and/or targeting molecules along with viruses to create a sophisticated cancer killing

machine.

4.6 Conclusions
This thesis has investigated the use of cellular carriers as a novel approach to overcome

many of the challenges to systemic delivery of oncolytic viruses. Clinical testing is now
required to establish the safety and feasibility of this approach. While mammalian cells
have been exclusively used in preclinical studies to establish the potential of this approach,
their use as carriers may be difficult to implement in the clinical setting. In contrast,
persistently-infected insect cell carriers provide a platform that could be immediately
tested in human patients. If established as a standardized therapeutic product, live insect
cell carriers would serve as a useful chassis for the continued engineering of novel muiti-

gene/virus biotherapeutics for cancer.
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Taming the Trojan horse: optimizing dynamic carrier
cell/oncolytic virus systems for cancer biotherapy

AT Power and JC Bell

Centre for Cancer Therapeutics, Ottawa Health Research Institute, Unwersity of Ottawa, Ottawa, Ontario, Canada

Live cells offer umique advantages as vehicles for systemic
oncolytic wvirus (OV) delivery Recent studies from our
laboratory and others have shown that virus-infected cells
can serve as Trojan horse vehicles to evade antiviral
mechanisms encountered in the bloodstream, prevent
uptake by off-target tissues and act as microscale factories
to produce OV upon arnival in tumor beds However to be
employed effectively, OV-infected cells are best viewed as
dynamic biological systems rather than statc therapeutic
agents The time-dependent processes of infection and in
vivo cell trafficking will inevitably vary depending on which
particular OV 1s being delivered, as well as the type of carner
cells (CC) employed Understanding these parameters with
respect to each unique CC/OV combination will therefore be
required in order to effectively evaluate and harness their
potential in prechimcal study In the following review, we

discuss how early studies of OV delivery led us to investigate
the use of cell carners in our laboratory, and the approaches
we are currently undertaking to compare the dynamics of
different CC/OV systems On the basis of these studies and
others it 1s apparent that the success of any cell-based
system for OV delivery rests upon the coordinated timing of
three sequential phases—(1) ex vivo loading, (2) stealth
delivery and (3) virus production at the tumor site While at
the current tme, the timing of these processes are coupled to
the natural cycle of infection and \n vivo trafficking properties
innate to each cell virus system, a quantitative delineation of
their dynamics will lay the foundation for engineering CC/OV
biotherapeutic systems that can be chnically deployed in a
highly directed and controlled manner

Gene Therapy (2008) 15, 772-779, doi 10 1038/gt 2008 40,
published online 27 March 2008

Keywords: vesicular stomatitis virus, oncolytic virus, cancer therapeutics, immunity, cell-based delivery, biotherapeutics

Barriers to oncolytic virus delivery:
lessons from the study of oncolytic
vesicular stomatitis virus

A number of different oncolytic virotherapeutics have
been developed to date, preclinical data regarding their
unique mechanisms of tumor-specific replication, killing
and potential to induce antitumor mmmunity have been
reviewed previously,’ as has the recent expertence with
some of these agents wmn cliucal trials > Work min our
laboratory mutially uncovered that innate immune-
signaling pathways are defective in many types of cancer
cells, rendering them particularly susceptible to infection
and cytolysis by vesicular stomatitis virus (VSV) * These
findings prompted us to further mnvestigate the oncolytic
capacity of attenuated VSV strains in immunocompetent
murmne models* Although lasting disease remission
could often be achieved following systemc administra-
tion, 1t was also apparent from these studies that there
are unuque challenges to achieving VSV delivery m vtvo
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Innate barriers to systemic OV delivery
The crculatory system 1s an unwelcoming environment
for any virus However, 1t remamns the best avenue for
delivering therapeutics to undetectable or physically
maccessible sites of tumor metastasis Understanding
the impact of innate and acquired immune barriers to
systemuc OV delivery has therefore been an area of
intense research mn recent years Our laboratory has
focused on modeling the OV-host mteractions that
influence intravenous (1v) delivery of oncolytic VSV
(AV1) i immunocompetent animals *-°

Early investigations in this system revealed that
successful delivery to both lung and hind flank tumors
could be achieved when acceptable therapeutic doses
(at least 100-fold below maximum tolerated dose) were
1v admiistered to narve animals# Viral titers, fluor-
escent transgene expression and immunohistochemical
analysis independently confirmed successful delivery
and amplification of virus within tumors® However,
subsequent biodistribution experiments revealed that 1 v
delivery was far from effictent—<0001% of the admi-
nustered virions were found to reach hind flank tumors,
as the vast majority of the input dose was immediately
taken up from the circulation by the Itiver and spleen ¢
These organs also act as mnate barriers to delivery in
other OV systems, an effect generally attributable to
phagocytic uptake by resident macrophages of the
reticuloendothelial system ”



These studies revealed that although 1v delivery of
VSV was less than perfect even i naive animals,
sufficient infectious virus could reach the tumor to
iutiate a robust infection and medate a significant
therapeutic response* Thus nnate barriers, while
highly effective at clearing virus from the bloodstream,
can ultimately be overwhelmed at VSV doses well
within the practical mits of safety and manufacturing

capactty

Adaptive barriers to systemic OV delivery

Unlike conventional therapeutics, the pharmacokinetic
parameters of OV delivery change over time as
treated animals mount an adaptive 1mmune response
Thus, having established that VSV could be delivered
to tumors i naive animals, we were next interested
m examinung how adaptive defenses mught affect
repeat dosing regimens In this respect, the murine
balb/c model has provided a useful model, as
VSV infectton induces a rapid and robust B- and
T-cell response, leading to the formation of high-titer
antiviral antibodies that play a crucal role in virus
clearance *1°

We found that the recombmnant oncolytic strain of
VSV developed in our laboratory (AV1) induced
serum neutralizing antibodies with kinetics indistin-
guishable from the previously reported responses to
wild-type stramns® VSV-neutralizing antibodies were
detectable at least as early as 4 days following treatment
with a single virus dose and reached peak levels
(1/3200-1/6400) within 2-3 weeks, remamning at these
elevated levels for at least several months Admirnistra-
tion of repeated doses served to further boost antibody
levels, leading to a two- to fourfold increase in
plateau titers Consequently, we found that the evolution
of this antibody response 1s a serious impediment to
VSV delivery In contrast to the case of naive animals,
VSV delivery was completely ablated in mice that
had recetved a previous dose of the virus up to
several months m advance, as we reproducibly found a
lack of detectable virus transgene expression or
viral titers m tumors® Passive transfer experiments
revealed that this adaptive state of sterilizing immunity
to VSV treatment was mediated by serum antibodies,
whereas adoptively transferred T cells had no mmpact ®
Immune serum contaiming ant-VSV antibody was
stmilarly potent i wvitro, able to neutralize an
entire therapeutic dose (approximately 10e8 PFUs
(plaque-forming units)) at a 1/10 dilution (AT Power
and JC Bell, unpublished data) Unlike the mnnate barriers
discussed 1n the preceding section, 1t was not possible to
saturate and overwhelm this induced antibody at
sublethal virus doses m vivo (AT Power and JC Bell,
unpubhished data)

Thus antiviral antibodies are induced during treat-
ment and intercept therapeutic virus even before 1t
reaches the tumor Long-lived immunological memory 1s
actrvated, leading to elevated antibody titers capable of
mitigating 1 v delwery for months, if not years after the
mtiation of treatment These findings suggested that a
carrier system capable of concealing viral antigen en
route to the tumor site might be the best way to achieve
consistent delivery of repeated OV doses 1n the face of
evolving adaptive immunity
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Carrier cells: Trojan horse vehicles for
systemic OV delivery

Early 1 vivo experimentation with OVs had suggested
that mfected virus-producing cells could also mediate
antitumor effects when admirustered in the place of
naked virions *** This hinted that cellular carriers might
be used as Trojan horse vehicles to shield OV from
neutralization following systemic administration, and act
as m sttu virus factories once arrving at the tumor site
Having established a reliable murine system to model
OV therapy 1n the context of evolving host immunty,*®
we were able to put this concept to the test We
hypothesized that carrier cells (CCs), infected ex vwo
and then infused 1 v, would enable escape from antiviral
defenses 1f they could reach the tumor site during eclipse
phase (prior to viral protein synthesis and virion release)
and subsequently release progeny virions to nfect
surrounding cancer cells Early studies indicated that
this was indeed the case, as we saw that infected cells
delivered virus to murine lung tumors to establish a
robust infection of the malignant tissue ® More impor-
tantly, cellular delivery and subsequent tumor mfection
was unaffected by the presence of circulating antiviral
antibody at high titers that entirely neutralized delivery
of naked virions ® These experiments provided exciting
proof-of-concept that infected cells could mdeed act as
Trojan horse vehicles to smuggle an OV, such as VSV,
past circulating antibody molecules into tumor beds

Similar studies by other groups have shown that cell
carriers can also deliver oncolytic measles virus to
tumors in the presence of virus-neutralizing anti-
body '*'* However, Ong et al '> observed that this effect
was antibody dose-dependent 1n their system, as tumor
mfection remamed unattainable at higher concentrations
of human neutralizing antibody even when carriers were
used Failure to infect tumors at high anttbody concen-
trations could have been a result of neutralization of
carrers cells prematurely expressing viral surface pro-
teins within the bloodstream, as the kinetics of measles
antigen expression were not considered 1n this study It
could also be a result of the general meffictency of
delivery with the particular cell type examined, as the
primary T-cell carriers did not release progeny virus, but
rather relied on direct cell contact to transfer infectivity
by fusion with tumor cells Additionally, only 15% of
virus-loaded T cells accumulated in the target tumor
tissue 1 the model used for these experiments

In contrast, more efficient CC delivery may help to
overcome antiviral immumnity In the VSV system, we
have observed robust antibody escape using highly
virus-permissive carcinoma cell carriers,® which are
capable of producing upward of 100 progeny virions
per cell (AT Power and JC Bell, unpublished data)
Furthermore, these types of solid tumor-derived carriers
accumulated primarily at the site of the target tumors
(in the lungs) following 1v adminstration in these
experiments >

Comparing these studies highlights the fact that
successful cell-based delivery of OV 1s highly dependent
on the kinetics of virus replication, the 1 v1vo trafficking
properties of the CCs and the quantity of virions the cells
can produce Numerous different CC/OV combnations
are currently under mvestigation®"'~'® and 1n essence,
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each represents a unique biotherapeutic system for
which these time-dependent parameters must be con-
sidered to achieve optimal tumor delvery. In the
remainder of this article, we discuss the main conditions
that must in theory be met to achieve true Trojan horse
OV delivery, and relate some of the lessons learned from
our ongoing efforts to evaluate the properties of various
established cell lines as VSV carrters.

Timing is of the essence: three critical
phases for successful cell-based delivery
of the OV payload

Ultimately the success or failure of any cellular OV
delivery system rests on the proper coordination of three
critical phases in both space and time, as illustrated in
Figure 1. First, loading of the CCs is carried out ex vivo,
second, delivery of cells to the tumor site 1s achieved via
the circulation and third, release of virus must occur
within the tumor bed. Once 1mutiated, the timing of this
sequence is inextricably linked to that of the OV life cycle
within the particular cell type used for delivery. A
detailed understanding the dynamics of these processes
18 therefore required to ensure that CCs reach the right
place at the right time.

Phase I: ex vivo loading

Essentially the goal of the ex viwo loading phase 1s to
productively infect as many CCs as possible in the
shortest possible time. The reasoning for this is fairly
straightforward; the more CCs infected, the greater the
proportion of njected cells that will be capable of
bringing virus to the tumor, and n turn the higher the
potential oncolytic dose. Therefore cells must be exposed
to virus for sufficient time for uptake to occur but no
longer, as increasing the amount of time that passes
before injection increases the likelihood that viral antigen
expressed on the cell surface will be exposed to host
antibodies during the stealth delivery phase (Figure 1;
also see phase II below).

For each CC/OV system the efficiency of a given
loading protocol is readily assessed by counting the
proportion of cells that express viral protein during the
first infection cycle following uptake. Flow cytometric
analysis of viral transgene expression provides a useful
tool for such analysis. In our studies, infection of
adherent CC lines with VSV at an MOI (multiplicity of
infection) of 10 PFUs per cell led to nearly 100% loading
after a period of 1 h (AT Power and JC Bell, unpublished
data). However, loading of non-adherent cell lines,
necessary to study leukocyte carrier systems, appears
to be less efficient. For example, suspension of Jurkat cell
Itnes in 10 PFUs per cell of VSV (10° cells per ml) for the
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Figure 1 Three sequential phases are critical for carrier cell (CC)-based delivery of replicating oncolytic viruses (OV). (a) Typical kinetics of
OV growth within permissive CCs. Following addition of virus at t =0, cellular carriers undergo an echipse period prior to the onset of viral
protein synthesis, exponential amplification and release of progeny virions. (b) Three sequential phases of CC/OV delivery, mapped to their

1deal timing within the viral growth cycle shown as 1n a).
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same 1h leads to uptake and infectton of only 67%
of the total cell population (Figure 2) Lengthening
the loading phase or enhancing uptake by other means,
such as centrifugation, may therefore be necessary to
maximize loading of non-adherent leukocytic CCs In
addition to variation between CC types, optimal uptake
conditions are likely to vary between OVs, for example,
standard infection protocols for Vaccinia virus infection
typically specify 2 h rather than the 1h routinely used
for VSV

While the optimizing the effictency of virus uptake
may seem of trivial importance with respect to therapy
m vtvo, 1t 15 1n fact a crucial consideration for achieving
effecive immune evasion and tumor delivery Once they
are 1njected 1nto the circulation, premature expression of
viral protemn on the surface of CCs 1s likely to betray the
presence of the OV payload hidden within, allowing
antiviral antibodies to bind and target the Trojan horse
vehicle for destruction by complement protemns, phago-
cytes or cytotoxic cells The length of this eclipse or latent
period 1s therefore an mmportant parameter to consider
for each different CC/OV system In our mutial immune
evasion studies using carcinoma carriers to deliver VSV,
ex vwo loading followed by western blotting analysis
revealed minimal viral protein synthesis within the first
3 h of infectton Therefore 1n subsequent experiments this
data were used to guide the timing of loading, harvesting
and admirustration of CCs to animals, and we found that
cells mjected into mice 2-3 h following infection could
successfully avoid neutralization by anttviral antibodies °
As various other CC/OV systems are explored, ther-
apeutically relevant measurement of antigen exposure
kinetics could also be achieved by analyzing antiviral
antibody binding to the CC surface by flow cytometry In
summary, the timing of OV protemn expression 1n
infected CCs specifies the maximum allowable time for
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ex vwo loading Determunation of this crucial parameter
therefore allows optimal CC loading and therapeutic
admunistration to be achieved within a time window that
will not compromuse the stealth of these Trojan horse
vehicles

Phase II: stealth delivery

This phase involves stealthy passage of OV-laden cells
through the circulation and therr arrival within tumor
deposits (Figure 1) As for phase I, the timing of the
oncolytic viral life cycle 1s a crucial determinant of the
success of this phase To achieve true, ‘direct-to-tumor’
virus delivery requires that CCs accumulate mn tumor
beds before progeny virions are released Furthermore,
to act as Trojan horse vehicles and successfully evade
antiviral antibody, CCs should 1deally reach the tumor
site even before viral antigen 1s displayed on their
surface To ensure that infected CCs arnve at their tumor
destination on time, 1t 1s necessary to understand
the kinetics of their dissemination following systemic
administration

For example 1n the case of VSV, permissive cell types
produce substantial amounts of viral protemn by 6 h or
less postinfection, so CCs will have 1deally arrived at
therr destination before this trme We have relied on
bioluminescent imaging (BLI) to track the biodistribution
of CCs 1n real time following 1 v administration to mice
Using this approach we mitially transduced several solid
tumor cell lmes with a lentivirus encoding Renilla
luciferase and found that they exhibited similar biodis-
tribution patterns—rapid accumulation and arrest n
lung tissue within 30 min following tail-vein injection,
where they remained for at least another 2448 h ® In the
same experiments, tumor-specific expression of a viral

VSV-AV1 GFP
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Figure 2 Assessing ex vivo loading of leukocytic carner cells (CC) Jurkat human T cells were suspended 1n 10 PFUs (plaque forming units)
per cell vesicular stomatitis virus (VSV) AV1-green fluorescent protein (GFP) for 1 h at a concentration of 10° cells per ml Cells were then
pelleted, washed twice with 10 ml phosphate-buffered saline, resuspended 1n 10 ml Dulbecco s modafied Eagle’s medium (DMEM)+10% fetal
calf serum and incubated at 37 °C for an additional 7h Mock or VSV AV1 GFP-infected cells were analyzed by flow cytometry and

percentages of GFP-positive cells are shown on each histogram
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firefly luciferase transgene persisted long after clearance
of the carriers, confirming successful release and delivery
of OV at the tumor site.® Therefore the biodistribution
profiles of solid tumor cell carriers indicated that they
were effective for delivery to tumors growing in the
lungs or other directly injectable sites, but it seemed
apparent that delivery of OV to more disseminated sites

ventral view

It. side view

1h 23 min

ventral view

It. side view

7h 50min

7h 50min

8h 11min

would require carriers capable of escaping arrest in
narrow capillary beds. This is true of the L1210 murine
lymphocytic leukemia cell line, which we have seen
bypasses the lungs and rather accumulates in the spleen
within several hours after i.v. injection (Figure 3a; Power
et al.®). In contrast, the human myeloid leukemia K562,
another cell line whose distribution we have examined

26h

26h

26h 23m

Va2 390D Y
o rocicm? o1

Figure 3 Assessing the trafficking dynamics of leukocytic carrier cells (CC) in vivo. L1210 murine lymphocytic leukemia cells (a) or K562
human myeloid leukemia cells (b) stably transduced with the firefly luciferase gene were administered to mice by tail-vein injection (10° cells
per mouse). To follow the fate of injected cells, bioluminescent images were acquired at time points indicated, as described previously.®
Ventral and left side views of two mice that were treated and imaged together at each time point are shown.
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by BLIL, accumulated, like solid tumor lines, exclusively
within lung tissue (Figure 3b) Therefore the ability to
crrculate through blood vessels may be a property of
some, but not all types of leukocytic carriers

In general, these examples demonstrate one important
lesson learned from experiments to date—different CC
Iineages can exhibit quite distinct patterns of dissemina-
tton when mnjected nto blood vessels We are continuing
to investigate these patterns using a large panel of
different murine and human leukemia cell types to
learn which variables—such as cell size or cell surface
adhesion receptor expression profiles—determine
mnate CC tropisms It would also be desirable
to engmeer CCs targeted specifically to the tumor
microenvironment, which could be achieved by introdu-
cng cell surface proteins that bind receptors on
neovasculture or the tumor cell surface such as those
that have been designed to retarget the tropism of
virotherapeutics previously 2° 2°

Another 1ssue that has been illuminated by our BLI
studies 1s the clearance kinetics of histoincompatible CC
Iines Although both allogeneic and xenogeneic (human)
cell ines appear equally capable of delivering VSV to
lung tumors m mice, bioluminescent signal from
allogenerc lines persisted for up to 2448 h (Figure 3a,
Power et al ®), whereas xenogeneic carriers seem to be
cleared more rapidly, within <8 h of administration to
mice (Figure 3b, Power ef al®) These findings are
consistent with known mechanisms of immunological
rejection—activation of adaptive T-cell responses are
required for allograft rejection, whereas xenografts can
be targeted much more rapidly by mnnate circulating
factors such as natural antibodies and complement
protemns # Although this clearance did not hmit VSV
delivery to tumors 1n the lung model we have examined,
as OV release occurred before CCs were elimmated, if
loaded with a slower-replicating OV virus or used to
target tumor sites that take longer to access, rapidly
cleared xenogenic cells might not have the opporturuty
to deliver thetr cargo to the tumor site It also remains to
be seen whether allo/xenogeneic carriers induce an
adaptive response that mught mhibit delivery with
repeated dosing

Although there 1s certainly more to learn, BLI has
already provided valuable msight into the dynamics
of CC delivery in vivo Noninvasive molecular imaging
technology should continue to be extremely useful
as we seek to manipulate CC tropism to promote
tumely infiltration of tumor beds at diverse anatomical
locations

Phase llI: virus production at the
tumor site

Upon reaching the tumor bed, the role of each CC shifts
from delivery vehicle to mn situ OV factory (Figure 1)
Depending on the CC/OV combmnation, each OV-
infected cell may release a localized burst of up to
hundreds of viral particles (as in production of VSV by
permussive carrier lines) This unique ability offers the
potential for significant dose amplification following
delivery to the target tissue 1f cell types capable of high
viral productivity are employed

Optimizing dynamic CC/OV systems
AT Power and JC Bell

As for other parameters, the total quantity and kinetics
of virus release 1s a unique property of each CC/OV
combmation To evaluate candidate CC types, this
vanable 1s readily measured by loading the cells and
following virus production m wvitro For the sake of
comparing virus production between candidate carrier
lines, 1t 1s straightforward to measure the average
number of virions released per cell over time to construct
classic one-step growth curves Applying this analysis to
some of the CC Iines used to deliver oncolytic VSV 1n our
laboratory, we have measured an average productivity
on the order of 100-200 PFUs per cell following infection
of permissive carcinoma cell lines of erther human or
murine ongin (AT Power and JC Bell, unpublished data)
In contrast, permussive leukemia cell ines grown
suspension culture have shown a trend toward lower
productivity, on the order of 10-90 PFUs per cell, when
mfected at comparable MOIs (AT Power and JC Bell,
unpublished data) However as discussed under the
topic of cell loading, the efficiency of viral uptake also
appears to be much diminished when cells are infected
i suspension, since even at high MOIs (>10 PFUs
per cell) we have seen that ex vwo uptake 1s often
submaximal (Figure 2, AT Power and JC Bell, unpub-
lished data) Thus to accurately measure the average
productivity of each candidate CC Iine, 1t 1s important to
also determine the efficiency of uptake under the
relevant infection conditions, which should 1deally be
as close a possible to 100%

Despite the limitations of these studies to date, they
also highlight differences between normal and trans-
formed carriers As discussed above, the activated
primary T cells used as carriers as described by Ong
et al '* produced no detectable measles virus progeny,
despite showing synthesis of the green fluorescent
protein (GFP) viral transgene In a direct comparison,
Iankov and co-workers also reported decreased oncolytic
measles virus productivity m normal cell types com-
pared to transformed cell Ies ** So although autologous
primary cell carriers offer attractive benefits in terms of
safety and immunologtcal compatibility, special pharma-
cological or genetic manipulation may be necessary
before they can be effectively used to produce OVs
that have been engineered to replicate preferentially
in transformed cells In contrast, transformed cell lines
generally produce large quantities of OV and are
therefore 1mmediately available as robust carriers for
preclinical and chinical studies

A final 1ssue that may relevant to future studies of CC
populations 1s that of cell to cell varation in viral
production capacity Heterogeneous gene expression
profiles within CC populations, for example due to
vanation 1n differentiation or cell cycle stage, could lead
to differences i the quantity of progeny virions
produced by each cell It remamns unknown whether
such heterogeneity 1s characteristic of the types of CCs
currently under study, as 1t 1s a rather cumbersome task
to quantitate viral production by single cells of infected
populations Nonetheless such analysis 1s possible using
basic virological techniques, and has indeed been used 1n
the past to illuminate subpopulations of cultured cells
with marked differences 1n viral productvity?® Cell to
cell differences in viral productivity would have an
mmpact on therr utility as carriers i vivo, as each 1s likely
to behave as an independent virus factory following
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delivery to a particular region of the tumor Depending
on the source of any such heterogeneity, measures such
as cell cycle synchronization or fluorescence-activated
cell sorting might be used to ensure that each CC
admunistered 1s capable of maximal virus production
upon arnival at the tumor

Prospects for the future: toward
programming dynamic CC/OV systems

The above has outlined some of the important ponts to
consider 1 evaluating and comparing the potential of
different cell types as OV carriers Currently, efforts in
our laboratory are focused on applying this framework
to compare a large panel of established cell lines of solid
tissue and hematological origin Taken together with the
results of other studies (reviewed in Power and Bell'®)
that have examined cytokine-induced killer cells,’*
primary leukocytes,'”’®> mesenchymal stem cells?®*®
and tumor antigen-specific T cells,®® some of the key
1ssues assoclated with the cell-based delivery approach
are already beginning to become apparent With respect
to tumor targeting, for example, 1t 1s clear that many cell
types are severely hampered by their mability to pass
through capillary beds, causing accumulation within
nontumor-bearing tissues °'¢ Several studies however
have indicated that leukocytic carriers are better able to
circulate,® > '* and therefore these cell types would seem
the best platform for further efforts to refine the
specificity of tumor targeting

Ongoing study i this vern will allow the beneficial
properties of diverse natural cell types to be exploited as
systemic OV carriers, and will also delineate areas for
further improvement As our expertise In engineering
biological systems grows, this knowledge could be used
to move us closer toward reprogramming the natural
trafficking and virus production dynamics of CC/OV
systems so as to ensure efficient execution of each
sequential stage of delivery (Figure 1) This avenue of
research should therefore continue to be a fruitful one, as
the CC approach opens up many new angles from which
to attack the ultimate challenge of achieving controlled,
reliable delivery of OVs to metastatic tumor deposits in
humans
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Radioiodide imaging and radiovirotherapy of multiple myeloma using
VSV(A51)-NIS, an attenuated vesicular stomatitis virus encoding the sodium

iodide symporter gene
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Multiple myeloma is a radiosensitive ma-
lignancy that is currently incurable. Here,
we generated a novel recombinant vesicu-
lar stomatitis virus [VSV(A51)-NIS] that
has a deletion of methionine 51 in the
matrix protein and expresses the human
sodium iodide symporter (NIS) gene.
VSV(A51)-NIS showed specific oncolytic ac-
tivity against myeloma cell lines and pri-
mary myeloma cells and was able to repli-
cate to high titers in myeloma cells in vitro.
lodide uptake assays showed accumulation
of radioactive iodide in VSV(A51)-NIS—in-

fected myeloma cells that was specific to
the function of the NIS transgene. In bg/nd/
xid mice with established subcutaneous my-
eloma tumors, administration of VSV(A51)-
NIS resulted in high intratumoral virus
replication and tumor regression. VSV-asso-
ciated neurotoxicity was not observed. Intra-
tumoral spread of the infection was moni-
tored noninvasively by serial gamma camera
imaging of 2%l-iodide biodistribution. Dosim-
etry calculations based on these images
pointed to the feasibility of combination
radiovirotherapy with VSV(A51)-NIS plus 1311

Immunocompetent mice with syngeneic
5TGM1 myeloma tumors (either subcutane-
ous or orthotopic) showed significant en-
hancements of tumor regression and sur-
vival when VSV(A51)-NIS was combined with
1311. These results show that VSV(A51)-NIS
is a safe oncolytic agent with significant
therapeutic potential in multiple myeloma.
(Blood. 2007;110:2342-2350)

© 2007 by The American Society of Hematology

Introduction

Multiple myeloma 1s a malignancy of antibody-secreting plasma
cells that reside predominantly in bone and bone marrow and
secrete a monoclonal immunoglobulin! The disease responds
mtially to alkylating agents, corticosteroids, and thalidomide, but
eventually becomes refractory 2 Multiple myeloma remains incur-
able causing more than 10 000 deaths each year in the United
States 3 Although cultured myeloma cells are relatively resistant to
radiotherapy 1n vitro,*  the malignancy 1s highly radiosensitive and
radiation therapy 1s routinely used for palliation of pain, neurologic
compromuse, or structural mstability from focal myeloma deposits
Efforts to use radiation as a systemic modality for definitive
therapy of myeloma, however, have been problematic because of
collateral toxicity to normal tissues especially the bone marrow
progenitor cells ©7 Developing novel therapies for multiple my-
eloma based on the targeted delivery of radioisotopes to sites of
active disease may have important clinical implications for my-
eloma therapy

Gene transfer using the thyroidal sodium 1odide symporter
(NIS) gene offers a novel strategy for delivery of radionuclhides to
disseminated cancer cells ® NIS 1s a transmembrane protemn
thyroid follicular cells that actively mediates 10dide uptake to a
concentration gradient more than 20 to 40-fold? Clomng the
human NIS cDNA has aided in 1maging and therapy of dedifferen-
tiated thyroid cancer and nonthyroid cancers such as glioma,
neuroblastoma, melanoma, multiple myeloma, and ovarian, breast,
cervix, lung, hiver, and colon carcinoma ' Tissue-specific NIS

expression has been achieved 1n various cancer xenografts with
mimmal toxicity to normal organs by using promoters and enhanc-
ers from genes encoding immunoglobulins, prostate-specific anti-
gen, probasin, and mucin-1 1! 16

Cancer therapy using oncolytic viruses (oncolytic virotherapy)
requires agents that amplify efficiently through replication and
spread causing rapid tumor lysis, yet are safe causing mimmal
toxicity to normal tissue enabling systemic inoculations to treat
metastatic cancers 7 '8 We previously engineered the NIS gene into
a lymphotropic, replication-competent attenuated strain of measles
virus (MV-NIS)! that was subsequently used for oncolytic viro-
therapy of myeloma xenografts Intratumoral spread of MV-NIS
could be monitored noninvasively by radioiodine imaging and
virus-resistant tumors were ablated after administration of 31120 A
phase I climical trial to evaluate the targeting properttes of MV-NIS
1n patients with recurrent or refractory myeloma is ongoing at our
mstitution Several RNA viruses other than measles virus, includ-
ing reovirus, Newcastle disease virus, mumps virus, and vesicular
stomatitis virus (VSV), are being developed as systemic oncolytic
agents for cancer therapy 32! Each of these viruses has its own
distinct cell-targeting mechanism and each one kills tumor cells by
a different mechanism and with different kinetics VSV 1s a
negative-strand RNA virus classified under the family Rhabdoviri-
dae, group vesiculoviruses, that has shown some promise as an
anttmyeloma agent 1n published prechinical studies 2223 VSV(A51)
1s an engineered mutant of VSV 1n which residue 51 of the matnx
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protein 1s deleted such that the matrix protein can no longer block
the nuclear export of interferon-coding mRNAs VSV(A51) there-
fore induces the expression of alpha/beta interferons (IFN-a/B),
which prevent the infection from spreading 1n normal cells, but not
1n cancer cells 2 %6

In the present study, we generated and charactenized a novel
oncolytic virus, VSV(A51)-NIS The growth kinetics, oncolytic
ability, and virus-encoded NIS transgene function were evaluated
i vitro i myeloma cell lines and 1in primary samples from
myeloma patients In vivo studies used the 5STGM1 murnne
myeloma cell line, a variant of ST33MM that onginated spontane-
ously 1n aging C57BL/KaLwRy mice ¥ Both intratumoral and
intravenous admunistrations of VSV(AS51)-NIS showed pro-
nounced oncolytic activity 1n bg/nd/x1d mice bearing subcutaneous
5TGM1 myeloma tumors Intratumoral spread of the VSV(AS1)-
NIS infection could be noninvasively and serally imaged by planar
radiolodine scintigraphy and the data used for dosimetnc calcula-
tions In the syngenetc STGM1 model, regresston of subcutaneous
tumors was achieved 1n immunocompetent mice by intratumoral or
mtravenous administration of VSV(A51)-NIS, and the potency of
thts treatment could be further enhanced by subsequent administra-
tion of 1odme-131 (3!) Improved survival was also achieved 1n
mmmunocompetent mice bearing orthotoptc STGM1 myeloma
tumors after radiovirotherapy Based on 1ts safety, oncolytic
potency, and the feasibility of NIS-mediated radiolodine 1maging
and radiovirotherapy 1n multiple myeloma models, we believe that
VSV(A51)-NIS 1s a promising experimental agent for the treatment
of this disease

Materials and methods

Cells

Myeloma cell lines were obtained from the Amencan Type Culture
Collection (MPC-11, CCL-167, ATCC, Manassas, VA), or were from Dr
Rafael Fonseca (JIN-3, MM1) or Dr Diane Jelinek (RPMI 8226, KAS 6/1)
at the Mayo Clinic (Rochester, MN) These were grown in RPMI 1640
supplemented with heat-inactivated 10% fetal bovine serum, 100 U/mL
penicillin, and 100 mg/mL streptomycin, KAS 6/1 cells were supplemented
with interleukin-6 (JL-6, 1 ng/mL) The STGM1 murine myeloma cell line
(Dr Babatunde O Oyayobs, Umiversity of Texas Health Science Center at
San Antonto, TX) was grown 1n Iscove-modified Dulbecco media with 10%
fetal bovine serum and penicillin-streptomycin anttbiotics Afnican green
monkey kidney cells (CCL-81, Vero) and mouse bone marrow stromal cells
(SR-4987, CRL-2028) from ATCC were maintained 1n Dulbecco-modified
Eagle medium containing 10% fetal bovine serum Normal human skin
fibroblasts (GM-5659D) were from the Conell Institute for Medical
Research (Camden, NJ) Prnmary cells (CD138% myeloma cells and
CD138~ or normal bone marrow progenitor cells) were obtained from the
bone marrow of patients with advanced myeloma disease’ All tssue
culture reagents were purchased from Gibco BRL (Rockville, MD)

Viruses

Polymerase chain amplificatton of human NIS has been descnibed before 20
VSV(A51)-NIS was generated using the established method of reverse
genetics 28 Briefly, the VSV(A51)-NIS genome was constructed by subclon-
ing NIS cDNA 1nto a plasmud encoding VSV(A51) at Xhol/Nhel restriction
sttes within an extra cistron between the G and L genes 26 This plasmid was
used to rescue a recombinant VSV(A51)-NIS virus as described previ-
ously2® VSV(A51)-green fluorescent proten (GFP) contains an extra
cistron-encoding GFP 1nserted between the G and L sequences 2° VSV-GFP
(Indiana strain)?® was provided by Dr Glen N Barber, University of Miamu
School of Medicine, Miami, Florida

RADIOIODIDE IMAGING 2343

For amphification of recombinant VSVs (rVSVs), Vero cells were plated
at a density of 15 X 10 cells/flask Cells were infected the next day at a
multiplicity of infection (MOI) of 0 01 for 1 hour Virus was then removed
and cells were incubated at 37°C 1in a CO; incubator until complete
virus-induced cytopathic effect were seen Culture medium was harvested,
subjected to low-speed centrifugation, and filtered through a 0 45-pM filter
The supernatant was loaded on top of sucrose (10% w/v) and centrifuged at
70 000g for 2 hours to pellet the particles For virus titration, Vero cells
were grown on 96-well plates (7 X 103 cells/well/0 05 mL) and infected
with 0 05 mL of senially diluted virus stock Cells were incubated at 37°C 1n
a CO; incubator Tissue culture infectious dose (TCID)sy values were
determined by the Spearman and Karber equation LoglO (TCIDsy/
mL) =L +d (s — 05) + logl0 (1/v) as described before 3® Virus stocks
were stored at —80°C

In vitro cytotoxic activity

Cytotoxicity of VSV(A51)-NIS on human and mouse myeloma cell lines
was measured using the standard method of MTT [3-(4,5-dimethylthiazolyl-
2)-2,-5-diphenyltetrazolium bromide] assay as described before *3! Briefly,
cells were mock-infected or infected with VSV(A51)-NIS (MOI =10,
30 mnutes at 37°C), unabsorbed virus was washed out, and cells were
seeded 1nto 96-well microplates at 10* cells per well 1n 0 1 mL medium
Plates were incubated for 24 or 48 hours, followed by the addition of
01 mL of MTT to each well The mixture was incubated for 3 hours at
37°C Formazan was extracted from the cells with 0 1 mL detergent and the
color intensity was measured with a microplate enzyme-linked immunosor-
bent assay reader Experiments were performed 1n triplicate Results were
recorded as percentage absorbance relative to untreated control cells and
used to calculate cell death by VSV(A51)-NIS

In vitro '25] uptake studies

Iodide uptake studies were performed as described before 20 Cells (STGM1
or Vero, 1 5 X 10° cells/well) were plated into 12-well plates The next day,
cells were washed and 1ncubated 1n serum-free Dulbecco-modified Eagle
medium with VSV(AS51)-NIS at an MOI of 10 After 30 minutes of
incubation at 37°C, cells were washed and the medtum was replaced with
complete Iscove-modified Dulbecco media (STGM1) or complete Dulbecco-
modified Eagle medium (Vero) and incubated at 37°C for 48 hours before
125T uptake Cells were washed with Hanks balanced salt solution containing
10 mM HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] All
wells, including the mock-infected wells, were incubated with an activity of
10° counts per munute (cpm) sodium-125 (Na!?5) I/0 1 mL 1n 1 mL Hanks
balanced salt solution containing HEPES In controls, 100 pM KClO, was
added to inhibit NIS-mediated 10dide influx Plates were incubated at 37°C
for 45 minutes and then transferred to 1ce to inhubit the efflux after removal
of I” from the medium Cells were washed twice with 1ce-cold Hanks
balanced salt solution containing HEPES buffer Cells were lysed with 1 M
NaOH and the activity 1n the lysis buffer was determined by gamma
counting All data points were measured 1n triplicate and displayed as
means plus or mimus the SEM

In vivo experiments

Anmmal studies were approved by the Animal Care and Use Commuttee,
Mayo Clinic Beige/nude/X-linked immunodeficient (bg/nd/x1d, NIH back-
ground) muce at 5 to 8 weeks of age were purchased from Harlan Sprague
Dawley (Indianapolis, IN) and immunocompetent CS7BL/KalLwR1) mice
(4- to 6-week-old) were purchased from Harlan CPB (Horst, The Nether-
lands) For subcutaneous engraftment mice were mmjected with 5 X 109
STGMI cells subcutaneously and blindly randomuzed to experimental and
control groups Serial caliper measurements of perpendicular diameters
were used to calculate tumor volume using the following formula (shortest
diameter)? X (longest diameter) X 0 52 All VSV(A51)-NIS treatment be-
gan after development of measurable tumors on day 7 (tumor measurements
averaged 100 mm3) Two doses of VSV(AS51)-NIS were admunistered either
intratumorally or intravenously on days 8 and 9 after cell implantation
while the control group received phosphate-buffered saline (PBS, pH 7 4,
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intratumorally) or VSV(A51)-GFP (intratumorally) The virus dose was
5 X 107 TCIDsg/mouse/dose/0 1 mL for bg/nu/xid and 2 5 X 108 TCIDsp/
mouse/dose/0 1 mL for C57BL/KaLwRy mice In radiovirotherapy experi-
ment, 13'1 (1 mC1/37 MBq) was admnistered intraperitoneally on day 10
after tumor 1mplantation 1n specific groups Mice were observed daily for
signs of toxicity and weighed weekly Animals were killed by CO,
asphyxiation 1f the tumors became necrotic or grew to more that 10% of the
mouse’s weight In the orthotopic STGM1 myeloma model, VSV(AS51) NIS
(2 5 X 108 TCIDsy/mouse/dose/0 1 mL) was administered intravenously on
days 12 and 13 after intravenous njection of 5 X 10 5TGM1 cells
(myeloma burden 1s approximately 30% 1n bone marrow) 3! B! was
administered intraperitoneally on day 14 Myeloma paraprotein (1gG2b)
levels were measured on days 12 and 29 days, respectively, after cell
engraftment as descnibed before 3!

In a separate expertment, bg/nu/xid muce (n = 6) were killed on days 1
and 3 after virus infusion into the tail vemn, tumors were harvested
aseptically, and weighed Tumors were then mechanically minced using
frosted glass slides Cellular debns was removed by low speed centrifuga-
tion and virus titers were determuned by limiting dilution on Vero cells For
toxicity studies, bg/nu/xid mice (n = 5/group) were injected with 0 2 mL
PBS containing VSV-GFP, VSV(A51)-NIS, or VSV(A51) GFP via tail vein
injection Mice were monitored for weight loss, liver or kidney damage, and
signs of neurotoxicity such as huddling behavior, respiratory distress, and
hind limb paralysis

Histology and immunohistochemical staining

The bg/nu/xid mice were killed on days 1 and 4 (n = 4/group/time point)
after virus administration, and their tumors were fixed 1n 4% formaldehyde
overnight and paraffin embedded Senal sections (4 um) were used for
either hematoxylin and eosin staning or immunochemistry using poly
clonal rabbit antibodies against VSV glycoprotein-G (provided by Dr John
C Bell, Unwversity of Ottawa, Canada) Other reagents were from a
Vecastamn antirabbit kit (Vector Laboratories, Burlingame, CA) Endoge
nous peroxidase activity was blocked by incubating with 3% H,O, followed
by blocking of nonspecific epitopes with normal goat serum Sections were
mcubated with anti-VSV G antibody (1 5000, 1 hour), followed by
antirabbit brotinylated secondary antibody The avidin biotinylated enzyme
complex was added and the antigen was localized by tncubation with
3,3-diaminobenzidine Sections were counterstained with hematoxylin

123] in vivo imaging studies

123] animal imaging was performed on days 1 and 4 after VSV(AS51)-NIS
infection using a mgh-resolution micro-single photon emission computed
tomography/computed tomography system (X-SPECT, Gamma Medica
Ideas, Northrnidge, CA) Because of the large sample sizes, planar imaging
only was performed Image acquisitions were obtained 3 hours after
intraperitoneal mjection of '3 (5 mCi/18 5 MBq) using a low-energy,
high resolution parallel-hole collimator with a 12 5-cm field of view Image
acquisition time was 5 minutes with a 159 KeV energy (window =+ 10%)

Quantitation of intratumoral radioisotope uptake was performed using a
region of interest 1mage analysis method previously described and vali-
dated 32 PMOD Biomedical Image Quantification and Kinetic Modehng
Software (PMOD Technologies, Zunch, Switzerland) was used for image
analysis All planar images were adjusted for equal image intensity
Corresponding total intratumoral pixel counts were converted to activity
using an equation derived from previously scanming a 'ZI standard
containing a known amount of radioactivity (data not shown) Background
uptake was measured and corrected for by region-of-1nterest image analysis
of the normal opposite flank tissue and subtracted from intratumoral activity
measurements obtained by region-of-interest 1mage analys:s of the tumor
uptake Whole-body activity (injected dose) in each of the mice was
determined by measuring activity in the syringe in a National Institute of
Standards and Technology—calibrated dose calibrator before and after
mjection Percent of injected dose (%ID) 1n the tumor was calculated by
dividing 1ntratumoral radioactivity (corrected for background) by whole-
body activity (corrected for decay and time of imaging) The calculated
radioiodine uptake 1n the VSV(AS51)-NIS-positive tumor 1s considered
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specific for NIS gene expression The %ID 1n groups receiving PBS and
VSV(AS51)-NIS either ntratumorally or intravenously were compared
between days 1 and 4 to determine the optimum day for acquinng
tumor-specific signal

The absorbed radiation dose estimates in tumors were calculated by
applying the Medical Internal Radiation Dose concept For 23], Petrch et
al® reported an effecuve half-hfe (which includes both the biologic
turnover of iodine and physical radionuchide decay) of 65 hours The
biologic half-life (which represents the biologic turnover of 1odine 1n the
lesion) of radioactive 10dine was thus calculated as 12 8 hours using the
following equation 1/T(Effective) = 1/T(Physical) + 1/T(Biological) The
effective half-life for 13'I was calculated as 12 hours T(Physical) was taken
as 13 2 hours and 192 hours for %I and 131, respectively The tumor dose
(Gy/MBg) for 3'I was calculated based on 1n vivo uptake data of 1’ The
radiation dose from !3!1 1in a tumor was calculated as Dose = C, X
1443 X T(Effective) X S, where C, 1s the peak activity or count denstty,
T(Effective) 1s the effective half-life (1n hours), and S 1s the radiation dose
per cumulated activity 1n the tissue 3

Statistical analyses

The GraphPad Prizm 4 0 program (GraphPad Software, San Diego, CA)
was used for data handling, analysis, and graphic representation Survival
curves were plotted according to the Kaplan Meier method and survival
function across treatment groups was compared using log rank test analyses

Results
In vitro characterization of VSV(A51)-NIS

VSV(A51)-NIS was generated by cloning human NIS ¢cDNA as an
additional transcription unit between the G and L sequences of the
VSV genome (Figure 1) The oncolytic activity of VSV(A51)-NIS
was ascertained 1n 6 different myeloma cell lines of human and
mouse origin Cells were either mock-infected or infected with
VSV(A51)-NIS atan MOI of 1 0, and cell viability was assessed by
methyl-thiazol-tetrazollum (MTT) assay (Figure 2A) At 48 hours
after infection, the percentage viability was less than 20% for all
myeloma cell lines Under similar conditions, normal mouse
stromal cell line (SR-4987) and human skin fibroblasts showed
mimimal cell death with more than 80% cells alive at 48 hours after
infection Studies were extended to primary bone marrow samples
from 3 myeloma patients Each sample was sorted for CD138*
(myeloma cell) and CD138~ (normal cells) fraction, infected with
VSV(A51)-NIS at MOI of 10, and assayed at 48 hours after
infection Cell viabihity of mock-treated CD138* and CD138
cells was used to calculate percent cell viability at 48 hours after
VSV(AS51)-NIS infection Specific killing of CD138*% myeloma
cells (78%-84%) was noted (Figure 2B), whereas the CD138 cells
were resistant to VSV(A51)-NIS—mediated cytolysis We conclude
that VSV(A51)-NIS efficiently and specifically replicates in and
kills the myeloma cells

One-step growth curves were performed to assess the growth
kinetics and maximum virus yields of VSV(A51)-NIS 1n 5TGM1
cells (Figure 2C) The growth curves were compared with those of
VSV(A51)-GFP % At 24 hours, the progeny virus titers for VSV(A51)-

4 5
[ o | p [msi] @ | ms | L |
l

]
Xhot Nhel

Figure 1. Schematic representation of VSV(A51)-NIS The genes inthe VSV(A51)-
NIS cDNA are illustrated In 3 to 5 onentation The hNIS cDNA was cloned
downstream of G in the VSV(A51) vector using Xhol and Nhe | restnction sites
N indicates nucleccapstd protein, P phosphoprotein, M, matrix protein, G, glycopro-
ten andL polymerase protein
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Figure 2. VSV(A51)-NIS virus has in vitro antimyetoma activity and VSV(A51)-
NIS—-infected cells can concentrate radioactive iodine. For cytotoxicity studies
(A,B) cells were mock-infected or nfected with VSV(A5}-NIS (MO! = 1 Q) for 30
minutes at 37°C and MTT assay was performed 48 hours after infection Expenments
were performed in tnplicate and cell death 1s expressed as relative percentage
viability compared with untreated control Bars represent mean plus or minus a SEM
(A) Cytotoxicity of VSV(A51)-NIS on myeloma cell lines (human and mouse), a
mouse bone marrow stromal cell ine (SR-4987), or human skin fibroblasts (B}
Specific cytotoxicity of VSV(A51)-NIS on pnmary CD138-positive myeloma cells
versus CD138-negative normal bone marrow progenitor cells (C) One-step growth
curves for VSV(A51)-NIS (@) and VSV(A51)-GFP (Y) in 5TGM1 cells. Cells were
infected with VSV(A51)-NIS (MOI = 1 0) for 30 minutes at 37°C, supernatants were
harvested at vanous time points, and virus titers (TCIDso/mL) were determined on
Vero cells. (D) In witro Na'?% uptake in 5TGM1 or Vero cells infected with
VSV(A51)-NIS, with or without KCIO, The data are presented as cpm per 105 cells
Expenments were performed in triplicate (mean * SEM) and are representative of 3
independent experments

GFP and VSV(A51)-NIS were 108 and 5 X 10° TCIDso/mL,
respectively. Both viruses showed maximum virus yields at 72
hours with titers for VSV(A51)-GFP and VSV(A51)-NIS of 4 7 X
10° and 3.5 X 108 TCIDsy/mL, respectively. These data show that
VSV(AS51)-NIS replicates slower than VSV(A51)-GFP 1n 5TGM1
cells.

To study if the virally expressed NIS protein was functional in
VSV(A51)-NIS nfected cells, in vitro 10dide uptake assays were
performed as described before.? Compared with mock-infected
cells, iodide accumulation in STGMI1 and Vero cells was 4.3-fold
and 38.8-fold higher, respectively (Figure 2D) These uptake
studies show proof of virus-driven NIS protein expression and its
proper targeting to the plasma membrane.

In vivo characterization of VSV(A51)-NIS

Immunocompromised mice engrafted with subcutaneous STGM1
myeloma tumors were treated with VSV(AS51)-NIS, then moni-
tored for intratumoral virus replication and tumor response. On day
4 after intravenous or intratumoral administration of VSV(AS51)-
NIS, strong VSV-G-specific immunoreactivity was seen in the
tumors of virus-treated groups while the control tumors scored
negative (Figure 3A) Both intratumoral and intravenous adminis-
tration resulted 1n high viral titers in the subcutaneous tumors on
days 1 and 3 after virus administration (Figure 3B). Interestingly,
intratumoral administration of VSV(A51)-NIS led to higher intratu-
moral viral titers on day 1 compared with day 3 (22 X 10! and
2.7 X 10! TCIDsy/mg on days 1 and 3, respectively) Conversely,
for the group recerving intravenous VSV(A51)-NIS, the viral titers
were higher on day 3 (8.7 X 10° to 7.7 X 10'° TCIDsy/mg for days 1
and 3, respectively). For both intratumoral and intravenous groups, a
100-fold lower virus titer was observed by day 7 (data not shown).
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Figure 3. VSV(A51)-NIS replicates in subcutaneous 5TGM1 tumors. (A) Histo-
logic analysis and immunohistochemical staining for VSV-G antigen of representative
sections of 5TGM1 myeloma tumors 4 days after intiation of therapy for groups
receving no virus or VSV(A51)-NIS (iT or IV) Paraffin-embedded tissues were
sectioned at 4-um thickness and incubated with polycltonal ant-VSV-G antibody,
which was detected with biotinylated antirabbit secondary antibody and the avidin.
biotin complexing system Sections were counterstained with hematoxyln and
viewed with an Olympus BX45 microscope (Olympus, Center Valley, PA) at 40X/0 9
NA magntfication (B) 5TGM1 tumors were treated with VSV(A51)-NIS IT or IV,
excised on days 1 and 3 after therapy, and virai titers determined by Vero cell titration
The data are expressed as log TCIDge/mg of tumor and are averaged for 3
tumors/time point (C) Tumor-free bg/nu/xid mice received a single tntravenous
administration of 108 TCIDs of VSV-GFP, VSV(A51)-NIS, or VSV(A51)-GFP, and
were monitored for toxicity and survival (n = 5/group) Expenments were performed
in tnplicate (mean + SEM)

To determine the safety of intravenous administratton of
VSV(A51)-NIS in bg/nu/xid mice, toxicity studies were performed
in amimals (n = 5/group) treated with VSV-GFP, VSV(A51)-GFP,
or VSV(A51)-NIS (2 doses of 5 X 107 TCIDsy/dose). By day 12
after virus administratton, all of the mice receiving VSV-GFP were
dead, with signs characteristic of VSV-induced neurotoxicity.?6-2%-35
Mice recerving VSV(A51)-NIS showed no signs of VSV-induced
neurotoxicity even 2 months after virus treatment. In the VSV(A51)-
GFP group, one animal died on day 24 after virus admnistration
for unknown reasons. A detailed necropsy was not performed but
the brain was excised, homogenized, and incubated with Vero cells,
and no virus-induced cytopathic effect was detected at 72 hours
(data not shown). These toxicity data show that VSV(A51)-NIS can
be safely administered by the intravenous route even in immuno-
compromised bg/nu/xid mice at a dose of 108 TCIDs, (Figure 3C)

To evaluate the potential of NIS as a reporter gene for
noninvasive localization of virus infected cells, planar gamma
camera scintigraphy was performed to determine the biodistribu-
tion of 123I in VSV(AS51)-NIS treated bg/nu/xid mice. Whole-body
mmages of the virus-treated animals showed definite iodide uptake
by the VSV(A51)-NIS infected tumors, whereas no iodine signal
was seen in the tumors of control mice injected with PBS (Figure
4A) or with VSV(A51)-GFP (data not shown). Quantitation of
intratumoral radioisotope uptake showed that the percentage in-
jected radioiodine dose (%ID) taken up by these tumors was 0, 4.1,
or 7.0 for the control, intratumoral, and intravenous VSV(A51)-NIS-
treated mice, respectively (Figure 4A) lodide accumulation was
also seen in the thyroid and the stomach, organs known to express
endogenous NIS, and in the bladder as a result of 10dide excretion
via the kidneys.

To determine whether analysis of planar gamma camera images
could be used to monitor intratumoral virus propagation, mice were
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Figure 4. Imaging, dosimetric, and oncolytic activity of VSV(A51)-NIS.
(A) Representative planar images of VSV(A51)-NIS-infected, tumor-beanng mice
obtained 3 hours after intrapentoneal injection of 23 1 day after mock (PBS,
intratumoral) or VSV(A51)-NIS njections (5 x 107 TCIDse/dose, 2 doses given
days —1 and 0) Radioisotope uptake 1s seen in the salivary glands, thyroid gland
(Thy), and stomach (St), with excreted radioisotope visible in the bladder (Bd) No
increased uptake 1s seen in the subcutaneous flank tumor of (1) control mouse,
whereas increased intratumoral radioisotope uptake i1s demonstrated in mice treated
(1) intratumorally or () intravenously with VSV(A51)-NIS. Arrows indicate tumor
locations. The color bar (image intensity scale) demonstrates the range of uptake
intensities, with 100% representing the strongest signal in the image. Planar images
were acquired using a Gamma Medica X-SPECT imaging system (Gamma Medica,
Northndge, CA). Images were analyzed and processed using PMOD Biomedical
Image Quantification and Kinetic Modeling software version 2 75 (PMOD Technolo-
gies) and Adobe Photoshop version 7.0 {Adobe Systems, San Jose, CA). (B) Senal
planar images of subcutaneous myeloma tumors were acquired on days 1 and 4 after
administration of VSV(A51)-NIS and %ID taken up by the tumor was calculated
(n = 4/group) (C) The growth of subcutaneous myeloma tumors was tested by
measuring tumor volumes on days 1 and 4 (n = 4/group). Bars indicate SE.

serially imaged on days 1 and 4 after VSV(A51)-NIS administra-
tion and tumor specific activity at each of these time points was
calculated and expressed as %ID (Figure 4B). The %ID for all
groups at day 0 was set to 1 and the fold-increase was calculated at
day 4 (n = 4/group). On day 4, the fold-increase in %ID in the
tumors of mice receiving VSV(A51)-NIS by intratumoral or
intravenous routes was 8.1 (£ 2.4) and 5.5 (* 0.9), respectively.
The control group receiving PBS showed a nonsignificant change
from 1 to 1.3 (= 0.4) in tumor radioiodine uptake. When tumor
sizes were compared between the virus-treated and control groups,
the average tumor sizes for the groups receiving VSV(A51)-NIS
did not change significantly from day 1 to day 4. However, in the
control group the untreated tumors tripled in size between days 1
and 4. (Figure 4C).

In vivo virotherapy of myeloma tumors with VSV(A51)-NIS

To evaluate the in vivo oncolytic potency of the VSV(A51)-NIS
virus, bg/nu/xid mice bearing subcutaneous STGM1 tumors (n = 10/
group) were given 2 doses of VSV(AS1)-NIS (5 X 107 TCIDsyf
dose) by IT or IV 1njection, whereas control mice (n = 5) received
PBS by the same route. In control mice, rapid tumor growth was
observed whereas tumor growth was arrested in mice treated with
VSV(AS1)-NIS, IT or IV (Figure 5A). The average survival time
for control animals receiving PBS was 22 days after tumor
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Figure 5. VSV(A51)-NIS controls the growth of myeloma tumors in bg/nu/xid
mice. Mice beanng subcutaneous myeloma tumors {(mean volume 100 mm?3) were
treated with VSV(A51)-NIS (2 doses of 5 x 107 TCIDsy/dose) and monitored for
(A) tumor growth Points, mean tumor volumes (n = 10 for test groups and n = 5 for
the contro! groups); bars indicate SE. (B) Kaplan-Meier survival curves of mice
treated with saline or VSV(A51)-NIS (intratumorally or intravenously). Arrows indicate
virus injections.

engraftment, whereas the average survival times for mice receiving
VSV(AS1)-NIS (intratumorally or intravenously) were 38 days
(P < .001) or 37 days (P < .001), respectively. These studies show
that, in the absence of a functional immune system, VSV(A51)-NIS
has oncolytic activity against myeloma tumors in vivo.

Dosimetric calculations

To determine whether a therapeutic effect might be achieved by
combining VSV(A51)-NIS with the radionuclide 3'I, in vivo
imaging studies with '2[ were performed and the data were used
for dosimetry calculations (Table 1). Assuming a total '*!I dose of 1
mCi, predicted tumor-absorbed doses were estimated to be 18.4
(£59Gy(n=20,P=0.03)and 11.6 (= 23)Gy (n =20, P =
.02), with VSV(AS51)-NIS given IT or IV, respectively, on day 1
after virus administration. The predicted tumor absorbed dose for
the control group was 4.2 (£ 2.1) Gy. These results illustrated how
123] biodistribution data can be used for dosimetric calculations to
estimate potential tumor absorbed doses for radiovirotherapy
studies and suggested that the administration of 3'I could enhance
the therapeutic efficacy of VSV(A51)-NIS therapy.

VSV(A51)-NIS for radiovirotherapy of subcutaneous and
orthotopic myeloma in immunocompetent mice

To determine whether administration of *'I could enhance the
therapeutic efficacy of VSV(A51)-NIS therapy, we used the
syngeneic immunocompetent 5TGM1 murine myeloma model
(Figure 6). For these experiments the total virus dose was increased
from 108 TCIDs; to 5 X 108 TCIDs, because VSV particles can be
rapidly inactivated by the host immune system.!8

Initial studies were conducted in immunocompetent C57BL/
KaL.wRij mice bearing subcutaneous STGM1 tumors. The tumors

Table 1. Dosimetric calculations (MIRD) for 131

Intratumoral injections Intravenous injections

PBS* VSV (A51)-NISt PBS* VSV (A51)-NISt
Tumor volume, mm3 180 170 190 120
Injected activity, MBq 23| 10.5 104 10.3 11.0
Tumor activity, MBq 123 0.1 0.6 0.1 0.6
Tumor dose, Gy '3l 4.2 18.4 4.1 11.6

Dostmetnc calculations were based on imaging studies (with '23t) performed on
day 1 after virus administration in mice bearing subcutaneous 5TGM1 myeloma
tumors. Mice were given PBS or VSV (A51)-NIS (5 X 107 TCIDgy/dose, 2 doses given
24 hours apart) by intratumoral or intravenous routes.

MIRD indicates medical intemal radiation dosimetry.

*N=10

tN=20.
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Figure 6. Radiovirotherapy of myefoma tumors in syngeneic, immunocompe-
tent mice. C57BL6/KaLwRi; mice with established subcutaneous myeloma
tumors were treated with VSV(A51)-NIS or VSV(A51)-GFP (2 doses of 25 X 108
TCIDsy/dose) without or with 1371 (1 mCi/mouse intraperitoneally 24 hours after
virus administration) and tumeor volumes are plotted against days after treatment
Arrows indicate virus imjections arrowhead, '3'l injection points mean bars, SE

progressed rapidly in control mice (Figure 6, Table 2) With
mtratumoral and intravenous 1njections of VSV(AS1)-NIS or
VSV(A51)-GFP, tumor growth was suppressed until day 5 after
therapy, after which the tumors grew rapidly In mice receiving
VSV(A51)-NIS followed by a therapeutic dose of ', the growth
of tumors was arrested until day 15 after therapy 'l sigmificantly
enhanced the antitumor potency of VSV(AS51)-NIS but had no
effect on the antitumor potency of VSV(AS51)-GFP Tumor sizes
were compared between the various groups on day 20 after tumor
mplantation (Table 2) Kaplan-Meler curves showed median
survivals of amimals treated intravenously with VSV(AS51)-NIS
were prolonged significantly by the addition of 13!, from 28 5 to 35
days 1n the group that was treated intravenously (P = 02) These
data show that VSV(A51)-NIS 1s able to arrest tumor growth 1n
mmmune competent mice and exhibits increased potency when
combined with 13']

We next evaluated the potential synergy of VSV(A51)-NIS and
BI] 1 immunocompetent C57BL/Kal.wR1 mice bearing ortho-
topic STGM1 tumors Single-agent VSV(AS1)-NIS therapy pro-
longed survival from 30 to 33 days (Figure 7A) Radiovirotherapy
prolonged the median survival to 38 5 days (P = 001, compared
with 13! control (P = 041) compared with single-agent VSV(A51)-
NIS (Figure 7A) Serum paraprotein levels were measured to
monitor myeloma progression in these mice (Figure 7B) On day
12 after myeloma engraftment, the paraprotein levels were compa-
rable between groups (n = 4/group) and ranged from 3 2to 3 9 g/
(data not shown) On day 29, at which point most of the control
mice mjected with PBS or *'I showed terminal paraplegia, the
IgG2blevels were 75(+ 09) g/L,64(x 05)g/L,and4 9 (£ 06)
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g/L, respectively, for the mice injected with PBS, VSV(AS51)-NIS,
or VSV(AS51)-NIS plus 3T Thus, the VSV(AS1)-NIS virus was
able to inhibit myeloma progression m vivo and this mnhibitory
effect was more pronounced with 131

Discussion

Here we report for the first ime a novel recombinant virus,
VSV(A51)-NIS, and demonstrate that 1t can be used for 1ts
oncolytic and imaging properties 1n multiple myeloma

Pathogenic strains of VSV generally cause muld bemign
infections 1 humans 3¢ However, similar to other RNA viruses,
VSV shows neurotropism 1f given direct access to brain tissue
In 1mmunodeficient mice, VSV infections are associated with
fatal meningoencephalitts,> whereas immunocompetent mice
can clear the virus before neurotoxicity 1s seen, at least at lower
challenge doses Efficient viral clearance 1s dependent on
activation of 1nnate and adaptive immune responses Wild-type
strains of VSV are poor inducers of IFN-a/B38 because the VSV
matrix (M) protein blocks expression of interferon stimulated
genes by binding to a nuclear RNA export factor RAEI
(MRNP41) ¥ VSVs carrying certain mutation(s) or a deletion 1n
the M protein [eg, M51R,354C V221F, S226R, or A51%6] cannot
suppress the cellular interferon response, and therefore grow
poorly 1n normal tissues showing greatly reduced neurotoxicity
but Iittle reduction m therr tumor-killing ability 223343 Qther
approaches to increase the therapeutic index of VSV include the
generation of recombinant viruses engineered to express the
mouse or human IFN-B genes?® or prophylactic [FN-« treatment
before challenge with wild-type VSV 4142 Our 1n vivo studies
show that 2 doses of VSV(A51)-NIS (5 X 107 TCIDsy/dose) are
well tolerated by bg/nu/xid mice

The concept of radiovirotherapy for multiple myeloma was origi-
nally established using a recombinant measles virus coding for
NIS (MV-NIS),!® which 1s currently being evaluated 1n phase I
clinical trials at Mayo Clinic Compared with MV, VSV has a
very rapid replication cycle time of 8 to 12 hours in permissive
tumor cells * In vitro studies using various cancer cell lines
have shown complete killing by 48 to 96 hours after infection
with VSV strains mutated 1n the matrix protein 2935 Qur 1n vitro
studies show that VSV(AS51)-NIS has slower growth compared
with VSV-GFP This may allow a longer period of expression of
the NIS transgene in the plasma membrane prior to virus
induced killing of the infected cells, thus enabling active
concentration of 1odide 10ns before the cell dies 44

Because mouse cells lack MV receptors, 1n vivo studies of
MV-NIS were conducted 1n SCID mice bearing human myeloma

Table 2. Average tumor volumes (day 20 after tumor implantation) in inmunocompetent mice bearing subcutaneous 5STGM1 myeloma

tumors after administration of recombinant VSV without or with 131]

0 3
Average tumor volume, 95% Cl of mean (mm?)

Treatment Mice/group mm? plus or minus SD Lower Upper
PBS, intratumorally 4 1796 0 = 2319 14270 2165
PBS, intratumorally + '3 4 1809 0 > 1862 1512 1 21050
VSV (A51)-NIS, iTintratumorally 6 4213+ 1002 3162 526 4
VS8V (A51)-N!S, intratumorally + '3'1 6 1280 +633 626 195 4
V8V (A51)-NIS, intravenously 6 5580+ 1142 4381 6779
VSV (A51)-NIS, intravenously + 3 6 2040 = 1105 881 3199
VSV (A51)-GFP, intratumorally 4 4945 > 1662 2301 758 9
VSV (A51)-GFP, intratumorally + 131 4 5245 * 1565 2754 7736

Virus was administered on days 12 and 13 (intratumorally or intravenously) and 1311 (1 mCi) was given intraperitoneally on day 14 after tumor-cell tnoculation
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Table 3. Median survival of immunocompetent mice bearing
subcutaneous myeloma tumors after administration
of recombinant VSV without or with 131

P compared with

Mice Median Respective
per survival, vsv
Treatment group d PBS construct
PBS 4 200 — —
PBS + 31 4 200 NS —
VSV(A51)-NIS, intratumorally 6 300 002 213
VSV(A51)-NIS, intratumorally + 31 6 320 002 —
VSV(A51)-NIS, intravenously 6 285 002 018
VSV(A51)-NIS, intravenously + '3 6 350 002 —
V8V(A51)-GFP, intratumorally 4 285 01 NS
VSV(A51)-GFP, intratumorally + 31| 4 285 o1 —

r'VSV was administered on days 12 and 13 after tumor cell inoculation '3l was
given intrapentoneally on day 14 Kaplan-Meier survival curves were drawn
NS indicates not significant —, not applicable

xenografts 2% In contrast to MV receptors, VSV receptors are
ubiquitously expressed on mouse and human cells VSV(AS51)-
NIS was therefore studied in the murine 5STGMI1 myelo-
mamodel STGM]1 provides a valuable orthotopic model of
multiple myeloma, allowing the study of myeloma cell growth
and survival 1in a normal murine bone marrow microenviron-
ment 3! 4546 In addition to intratumoral injection, we studied
systemic administration of VSV(A51)-NIS because myeloma 1s
a disseminated malignancy and 1t 1s essential to develop
therapeutic agents that can be administered systemically Stud-
1es by other investigators have shown that systemic administra-
tion of VSV 1n mouse models can target both primary and
metastatic tumors 20293547 Our 1n vavo studies show that intrave-
nous administration of VSV(A51)-NIS resulted 1n infection and
viral spread 1n subcutaneous myeloma tumors

NIS imaging offers a convenient approach to noninvasively
confirm correct localization of virus- or plasmid-encoded NIS
gene expression before proceeding to '3!I therapy ® Numerous
factors can influence NIS expression and hence the intensity of
the NIS-mediated radioiodine 1image Varnable susceptibility of
tumor cells to viral transduction and virus-mediated killing,
variable rates of intratumoral virus propagation, variable tumor
sizes and tumor 1njection techniques, and variable rates of tumor

-o—PBS -8 VSV(AS1)-NIS
~o~PBS 11131 -w- VSV{AS1) NIS, | 131

a
8
|
{
|

]
-
.l
-

o
-3

Percentsurvival _  J»
N ~
o *

(-]
Serum IgG2b level (giL) OO

" :
7 14 21 28 35 42 49
Days after tumor implantation ~

Figure 7. Radiovirotherapy of orthtopic myetoma tumors in syngeneic, immuno-
competent mice C57BL6/KalLwRy mice with disseminated myeloma were treated
with VSV(A51)-NIS (2 doses of 25 x 108 TCiDsy/dose) without or with 13|
(1 mCi/mouse intraperitoneally 24 hours after virus administration) (A) Median
survival of mice i1s shown as Kaplan-Meier plots Arrows indicate virus injections and
arrowhead indicate '3'l injection (B) Myeloma burden of vanous cohorts was
determined by measunng serum 1gG2b levels on day 29 after tumor engraftment
(n — 4 pergroup average values are shown by line)
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regression are just a few of the factors that influence the image
signal intensity after treatment with an oncolytic virus express-
ing NIS We performed serial imaging on mice bearing subcuta-
neous myeloma tumors on days 1 and 4 after VSV(A51)-NIS
administratton A specific signal was detected 1n the myeloma
tumors after injection of VSV(A51)-NIS but not 1n the control
groups, allowing us to attribute the tumor specific signal to
virus-driven expression of the NIS gene

Several preclinical studies have demonstrated ablative et-
fects of !1 in tumor xenografts !2 1348 53 Dosimetry calculations
predicted that we would achieve cumulative radiation-absorbed
doses to the VSV(AS51)-NIS-infected myeloma tumors of ap-
proximately 11 to 18 Gy after a therapeutic dose of 1 mCi of
Bil.jodide Beta particle crossfire 1s an important mechanism
contributing to the antitumor activity of intratumoral 3! Each
beta particle emitted by 3'I deposits its energy within a local
area of 2 to 3 mm from the point of decay such that a field of beta
particle crossfire can exist only 1n a large tumor with multiple
foc1 of radioiodine accumulation Three-dimensional spheroids
have been thus used with NIS radioiodide approach to assess
therapeutic efficacy 3435 Tumor deposits 1n orthotopic myeloma
models are typically very small (up to 2-mm diameter) even
when the disease 1s far advanced For this reason we focused our
studies 1mtially on mice bearing subcutaneous myeloma tumors
with diameters of approximately Smm Because bg/nu/xid mice
are hypersensitive to 1on1zing radiation and therefore unsutable
for radiovirotherapy studies, we used immunocompetent
C57BL6/KalLwR1 mice bearing subcutaneous STGM!1 tumors
The results obtained 1n this model demonstrated the superior
potency of radiovirotherapy compared with single-agent
VSV(AS1)-NIS Despite our reservations because of the small
size of tumor deposits 1n orthotopic myeloma models, we next
extended our radiovirotherapy studies to the STGM1 syngeneic
orthotopic murine myeloma model 3! VSV(A51)-NIS alone did
not signtficantly prolong survival in this model unless 1t was
followed by treatment with 1311 Several studies have shown that
VSV provokes the production of neutralizing antibodies, and we
are conducting studies to determine whether this will lead to
attenuated antitumor potency 1n this model 36 We are also testing
strategies to suppress the ant1-VSV immune response and to
evade 1t by delivering the VSV 1nstde infected cell carriers 37

In conclusion, we have generated and characterized a novel
oncolytic VSV encoding the NIS gene Our results show that
this agent can be safely administered by the intravenous route
and has strong oncolytic activity against myeloma tumors The
NIS transgene can be used to image VSV(A51)-NIS—infected
myeloma tumors by planar scintigraphy Therapeutic potency was
enhanced by combining VSV(A51)-NIS with 1 i radiovirotherapy
studies VSV(AS51)-NIS 1s a promising new experimental agent that
should be further developed for the treatment of multiple myeloma
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Cell-based Delivery of Oncolytic Viruses: A New
Strategic Alliance for a Biological Strike Against
Cancer
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Recent years have seen tremendous advances in the development of exquisitely targeted replicating
virotherapeutics that can safely destroy malignant cells. Despite this promise, clinical advancement of this
powerful and unique approach has been hindered by vulnerability to host defenses and inefficient systemic
delivery. However, it now appears that delivery of oncolytic viruses within carrier cells may offer one solution
to this critical problem. In this review, we compare the advantages and limitations of the numerous cell
lineages that have been investigated as delivery platforms for viral therapeutics, and discuss examples
showing how combined cell-virus biotherapeutics can be used to achieve synergistic gains in antitumor
activity. Finally, we highlight avenues for future preclinical research that might be taken in order to refine

cell-virus biotherapeutics in preparation for human trials.
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INTRODUCTION

The 1dea of using viruses for the treatment of human cancer was
suggested as early as 1912 by DePace, only 14 years after the first
virus was discovered ' His curiosity aroused by a case of cervical
tumor regression following vaccination against rabies virus,
DePace® at that time undertook the first recorded clinical trial of
virotherapy, noculating eight more cancer patients with the
vaccine Nearly 100 years later, advances i molecular biology
and virology have, for the first time, made 1t possible to harness
these highly effective cellular parasites to destroy malignant cells
Many natural viruses have now been engineered or selected to
create replicating oncolytic therapeutics that precisely target
genetic defects arising during tumor development or unique
features of the tumor microenvironment (reviewed 1n ref 3)
Admuinistration of these viruses can safely induce tumor
regression in a variety of models of human cancer through both
direct oncolysis and stimulation of antitumor 1mmune activity
By inserting molecular reporters into viral genomes, key aspects
of virotherapy such as delivery and intratumoral replication are
readily monitored tn vivo, permitting tremendous advances 1n
our understanding of the complex dynamcs of this approach *7
These promising advances have led to the hope that oncolytic
viruses might be infused nto the arculatory system to “seek and
destroy” metastatic deposits m patients with advanced and
otherwise incurable disease However, the host immune system
remains a critical obstacle to systemic admimstration of
virotherapeutics 7~

The primary approach to systemic therapy thus far has been
to tnject naked purified virions mnto the bloodstream of tumor-
bearing hosts However, many oncolytic viruses that are effective
when admunustered intratumorally are highly vulnerable to host
defense mechanisms that survey the circulation for pathogens,
including complement proteins, antibodies, and the reticulo-
endothelial system It has been well documented that complement
proteins compromise the oncolytic activity of herpes simplex
virus vectors,®® and also neutralize the infectivity of retroviral
therapeutics '° Pre-existing or therapy-induced neutralizing
antibodies also severely compromise or ablate the systemic
antitumor efficacy of adenovirus,'®!" vesicular stomatitis virus,”
herpes simplex virus,® measles virus,'® reovirus,'” and parvo-
virus'* platforms In the case of adenovirus, adhesion to human
erythrocytes appears to be another significant factor contribut-
ing to therapeutic activation '’ Extensive 1nvestigation of
adenoviral therapeutics in murine models has also revealed that
liver uptake 1s a major impediment to systemic delivery, where
the majority of virus 1s rapidly removed from the arculation by
resident Kupffer macrophages following intravenous nfu-
sion '#!° Macrophage—reticuloendothelial uptake appears to be
a theme common to other oncolytic viruses, as we have also
observed accumulation of most vesicular stomatitis virus virions
within the liver and spleen following systemic administration
(JC Bell and ] Paterson, unpublished results)

As, thus far, the naked virion approach to systemic
admunustration has failled to breach this multifaceted defense
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system, 1t seems clear that alternative delivery approaches must
be developed before maximal efficacy can be achieved in the
clime To this end, 1t has been hypothesized that the body’s cells
might be used as a “trojan horse” delivery vehicle, 1f first infected
i vitro, 1njected systemically and then carried to tumor beds to
release oncolytic virus Indeed, cells are attractive as stealth
carriers, as they are the natural hosts for virus, but are generally
ignored by the immune system until the onset of antigen
expression at the later stages of infection A variety of cell types
have now been studied as carriers to smuggle oncolytic viruses to
tumors As these cells exhibit different characteristics and many
possess therapeutic activity in their own right, the type chosen
for virus delivery will likely to have important repercussions on
the efficacy of treatment In the following, we discuss the lessons
learned from work to date exarmning cells as virotherapeutic
vehicles

PRIMARY T LYMPHOCYTES

I' lymphocytes normally use the circulatory system to travel
between lymphatic organs and sites of foreign antigen expres-
sion, and thus tumor-targeted T cells would seem a logical
carrier for systemic virus delivery A variety of methods have
been established that permit tumor-specific T cells to be 1solated
from patients or engineered to express transgenic T-cell receptors
for specific tumor-associated antigens *° Cells generated 1n this
way recognize tumor antigens presented in the context of major
histocompatibility complex molecules and are therefore cyto-
toxic effectors that home to tumors and exlubit therapeutic
activity 1n their own right *' In a screen for potential oncolytic
measles virus carrier cells, Ong et al '* examined freshly 1solated
human peripheral blood lymphocytes and found that only a
munority (predommantly T cells) were susceptible to viral
infection In order to facilitate further study of this population as
carriers, the proportion of T cells infected could be doubled from
roughly 20 to 40% when the cells were first activated with
interleukin-2 and phytohemagglutinin Interestingly, however,
the viral 1eplication cycle appeared to be abortive even when T
cells had been preactivated, as they expressed virally encoded
GFP, but failed to develop characteristic cytopathic effects or
release infectious virions Despite their failure to produce free
virions, infected [' cells could, however, transfer measles virus
infection to tumor cells via cell—ell fusion This “heterofusion”
process led to successful delivery and tumor mfection when the
infected T cells were administered to mice by intravenous
mjection In a separate study, Cole et al ** successfully employed
T cells to achieve systemic delivery of tumor-targeted retroviral
therapeutics, albert through quite a different strategy Murine
CD8™" T cells proved refractory to infection with retroviral
particles, although the latter could efficiently and reversibly
adhere to the cellular surface until subsequent “hand-off” when
T cells were cocultured with target cells Release of virus was
enhanced both by exposure to the heparanase-rich tumor cell
surface, as well as upregulation of heparanase, upon activation of
the carnier T cells, providing an additional level of tumor specific
targeting In proof of-principle experiments, the authors used
CD8" T cells specific for a particular tumor model to
convincingly demonstrate that retroviral particles could “hitch-
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hike” on the surface of tumor-homing effector cells before being
handed off to malignant cells upon arrival in the tumor bed Not
surprisingly, 1ntravenous admmistration of retrovirus-loaded
effector T cells to mice with established metastases led to much
greater efficacy than was achievable with either therapeutic
alone These findings indicate that the complementary proper-
ties of cellular and wviral therapeutics may be combined for a
synergistic, multipronged attack on tumors by arming tumor-
lytic effector cells with a secondary, self-propagating weapon in
the form of an oncolytic virus This study also demonstrates that
combined biotherapeutic strategies can dramatically enhance
tumor specificity, as multiple targeting mechanisms can be buult
into both the therapeutic virus and the carrier cell

CYTOKINE-AINDUCED KILLER CELLS

As an alternative to antitumor T cells, cytokine induced killer
(CIK) cells are another potential dual-purpose effector/carrier
CIK cells are obtained by 1 vifro treatment of human peripheral
blood lymphocytes or murine splenocytes with interfeion-y,
nterleukin-2, and a T-cell receptor crosshinking antibody ****
The resultant CD87", natural kller-T effector cells mediate
NKG2D-dependent, non-major histocompatibility complex-re-
stricted lysis of a variety of transformed cell types®® and traffic to
tumors wn vivo ** Without any further mampulation, Thorne
et al”” have found that these cells support infection with an
oncolytic stramn of vacania virus Importantly, CIK cells were
able to produce high titers of virus, comparable to those
generated by transformed cells, although wviral release was
delayed by several days In theory, such replication kinetics
could benefit viral delivery, allowing sufficient time for infected
CIK cells to traffic to tumors before releasing then oncolytic
payload Indeed, systemucally administered CIK cells have been
shown to take up to 72 h to traffic to tumors,”® roughly the same
time frame at which vaccinia production was seen to peak in CIK
cells Using non-mvastve imaging techniques, infected CIK cells
were seen to deliver vaccinia to tumors following intravenous
admunistration 1 mce and displayed powerful antitumor
efficacy 1 several disease models These findings demonstrate
that like effector T cells, CIK cells can be loaded with
virotherapeutics to achieve synergistic gamns 1 antitumor
activity However, as CIK cell activity 1s not restricted to specific
tumor antigens, 1t may be much easier to apply this type of
biotherapeutic carrier to treat a wider range of patients and
tumor types 1n the clinic *°

PROGENITOR CELLS AS VIRUS CARRIEIRS
Mesenchymal progenitor cells are readily obtained from the bone
marrow stroma, and can be cultured continuously under
minimal growth conditions ** Their ability to engraft n tumors
following intravenous injection® suggests that they may be
suttable as systemic carriers for oncolytic virus Studies to date
have established that mesenchymal progenitor cells support the
replication of oncolytic adenovirus and can transfer infectivity to
tumors when mjected directly,’® although 1t 1s not yet clear
whether these cells can mediate effective systemic delivery
Circulating endothelial cells are thought to contribute to
tumor neovasculature,®’ and are therefore another cell type
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whose tumor-homing abilities mught be exploited Outgrowth
endothelial cells may be amenable to use as therapeutic carriers
because they are readily 1solated from peripheral blood samples,
grow rapidly in culture, and can be maintained for at least 30
population doublings **®° Their potential as virotherapeutic
carriers has been 1nvestigated and, notably, outgrowth endothe-
lial cells supported infection with non-replicating retroviral and
adenoviral vectors and were able to deliver retrovirus to tumors
upon systemic administration >® If they prove susceptible to
infection with replicating therapeutics, outgrowth endothelial
cells might also be suitable vehicles for oncolytic viruses

BAMORTALIZED CELL LINES
The ease with which transformed cells can be propagated and
infected with oncolytic virus makes them an attractive vector
with which to explore cell-based delivery Early studies examin-
ing the administration of herpes simplex virus-infected terato-
carcinoma cells were the first to show n vivo delivery to
tumors *” Subsequently, delivery of adenovirus to lung metas-
tases 1 human carcanoma cells provided the first true
demonstration of systemic oncolytic virus deltvery using carrier
cells, albeit m immunocompromised mice’® A variety of
transformed cell lineages have now been shown to medate
delivery of oncolytic parvovirus,®® measles virus,'® and vesicular
stomatitis virus’ 1 immune-competent as well as immune-
deficient animals Interestingly, non-invasive imaging studies
have shown that cell carrters derived from a variety of solid
tumor types accumulate entirely within the lungs of both tumor-
bearing and tumor-free mice following intravenous administra-
tion (AT Power and JC Bell, unpublished results) 7 These
findings are consistent with previous reports showing that large-
diameter solid tumor cells passively arrest within the first
microcapillary bed encountered 1n the circulation®® and there-
fore their potential as vehicles for systemic delivery may be
somewhat himited In contrast, both transformed and normal
cells of hematopoietic lineages appear to show more dissemi-
nated distribution following intravenous jection and can
deliver wvirus to other anatomucal locations beside the
lungs 7 '?'®%” Given their natural residence within the circula-
tory system, 1t 1s perhaps not surprising that blood cells would
exhibit size, deformability, and surface adhesion properties that
facilitate passage through the circulatory system, making them
1deal virus carriers for systemic delivery

Perhaps the key theoretical advantage of using transformed
cells for delivery 1s their ability to support high levels of viral
replication and to release large quantities of virus within tumor
beds In a direct comparison, measles virus infection and 1 vivo
delivery were indeed sigmificantly more efficient when trans-
formed human monocytes were used as carriers versus
untransformed peripheral blood mononuclear cells or outgrowth
endothelial cells '®

In order to use transformed cells as therapeutic carriers in
human patients, 1t will be critical to ensure that uninfected cells
cannot establish de novo metastatic growth following systemic
adminstration This could be accomplished by y-irradiation of
tumor cells before administration, which ablates tumornigenicity,
but preserves metabolic activity Indeed, 1t has been demons-
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trated 1n several clinical trials that modified tumor vaccines
consisting of both autologous and allogeneic cells are able to
maintain transgene expression, but do not give rise to tumors 1f
first irradiated before intradermal injection into patients *'™* As
y-irradiation of cells does not appear to affect oncolytic virus
production,” *® this may also be an effective way to ablate the
tumorigenicity of systemically admunistered viral carriers
Alternatively, histoincompatible allogeneic or xenogeneic cells
mught be 1deal carriers, because they can deliver oncolytic virus
to tumor beds’ * before being cleared by the recipient’s immune
system, and have been well tolerated when given intratumorally
to patients in clinical trials ***® Genetically engineering carrier
cells to express inducible suicide programs could be another
potential way to ensure safety Clinical precedence demonstrat-
ing the feasibility of this strategy has been established n studies
where retroviral producer cells were safely administered and
delivered the suicide gene thymidine kinase to brain tumors,
suggesting that this approach would also be suitable for oncolytic
virus delivery 1n human patients *” Given that the appropriate
safeguards are taken, immortalized cell lines may provide a
highly robust carrier platform with the ability to release a
targeted burst of any given oncolytic virus upon dehivery to
tumor sites

IMMUNE EVASION WITH CELL-BASED ONCOLYTIC
VIRUS DELIVERY: THE "TROJAN HORSL” APPROACH
10 BIOTHERAPY

Although cellular delivery of virotherapies has been investigated
for nearly a decade with the implicit notion of using this stiategy
for 1mmune evasion, only very recently have data emerged
concerning 1ts efficacy mn the context of host immunity This 1s
due 1n large part to the fact that many of the onginal oncolytic
therapeutics were based on human viruses whose weak
infectivity in murine tissues made 1t difficult to model immune
responses 1n existing cancer models Vesicular stomatitis virus 1s
one oncolytic agent that induces a robust immune response
upon admunistration to mice and therefore offers the opportu-
nity to study virotherapy in the context of naturally evolving
mmmunity In this system, neutralizing antibody responses are
elicited withun the first week of therapy and completely ablate
delivery of repeat systemic doses of naked virions 7 In contrast,
carcnoma cells administered during the eclipse phase of
infection were able to conceal viral antigen from crculating
antibodies during delivery and subsequently release virus upon
delivery to tumor beds As a result, the efficacy of a systemuc
multiple-dose treatment regimen in an immune-competent
tumor model was dramatically increased when virus was
administered within carrier cells rather than as naked virions’
Cells can also be used to evade anti-viral immune responses with
other oncolytic viruses, lankov et al'® have shown that an
immmortalized monocyte cell Ime can deliver measles virus to
tumors despite the presence of high-titer human antibodies
passtvely transferred to mice Although these results are
promusing, further work 1s now required to determine whether
consecutive administrations of virus-laden cells elicit immunity
and whether these repeated doses continue to achieve tumor
delivery, as this will be an important goal of any multi-dose
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treatment regimen to be employed 1n a clinical setting In order
to predict the clinical potential of this and any other novel
delivery strategy, it will be critical 1n future studies to expand this
analysis using a quantitative approach As demonstrated by Ong
et al,'* one way this can be achieved 1s by using non-invasive
molecular 1maging technology to quantitate viral transgene
expression 1n tumors of mice passively immunized with varying
levels of neutrahzing antibody Applying this approach to
examine measles virus delivery, they have demonstrated that
the extent of tumor infection 1s dependent on the quantity of
neutralizing antibody present, whether the therapeutic 1s
admunistered as naked virions or within infected T cells '?
However, their analysis also revealed quantitative differences
between these two strategies, as cell-based delivery was effective
over a range of antibody titers that mutigated infection with
naked virions Future studies employimng and refining methods of
quantitative 1 vivo assessment of viral and carrier-cell platforms
will be critical in order to properly evaluate and compare their
utility Models describing relationships between key parameters
such as antibody titers and tumor infection can then be
constructed based on this experimental data, potentially
providing mechanistic msight and clinically relevant predictions

Cell based Delivery of Oncolytic Viruses

Approached from a quantitative perspective, future studies
within both animal models and human patients will undoubt-
edly reveal a great deal more about how the complex interactions
between cell-delivered virotherapeutics and the host immune
system 1nfluence tumor wnfection and growth dynamics

AWAKENING THE IMMUNE SYSTEM TO TUMORS
CELL-VIRUS SYNERGY?

In addition to eradicating pre-existing tumors, cancer biothera-
pies have the capacity to induce protective immunity against
disease recurrence Although admunistration of oncolytic viruses
elicits anti-viral immunity that compromuses efficacy, beneficial
antitumor 1mmunity can also be stimulated **®' Symuilarly,
wrradiated, cytokine-expressing cancer cells or antigen-presenting
immune cells can be used to vaccinate experimental animals
against tumor challenge and administration to human patients
have been mnvestigated *>* Combining these two approaches, by
arming an already immunogenic cell-based therapeutic with an
oncolytic virus, could therefore lead to synergistic enhancement
of antitumor responses Indeed, viral infection 1s known to
activate a concerted cellular response mnvolving the activation of
hundreds of immunostimulatory genes, including those involved

Table 1 Summary of cell lineages studied as carriers for systemic delivery of oncolytic viruses

Cellular delivery

platform Advantages

Limitations

Primary leukocytes

Tumor specific CD8*

Home to tumor antigens
T cells'

Specific activation/virus release
at tumor site
Speaifically cytotoxic to tumor cells

10 16

Activated T cells Increased efficiency of infection 1n

comparison to unstimulated T cells

CIKs™ Home to tumor sites

Support infection and release high titers
of oncolytic virus (1 e, vaccinia)
Cytotoxic against a broad spectrum of

tumor types

Immortal cell lines

Solid tumor lineage
(e, carcinoma)™ *¢
production of any desired OV are available
May stimulate antitumor immunity

Hematological lineage

Capable of dissemuination throughout
(1e, leukemia)”

the circulatory system

Xenogeneic/allogeneic”
survival of njected cells

Progenztor cells

Blood outgrowth
endothelal cells

Can engraft into tumor neovasculature
for targeted delivery

Can be propagated 1 vitro over numerous
population doublings

16 33

Mesenchymal stem
cells?’

Ease of mampulation and propagation in vitro
Cell lines supporting replication and high titer

Rejection by recipient s immune system prevents

Can engraft into tumor stroma for targeted dehvery

Laborious 1solation from patient samples required
Typically refractory to viral infection m vitro hitchhiking applies to
retroviruses but may not be useful for other viruses

Collection of prumary leukocytes and lengthy activation procedure
necessary

Infection efficiency and viral titers produced remain low 1n
comparison to transformed cells

Requures collection of primary leukocytes and i1 vitro expansion using
a defined combination of cytokines
May not support infection with all oncolytic viruses

Proliferative capacity must be ablated to prevent seeding de novo
metastatic growth
Large diameter causes arrest in narrow blood vessels

Proliferative capacity must be ablated to prevent seeding de novo
metastatic growth

Host versus graft immune response may cause adverse effects and
prevent continued delivery

Cells are non immortal, periodic re 1solation from clinical samples 15
required

Ability to support infection with replicating therapeutics remains
untested

Periodic re-1solation from chinical samples 1s required
Capaaity for systemic delivery remains untested

CIK, cytokine-induced killer cell, OV oncolytic virus The advantages and limitations of each cell type as a therapeutic delivery platform are listed, prechinical studies
examining their potential as oncolytic virus carriers are cited adjacent to each cell type
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in chemotaxis, inflammation, T-cell regulation and antigen
presentation,®>>® which would likely boost their potency as
vacanes In support of this idea, administration of autologous
tumor cells infected with Newcastle disease virus elicits a
significant antitumor immune response in the B16.F10 murine
melanoma model, whereas treatment with non-infected irra-
diated cells affords no therapeutic benefit.>” Thus, oncolytic
viruses concealed within cells for systemic delivery may,
coincidentally, act as adjuvants to potentiate the immunostimu-
latory properties of the cellular carriers themselves.

CELL VIRUS PARTNERSHIP: THE FTUTURE OF CANCER
BIOTHERAPY?

Nearly 100 years after the first virus was administered to a
human patient in the effort to cure cancer, tremendous successes
have been achieved in creating potent replicating virotherapeu-
tics exquisitely designed to target malignant cells. The fusion of
oncolytic virus and cell-based approaches into a single
biotherapeutic modality has now opened the door to promising
new areas of preclinical and clinical investigation. Having
established the capacity of cells to systemically deliver virus to
tumor deposits and evade circulating antibodies, murine models,
and non-invasive imaging techniques now offer the opportunity
to refine the targeting of cellular vehicles. As discussed above,
ealy results suggest that all cell lineages are not equally capable
of widespread dissemination to target more advanced metastatic
disease. Therefore hematological cells that more readily navigate
the circulation may provide the best platform for therapeutic
delivery Engineering cells to express surface molecules that bind
the tumor cell surface or neovasculature, such as those
previously used to retarget the tropism of virotherapeutics,>*®°
could help to promote accumulation of infected carrier cells
within tumor beds to further enhance the efficiency of delvery.
Genetic manipulation could also be used to overcome the
limitations of primary effector cells as viral carriers. Gene
knockdown of the key upstream components of the innate anti-
viral defense might enhance their ability to support viral
replication and therefore the robustness of viral delivery.
Engineering of immortalized leukocyte progenitors has been
accomplished in order to generate myeloid cells continuously in
vitro;®® a similar approach might be adapted to generate a
renewable source of antitumor effector cells and dispense with
the laborious isolation and culture procedures required to obtain
these cells for therapy. Alternatively, readily available tumor cell
lines also offer advantages as oncolytic virus carriers; future
exploration of their potential for systemic therapy in a clinical
setting should be quite feasible provided appropriate measures
are taken to first abrogate their proliferative capacity. Further
preclinical study of the 1ssues described here should pave the way
for intelligently designed chinical trials investigating the safety
and efficacy of this promising new partnership between cellular
and viral biotherapeutics (Table 1).
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APPENDIX IV. EFFECTS OF INTRAVENOUSLY ADMINISTERED RECOMBINANT
VESICULAR STOMATITIS VIRUS (VSV(DELTAM51)) ON MULTIFOCAL AND
INVASIVE GLIDMAS

Contribution of Authors: AT Power generated the VSVA51 recombinant virus
used in these studies. AT Power extracted RNA from brain tumor samples and
performed RT-PCR of the matrix gene to sequence verify the stability of the
matrix gene deletion during growth of the recombinant virus in vivo.
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Effects of Intravenously Administered Recombinant
Vesicular Stomatitis Virus (VSVAMS1) op Multifocal and

Invasive Gliomas

XueQing Lun, Donna L. Senger, Tommy Alain, Andra Oprea, Kelley Parato,
Dave Stojdl, Brian Lichty, Anthony Power, Randal N. Johnston,
Mark Hamilton, lan Parney, John C. Bell, Peter A. Forsyth

Background: An ideal virus for the treatment of cancer should
have effective delivery into multiple sites within the tumor,
evade immune responses, produce rapid viral replication,
spread within the tumor, and infect multiple tumors. Vesicu-
lar stomatitis virus (VSV) has been shown to be an effective
oncolytic virus in a variety of tumor models, and mutations in
the matrix (M) protein enhance VSV’s effectiveness in animal
models. Methods: We evaluated the susceptibility of 14 glioma
cell lines to infection and killing by mutant strain VSVAMS1,
which contains a single—amino acid deletion in the M protein.
We also examined the activity and safety of this strain against
the U87 and U118 experimental models of human malignant
glioma in nude mice and analyzed the distribution of the virus
in the brains of U87 tumor—bearing mice using fluorescence
labeling. Finally, we examined the effect of VSVAMS1 gp 15
primary human gliomas cultured from surgical specimens.
All statistical tests were two-sided. Results: All 14 glioma
cell lines were susceptible to VSVAMS! jnfection and killing.
Intratumoral administration of VSVAMS! produced marked
regression of malignant gliomas in nude mice. When admin-
istered systemically, live VSVAMS! yirus, as compared with
dead virus, statistically significantly prolonged survival of
mice with unilateral U87 tumors (median survival: 113 versus
46 days, P = .0001) and bilateral U87 tumeors (median sur-
vival: 73 versus 46 days, P = .0025). VSVAMS! jnfected multi-
focal gliomas, invasive glioma cells that migrated beyond the
main glioma, and all 15 primary human gliomas. There was
no evidence of toxicity. Conclusions: Systemically delivered
VSVAMSL was an effective and safe oncolytic agent against
laboratory models of multifocal and invasive malignant
gliomas, the most challenging clinical manifestations of this
disease. [J Natl Cancer Inst 2006;98:1546-57]

Human malignant glioma is one of the most common primary
central nervous system tumors in adults. The ability to treat
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patients with malignant gliomas remains poor. Despite dramatic
improvements in neurormaging and neurosurgical techniques,
the prognosis of patients with malignant glioma has not improved
substantially during the past 30 years (7). The most aggressive
treatment available for patients with malignant glioma 1s surgical
resection followed first by conventional radiotherapy adminis-
tered with concomitant chemotherapy and then by adjuvant che-
motherapy (2). Despite successful initial treatment of patients
with malignant glioma, the median survival of patients with glio-
blastoma multiforme thus treated is just over 1 year (2), and vir-
tually all patients die of recurrent disease (3-3).

Malignant gliomas are diffuse, highly invasive, and often
multifocal. The core tumor is surrounded by a penumbra of
invasive tumor cells that are detectable several centimeters
away from the main tumor mass. These locally invasive gli-
oma cells, which are often found at the margins of the tumor
resection, are the most common site of malignant glioma
recurrence In addition, these invasive glioma cells activate
several cellular signaling pathways that render them more

Affiliations of authors Departments of Oncology, Climical Neurosciences, and
Biochemustry and Molecular Biology, Tom Baker Cancer Centre (XL, DLS, TA,
AOQ, RNJ, IP, PAF), Clark H. Smuth Integrative Brain Tumor Research Center
(XL, DLS, TA, AO, MH, IP, PAF), Department of Neurosurgery (MH), University
of Calgary, AB, Canada; Ottawa Regional Cancer Centre Research Laboratones,
Ottawa, ON, Canada (KP, AP, JCB), Apoptosis Research Center, Children’s
Hospital of Eastern Ontano, Ottawa, ON, Canada (DS), Centre for Gene
Therapeutics, Department of Pathology and Molecular Medicine, McMaster
University, Hamlton, ON, Canada (BL)

Correspondence to Peter A Forsyth, MD, Clark H Smuth Integrative Bramn
Tumor Research Center, Rm 372A, Hentage Medical Research Building, 3330
Hospital Dr NW, Calgary, AB T2N 4N1, Canada (e-mail pforsyth@ucalgary.ca)

See “Notes” following “References ”

DOI 10 1093/incy/dy413

© 2006 The Author(s)

This 1s an Open Access article distributed under the terms of the Creative
Commons Attnibution Non-Commercial License (http.//creativecommons org/
licenses/by-nc/2 0/uk/), which permits unrestricted non-commercial use, distribu-
tion, and reproduction 1n any medm, provided the ongmal work 1s properly cited

Journal of the National Cancer Institute, Vol 98, No 21, November 1, 2006


mailto:pforsyth@ucalgary.ca
http://http.//creativecommons

resistant to conventional chemotherapies than their noninva-
sive counterparts (6) Therefore, malignant glioma must be
considered as a cerebral disease that requires treatment not
only of a single, main tumor mass but also of invasive cells
and multiple tumor foci

Recently, several oncolytic viruses have shown promising re-
sults 1n preclinical models of brain tumors These viruses in-
clude reovirus (7—9), recombinant herpes simplex virus (10-14),
Newcastle disease virus (15—17), recombinant poliovirus (18,19),
myxoma virus (20), modified adenovirus (2/-23), and wild-
type vesicular stomatitis virus (VSV) (24-28) Despite impres-
sive preclinical data, there are potential limitations to the use
of these viruses 1n patients, such as inadequate distribution and/
or delivery and msufficient levels of gene transfer or virus repli-
cation (29-32) Indeed, no dramatic results have been reported
in the small number of early clinical trials in humans using
oncolytic viruses against malignant glioma (15,16,33-36) Case
reports of long-term survivors (35) and a patient with a complete
response (17) have been described, and a clinical trial 1n patients
with recurrent malignant gliomas treated with reovirus has been
completed (37), but a final report has not been published

Oncolytic viruses exploit a number of genetic defects in tumor
cells (38—42) A common genetic defect occurring during tumor
evolution 1s diminished responsiveness to interferon (43,44)
This common defect reflects the important role of interferon-
regulated pathways 1n the control of normal growth and apopto-
sis Interferon 1s also a key mediator of the individual cell’s innate
antiviral response When tumor cells acquire mutations that al-
low them to escape interferon-mediated growth control pathways
(e g, those controlling proliferation or apoptosis), the tumor cells
simultaneously compromise their innate viral responses, permit-
ting a lethal viral infection within the tumor cell In addition, tu-
mor cells may have defects 1n signaling pathways such as the
Myc, Ras, or p53 pathways that render them susceptible to VSV
replication (26,28,45) Thus, tumor cells undergo growth and
proliferation at the expense of losing therr resistance to viral -
fection, and a lethal oncolytic infection occurs

We and others have found that wild-type VSV 1s a potent
oncolytic virus 1 a number of tumor cell types, including glio-
mas (24,28,43—45) but 1s lethal to animals that have not been
treated with interferon (43) Hence, we used a VSV mutant
called VSVAMS1 ySVYAMSI has a single amino acid deletion of
methionine-51 (M51) of the matrix (M) protein One of the
functions of the M protein 1s to block the nuclear to cytoplasmic
transport of iterferon-beta mRNA, thereby circumventing the
cellular mterferon response The deletion of methionine-51
from the M protemn of VSVAMS! apolishes this block and
restores interferon-mediated responses in normal cells This
mutant theoretically has an improved therapeutic value (that 1s,
safer but retamning the same efficacy) compared with wild-type
VSV because 1t induces a marked interferon response 1n normal
cells but retains 1ts full oncolytic effect against tumor cells both
1n vitro and 1n vivo (43)

During the past several years of oncolytic virus development,
1t has become apparent that insufficient viral delivery can be a key
limitation 1n the treatment of bramn tumors (29,38,40,43) Direct
moculation of virus mto a tumor may be advantageous n the
treatment of localized tumor, but focal necrosis, tissue planes, and
high ntratumoral pressure will still limit viral distribution Intra-
vascular administration 1s an attractive alternative and may allow
for multiple administrations over a long period of time Although
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an ntact blood—brain barrier will affect delivery to the normal
brain, the blood—tumor barrer 1s somewhat permeable and may
provide a potential advantage over direct intratumoral moculation
m delivery to multifocal tumors and mvasive tumor cells In addi-
tron, intravascular 1njection 1s simpler, less expensive, and less
mvastve clinically than direct local delivery A number of pre-
climcal studies have shown that virus treatments can be delivered
to brain tumors via intracarotid delivery (46-50), but only two
studies have shown intravenous delivery of an oncolytic virus for
the treatment of brain tumors (57,52) The systemic/vascular de-
hivery of VSV mutants has previously been shown to be effective
m anmimal models of cancer, including those that had already
widely metastasized (4¢3,53) or were multifocal (54)

In this study, we mvestigated the effects of intravenous delivery
of VSVAMS! for the treatment of bramn tumors We carried out a
detailed evaluation of the oncolytic properties of VSVAMSI i vitro,
mn vivo, and ex vivo m human malignant glioma surgical speci-
mens We also compared the effects of VSVAMS! tg those of another
oncolytic virus, reovirus Reovirus has activity agamst experimen-
tal models of malignant glioma, but a small number of glioma cell
lines are highly resistant to infection and killing by this virus (8,9)

MATERIALS AND METHODS

Cell Lines

Fourteen human glioma cell lines (U87, U118, U251, U343,
U373, U563, SF126, SF188, SNB19, UC12, UC13, UC14, RG2,
and 9L) and murine NIH3T3 and L929 fibroblast cells were
purchased from the American Type Culture Collection (ATCC,
Manassas, VA) HS68 human foreskin fibroblast cells were a gift
from Karl Riabowol! (University of Calgary, Canada) All cells
were propagated in Dulbecco’s modified Eagle medium/F12
(DMEM/F12, Hybri-care, ATCC, Manassas, VA) contaiing
10% fetal bovine serum (FBS) at 37 °C n a humidified, 5% CO,
mcubator Each cell line was tested regularly for mycoplasma
contamination

Transfection of Glioma Cells With Red Fluorescent
Protein

FuGene transfection reagent (Roche Diagnostic Co, Indianapolss,
IN) and an expression plasmid containing red fluorescent protein
(RFP) (Clontech, Palo Alto, CA) were used for transfection of a
glhioma cell line (U87) with RFP, as previously described (7)
Briefly, FuGene transfection reagent and RFP DNA vector were
incubated together for 30 minutes at room temperature 1n serum-
free media The DNA mixture was applied to U87 cells for 4
hours at 37 °C mn serum-free media FBS was then added to a
final concentration of 10% Cells were grown at 37 °C and 5%
CO,, and the culture medium was changed daily After 4 days,
transfected cells were selected for G418 antibiotic resistance
(400 pg/mL) and 1dentified by fluorescent microscopy RFP ex-
pressiton was found m more than 95% of cells as determined by
fluorescence-activated cell sorting, this method confirmed the
punty of the U87-RFP—expressing cells

Viruses and Cell Infection

VSVAM3I 15 derived from the Indiana serotype of VSV and 1s
propagated 1n Vero cells (African green monkey kidney cells)
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VSVAMSI has a single amino acid deletion of methionine-51
of the M protein and contains an extra cistron that encodes
green fluorescent protein (GFP) inserted between the G and L
sequences This recombinant genome was used to generate a
replication-competent, GFP-expressing VSV clone (43) Dead
virus was prepared by exposing live virus to ultraviolet (UV)
irradiation for 1 hour Reovirus serotype 3 (strain Dearing or
T3D) was grown m 1929 mouse fibroblast cells and purified as
previously described (53), 1t was simularly UV nactivated to
generate dead virus Tumor or normal cells grown to 50%—60%
confluence 1n 96-well plates were infected mn 50 pL of serum-
free medium and incubated for 1 hour at 4 °C for reovirus or
37 °C for VSVAMS1 Medum (150 pl) was then added to each
well, and cells were returned to 37 °C at 5% CO, for use 1n
subsequent experiments

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl-2H-Tetrazolium
Bromide Assay

Viability of tumor or normal cells infected as above with dif-
ferent doses (multiplicity of mfection [MOI] = 0, 1, and 10) of
VSVAMS! or reovirus-T3D was measured 24 hours (VSVAMS3I)
and 72 hours (reovirus) after infection by 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyl-2H-tetrazolum bromude (MTT) assay, as
previously described (55) Brefly, cells were incubated with
MTT (1 mg/mL) at 37 °C and 5% CO; for 1 hour and lysed with
dimethyl sulfoxide, and the absorbance was read with an ultra
microplate reader (Bio-Tek Instruments, Inc, Burlington, VT)

Assays to Measure Cytopathic Effect of VSVAMSI o
Reovirus Infection

All glioma and normal cell lines were seeded at 5 x 104 cells
per well 1in six-well plates and incubated at 37 °C mn 5% CO;
overmght After infection with Irve or dead VSVAMS! ¢ an MOI
of 10 or 10 for 24-72 hours, the cells were examined using a
Zeiss mverted microscope (Axiovert 200M) mounted with a Carl
Zeiss camera (AxioCam MRc, Carl Zeiss Inc, Thornwood, NY)
to obtain both phase contrast and fluorescent images (using a
fluorescein 1sothiocyanate filter to visualize virus-encoded GFP)

Western Blot to Detect Viral Proteins

All cell lines were seeded at 5 x 104 cells per well 1n six-well
plates and incubated at 37 °C 1 5% CO, overnight Cells were
then treated with either dead or live VSVAMS! virug at an MOI
of 1 Twenty-four hours after infection, the cells were collected
by scraping and were lysed in 500 pL of lysis buffer (20 mM Tris
pH 80, 136 mM NaCl, 10% glycerol, 1% NP40, 0 02% leu-
peptin, 0 5% aprotinin, and 1 5% sodum orthovanadate) for 20
minutes Cellular debris was removed by low-speed centrifu-
gation (1000g for 10 minutes) at 4 °C Protein concentration of
cell lysates was determuned using the BCA protein assay kit
(Biolynx, Inc, Brockville, ON, Canada) Supernatants were frozen
at—80 °C for long-term storage For electrophoresis, equal amounts
of protein were separated on 7 5% sodmum dodecyl sulfate—
polyacrylamide gels and transferred to nitrocellulose membranes
Membranes were incubated with polyclonal anti-VSV antibody
(1 1000) overmight at 4 °C, washed three times with 1x Tns
buffered saline, and incubated for 1 hour with horseradish per-
oxidase (HRP)-conjugated secondary antibody (1 3000 dilution,
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Biosciences, Amersham, Piscatoway, NJ) at room temperature
(John C Bell, unpublished) Antibody binding was detected
using an enhanced chemiluminescence reagent (Biosciences,
Amersham) according to the manufacturer’s instructions

Mice

CD-1 nude mice (female, 68 weeks old) were purchased
from Charles River Canada, Constant, PQ, Canada Three to four
mice were caged together 1n each vivarium with a 12-hour hight/
dark schedule at 22 + 1 °C and a relative humidity of 50 + 5%
Food and water were available ad libitum In all experiments,
mice were killed by cervical dislocation when they had difficulty
ambulating, feeding, or grooming or had lost at least 20% of ther
body weight All animal procedures were reviewed and approved
by the University of Calgary Animal Care Commuttee

In Vivo Oncolysis in Subcutaneous Tumor Model

Female CD-1 nude mice (n = 21) were each implanted with
1 x 106 U87 (n = 11) or U118 (n = 10) malignant glioma cells
on the right flank to establish subcutaneous tumors Tumor size
(length x width) was measured daily using calipers When
palpable tumors reached approxmmately 25 mm?2, mice were
treated intratumorally with live or dead VSVAM5! yirus (three
myections of VSVAMSI | x 107 plaque-forming umts [PFU] at
2-day intervals) (8) Tumor size was then measured until sacrifice
was indicated

Determination of the Toxicity of the Intracerebral
Administration of VSVAMS! in Nude Mice

Female CD-1 nude mice (n = 8) were mjected intracerebrally
with either dead or hive VSVAMS! (5 x 102, 1 x 103, 1 x 104 PFU
per mouse, two mice per dose) at a depth of 3 mm under gmdance
of a stereotactic frame (Kopf Instruments, Tujanga, CA), as de-
scribed previously (7,20,56) Briefly, virus was injected intrace-
rebrally into the right putamen A 0 5-mm burr hole was made
1 5-2 mm right of the midline and 0 5-1 mm posterior to the
coronal suture through a scalp cision Stereotactic injection
used a 5-pL syringe (Hamilton Co, Reno, NV) with a 30-gauge
needle, inserted through the burr hole to a depth of 3 mm, mounted
on a Kopf stereotactic apparatus (Kopf Instruments) After 10
seconds, the needle was withdrawn and the incision was sutured
Mice were followed daily for toxic effects After the mice were
killed, their bramns, lungs, kidneys, hearts, and livers were re-
moved, fixed in 10% formalin, embedded 1n paraffin, and sec-
tioned with a microtome Sections were stained with hematoxylin
and eosin for histologic analysis, analyzed for VSV antigens by
mmunohistochemistry, or analyzed for the presence of DNA
fragments by terminal transferase deoxyuridine triphosphate
nick-end labeling (TUNEL) assay

Immunohistochemistry to Detect VSV Antigens

Frozen sections of mouse brain and major organs (heart, liver,
lung, and kidney) were fixed in 4% paraformaldehyde for 20
minutes and washed three times in phosphate-buffered saline
(PBS) Sections were then exposed to primary polyclonal rabbit
ant-VSV antibody at a 1 3000 dilution 1n PBS containing 2%
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bovine serum albumin, for 24 hours at 4 °C Biotinylated ant1-
rabbit IgG (Vector Laboratories, Burlingame, CA) was used as
the secondary antibody Sections were then incubated with avidin
conjugated to HRP (Vectastain ABC immunohistochemustry kit,
Vector Laboratories), and staining was visualized by addition of
the DAB (3,3'-diamimobenzidine) substrate To visualize VSV
antigens, sections were mounted and viewed with a Zeiss mn-
verted microscope (Axiovert 200M) and a Carl Zeiss camera
(AxioCam MRc) to obtain both phase contrast and fluorescent
1mages

TUNEL Assay

The presence of fragmented DNA was analyzed with the
TUNEL technique using the ApopTag plus fluorescein mn situ
apoptosis detection kit (Chemicon, Inc, Temecula, CA) accord-
g to the manufacturer’s instructions Briefly, paraffin-embedded
brain sections were dewaxed 1n xylene, rehydrated n an ethanol
gradient, and treated with protemnase K (Invitrogen, Carlsbad,
CA, 20 pg/mL 1n PBS) for 20 minutes at room temperature
Sections were washed in PBS, incubated with reaction mixture
mcluding terminal deoxynucleotidyl transferase and fluorescein-
dUTP for 1 hour at 37 °C, washed 1in PBS, incubated with the
antidigoxigenin conjugate for 30 minutes at 37 °C, and then
counterstained with 4'-6-diamidino-2-phenylindole

Sequencing of M Protein in VSVAMSI

At 48 hours after intracerebral injections of 1 x 104 PFU of
VSVAMS1 myce were killed by cervical dislocation and their
brains were homogenized in PBS (pH 7 2) Virus was ampli-
fied by a single passage of brain homogenate on Vero cells for
24 hours Virions were purified from the Vero cell supernatant
by passage through a 0 2-um filter followed by centrifugation
at 30 000g for 90 minutes The virus pellet was resuspended 1n
PBS, and genomic RNA was extracted by sequential addition
of Trizol (Invitrogen) and chloroform (57), except that rather
than lysing and extracting RNA from the cells, we extracted 1t
from purified VSV particles Samples were then centrifuged at
10 000g for 10 minutes, and the aqueous phase was removed
and washed on an RNEasy spin column (Qiagen, Mississouga,
Ontario, Canada) per the manufacturer’s instructions The RNA
product was used as a template in a random hexamer—primed
reaction using Superscript II reverse transcriptase to generate
single-stranded viral cDNA From this cDNA template, specific
primers (sense ACGAATTCAAATTAGGGATCGCACCACC,
antisense ACGGATCCCGTGATACTCGGGTTGACCT) were
used mn the polymerase chain reaction to amplify a 377-bp frag-
ment spanning bases 61-438 of the VSV M gene This product
was purified on an agarose gel and sequenced directly from the
above sense primer using an Applied Biosystems 3730 DNA
Analyzer (Ottawa Genomics Innovation Centre)

Determination of the Appropriate VSVAMS1 Dgse for
Intravenous Administration in Nude Mice

Female CD-1 nude mice (n = 24) received intravenous injec-
tion of dead or live virus (at doses of 5 x 107, 5 x 108, 1 x 10%, or
5 x 109 PFU per mouse) via the tail vein Mice were followed for
up to 60 days, and their body weights were recorded every other
day After the mice were killed by cervical dislocation, their
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brains and major organs (hiver, lung, heart, and kidney) were
saved etther for virus recovery assays in hiquid nitrogen or patho-
logic analysis n formalin as described above For the in vivo
therapeutic experiments, we selected a dose that was one dose
level below the dose at which 50% of the mice died, we refer to
this dose as the maximum tolerated

Virus Recovery Assays

Mice were killed by cervical dislocation, and saline was 1m-
mediately infused into the left ventricle of the heart Tissues
were extracted and then homogenized 1n liquid mitrogen using
a Pellet Pestles Kit (VWR International, Edmonton, Alberta,
Canada) followed by repeated freeze—thawing to release virus
from the cells Supernatants were used for plaque titration on
Vero cells as previously described (58) Briefly, Vero cells were
plated 1n six-well plates and infected with serial dilutions of
sample supernatant Forty-eight hours after incubation at 37 °C
m 5% CO,, cells were overlaid with 2x MEM (Mediatech,
Herndon, VA) and 2% Noble agar (Difco Laboratories, Detroit,
MI) containing 0 2 mL neutral red (Sigma Chemical, Oakville,
Ontario, Canada) Virus plaques were counted, and PFU were
calculated by the number of plaques multiplied by the dilution
factor

Survival Studies in an Orthotopic Human Glioma Model
of Nude Mice

To investigate the antitumor efficacy of VSVAMS! 1n mice, an
orthotopic unilateral glioma animal model was established with
the human glioma cell line U87 The stereotactic techniques used
to implant glioma cells 1n the right putamen have been described
previously (7,20) Briefly, female CD-1 nuce mice (n = 13) were
anesthetized, and U87 ghoma cells (1 x 103 cells per mouse)
were 1mplanted under the guidance of a stereotactic frame, as
described above After 15 days, mice were injected mtravenously
via the tail vein with multiple doses of live (n = 8) or dead (n= 5)
virus (5 x 108 PFU per mouse every 2 days, for a total of three
myjections) Mice were monitored every other day for survival
After the mice were killed, their bramns and major organs were
prepared as described above for histologic analysis, immunohis-
tochemical analysis of VSV antigen, and TUNEL assay to assess
apoptosis

Survival was also assessed 1n mice with bilateral brain tumors
To prepare these mice, we implanted U87 cells (5 x 10%cells per
mouse per side n both sides of the brain) in CD-1 nude mice
(n=11) After 11 days, mice were mjected intravenously, via the
tail vein, with live (n = 6) or dead (n = 5) virus (5 x 108 PFU per
mouse) every other day for three injections and every 5 days for
another three 1njections for a total of six mjections Survival was
followed, and organs were analyzed as above

VSVAMS! yijral Distribution Stufdies

To determine 1f VSVAMS! targets multifocal gliomas n the
brain, we established a dual tumor model using U87 tumor cells
Cells were mplanted by stereotactic techniques as described
above mm CD-1 nude mice (n = 18) After 15 days, each mouse
was 1njected intravenously, via the tail vein, with a single dose of
VSVAMSI (5 % 108 PFU per mouse) Mice were killed at the fol-
lowing time points after virus injection (three mice at each time
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point) 0 hour, 10 hours, 24 hours, 72 hours, 7 days, and 15 days
After sacnfice by cervical dislocation, a whole brain picture was
taken with a Leica MZ-FLIII fluorescence stereomicroscope
using a standard GFP filter set (6,20) Photoshop 6 0 (Adobe)
was used to process the images After tmaging, the brain and
other major organs were removed and frozen n liquid nitrogen
for virus recovery assays

To determine the ability of VSVAMSI tg target invasive cells,
we 1mplanted U87-RFP cells (3 x 10° per mouse) into the brains
of mice (n = 6) to generate tumors After 15 days, we mjected
VSVAMS! (5 x 108 PFU per mouse) mtravenously, via the
tail vemn, mto tumor-bearing mice After 72 hours, mice were
perfused with 5 mL of saline and killed by cervical dislocation
The brains were removed and embedded in OCT embedding
medium RFP-expressing tumors and GFP-labeled viruses were
visualized 1n frozen bramn sections by a Zeiss 1mverted
mucroscope (Axiovert 200M) with a fluorescent GFP or rhoda-
mine filter set (20) Immunohistochemical staining of VSV
antigen was performed on tissue sections A Carl Zeiss camera
(AxioCam MRc) was used to obtain both phase contrast and
fluorescent 1images of the tumor cell-expressed RFP and the
virus-expressed GFP

Primary Human Glioma Culture

Short-term cultures were established from patient samples of
human gliomas (n = 15) obtained following bram tumor surgery
at the Foothills Hosprtal (Calgary), this study was approved by
the Conjoint Medical Ethics Commuttee Briefly, each patient
specimen was split in two pieces, one portion of the specimen
was fixed in 10% formalin and the other portion of the specimen
was used for short-term cultures The tumor tissue that was used
to establish short-term cultures was washed several times 1n ster-
ile saline, transferred to a 35-mm tissue culture dish, cut into
small pieces (approximately 0 5—1 mm 1n diameter), and dissoci-
ated with trypsin (025%) and 50 pg/mL deoxyribonuclease
(Roche Diagnostics, Laval, PQ, Canada) for 30 minutes at 37 °C
After filtering and washing with DMEM/F12 (containing 20%
FBS), cells were resuspended n 20% FBS mn DMEM/F12 and
plated (at 10000-100000 cells per well) in 96-well plates Cells
were infected the following day with VSVAMSI yirys both live
and UV mactivated, at MOIs of 0 1, 1, and 10 Cell viability was
measured 72 hours later by MTT and cytopathic effect assays [as
above and m (20)]

Primary Tumor Immunocytochemistry for Glial
Fibrillary Acid Protein Expression

Primary tumor cells obtained from surgical specimens were
grown 1n eight-well chamber shides (50000-200000 cells per
well) and fixed for 15 munutes 1n 4% paraformaldehyde Cells
were then blocked with 10% goat serum and 0 1% Triton X-100
in PBS for 30 minutes Primary antibody (ghal fibrllary acidic
protem [GFAP] monoclonal antibody 1 1000, Chemicon, Inc)
was then added After 24 hours at 4 °C, cells were washed with
PBS and then incubated with anti-mouse IgG-Cy3 (Vector Labo-
ratories) for 1 hour Sections were mounted with Geltol mounting
medmum (Fisher scientific Co, Pittsburgh, PA) and viewed with a
Zeiss microscope (Axiovert 200M), and pictures were taken with
a Zeiss inverted microscope and a Carl Zeiss camera (Axiocam
MRC)
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Statistical Analyses

Statistical Analysis Software (SAS Institute, Inc, Cary, NC)
and GraphPad Prism (version 4, GraphPad Software Inc, San
Diego, CA) were used for statistical analyses Survival curves
were generated by the Kaplan-Meier method The log-rank test
and two-way analysis of variance (ANOVA) were used to com-
pare the effect of different forms of treatment (live virus versus
dead virus) and the time since admrnistration on tumor size All
reported P values were two-sided and were considered to be sta-
tistically significant at P< 05

REsuLTs

Susceptibility of Human Malignant Glioma Cell Lines
to Infection and Killing by VSVAMS!

Fourteen malignant ghioma cell lines were tested for suscep-
tibility to mfection and killing by VSVAM5! and reovirus T3D
by cytopathic effect and MTT assays (representative examples
i Fig 1) All 14 cell lines were susceptible to infection and
killing by VSVAMSI whereas only 12 (85%) of the lines were
susceptible to infection and killing by reovirus (U118 and U343
were resistant) In contrast, neither of the normal cell lines
tested (HS68 and NIH3T3) was killed by VSVAM5! or reovirus
Cells were infected with either 1 MOI of VSVAMS3! or 10 MOI
of reovirus, complete cell death was observed 1n all ghioma cell
lines 48 hours after mfection with VSVAMSI (Fig 1, A) but not
until 144 hours after infection with reovirus (Fig 1, B)
Untreated cells and cells treated with UV-inactivated (dead)
virus did not exhibit any cytopathic effect at any time point
assessed

The MTT viability assay confirmed the results from the cyto-
pathic effect assays (Fig 1, C) VSVAMS3! produced more rapid
glioma cell killing and at a lower (1 MOI, 24 hours) MOI than
reovirus T3D (10 MOI, 72 hours) (Fig 1, C) Extensive cell kill-
ing was found 1n all glioma cell lines 1n the presence of VSVAMS3I
The normal cell lines NIH3T3 and HS68 were not susceptible to
etther reovirus or VSVAM3L (Fig 1, C) To ensure that cell killing
following treatment with VSVAMS! wag due to viral nfection
rather than a nonspecific effect, viral protein production was as-
sessed by western blotting All glioma lines exhibited viral pro-
temn production 24 hours after infection, in accordance with
therr susceptibility to killing by VSV (Fig 1, D), whereas no viral
protein production was seen 1n normal cell lines (Fig 1, D)

Effects of Intratumoral Administration of VSVAMS1 gp
a Glioma Cell Line Resistant to Infection by Reovirus

We next mvestigated 1if VSVAMS! would infect and kill a cell
line resistant to reovirus tn a subcutaneous tumor in CD-1 nude
mice We treated mice bearing subcutaneous human malignant
ghioma xenografts of U87 (susceptible to reovirus) and of U118
(resistant to reovirus) These cells were implanted 1n the hind
flanks of muce, which were treated mtratumorally with live or
dead virus after palpable tumors had formed (1 x 107 PFU per
mouse, every other day, for a period of 6 days) We observed
statistically significant inhibition of tumor growth in the live
virus—treated mice compared with the dead virus—treated control
mice bearing either U87 (ANOVA, P< 0001) (Fig 2,A)or U118
(two-way ANOVA, P< 0001) tumors (Fig 2, B)
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Fig. 1. Effects of vesicular stomatitis virus stram AMS1 (VSVAMS1) and reovirus
T3D 1n vitro on established human malignant ghoma cell hnes A) Cytopathic
effects on ghoma (U87, U118, U251, U373, U343) and normal (NIH3T3, HS68)
cell Imes of dead and live VSVAMS! gt mulaplicity of infection (MOI) — 1, 48
hours after mnfection (magmfication x100) B) Cytopathic effects on the same
cell lines of dead and live reovirus at 10 MOI, 144 hours after infection, when the

Toxicity of Intracerebrally Administered VSVAMS! jp
CD-1 Nude Mice

We evaluated the toxicity of VSVAMS! 1n vivo when adminis-
tered intracerebrally A single mntracerebral admimstration of
VSVAMS! was lethal, even at a dose as low as 5 x 102 PFU per
mouse (Fig 3,A) This experiment was repeated three times with
stmular results (data not shown) Following intracerebral admin-
istration we found a diffuse meningoencephalitis, a2 marked tro-
pism for neurons, and neuronal apoptosis This was severe m the
hippocampus (Fig 3, B) and brain stem (data not shown), and the
affected areas were positive for VSV antigen expression and
TUNEL staining (Fig 3, B)

We were surprised that the mutant VSVAMS! which was engi-
neered to enhance the antiviral responses 1n normal cells, retained
substantial neurotoxicity when administered mtracerebrally To
exclude the possibility that the VSVAMS! had reverted to wild-
type VSV (1 e, lost the mutation 1n the M protein), we sequenced
the M protein of virus collected from mice after intracerebral
adminstration We confirmed that the virus cultured from the
brains retained the mutation in the M protemn and had not re-
verted to wild-type VSV

Safety Evaluation of Intravenous Administration of
VSVAMS1 i Nude Mice

We next evaluated the toxicity and maximum tolerated dose
of VSVAMS! administered intravenously The mice tolerated
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full cytopathic effect of reovirus was produced (magnification x100) C) 3-(4,5-
Dimethylthiazol-2-y1)-2,5-diphenyl-2H-tetrazolium bromide assay comparing
the effects of VSVAMSI or regvirus on the viability of glioma cell lines (U87,
U118, U251, U373, U343) and normal cell lines (NIH3T3, HS68), ultraviolet-
mactivated viruses were used as a negative control D) Detection of VSV proteins
by western blot after infection of glioma cell hines with VSVAMS1

much higher doses of intravenously than intracerebrally admin-
istered VSVAMSL All mice (n = 4 per group) administered mtra-
venously, via the tail vein, with doses of <1 x 10° PFU survived
and appeared normal for up to 60 days (Fig 4, A), when we
terminated the experiment by killing all mice that were still
alive Ata dose of 5 x 10° PFU (the highest dose we were tech-
nically capable of preparing), however, only 50% (two of four)
of the mice survived for 60 days (Fig 4, A) A transient and not
statistically significant weight loss was observed 3—11 days af-
ter intravenous virus administration in surviving mice of both
the 5 x 10° PFU and the 1 x 10° PFU groups (Fig 4, B) Control
mice treated with dead virus appeared normal Hence, 1 x 10°
PFU was the maximum tolerated dose when administered intra-
venously, and we used one dose level below this dose for all
subsequent therapeutic experiments

The histology of major organs (brain, liver, lung, kidney,
and heart) of mice treated with a dose of 5 x 108 PFU was
normal, and there was no histologic evidence of apoptosis by
TUNEL assay (data not shown) In addition, we detected no
viral antigen expression 1n liver, lung, kidney, or heart by im-
munohistochemistry, although in the brain there was minor
VSV antigen staining within the meninges or ventricle at 24
and 72 hours after intravenous administration of virus (data
not shown) Similar results were obtained by virus recovery
assay Virus was detected 1n the brain (but not 1n any other
organs) only beginning 4 hours after mntravenous administra-
tion, peaking at 24 hours, and declining thereafter (data not
shown)
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Fig. 2. Effects of vesicular stomatitis virus stram AMS51 (VSVAMS1) op growth of
reovirus-susceptible (U87) and reovirus-resistant (U118) glioma 1n a subcutaneous
model of mahgnant ghomas in CD-1 nude mice Mice bearing subcutaneous
ghioma implants were treated intratumorally with live or dead VSVAMS! yiryg
when a palpable tumor reached approxmmately 25 mm?2, tumor size (length x
width) was measured using a caliper A) U87-derived glhiomas, live virus (closed
circles, n = 6) versus dead virus (open diamonds, n = 5) B) Ul18-denved
ghiomas, live virus (closed circles, n = 6) versus dead virus (open diamonds, n =
4) Results shown are the means and 95% confidence intervals of the tumor size

Survival Following Systemic Intravenous Administration
of VSVAMS! jn CD-1 Nude U87 Tumor—Bearing Mice

We evaluated the effect of VSVAM31 delivered intravenously
to mice with unilateral or bilateral brain tumors. Unilateral or
bilateral U87 glioma orthotopic xenograft models were estab-
lished by intracerebral inoculation of U87 cells into the brains of
CD-1 nude mice. Mice were treated intravenously with multiple
doses of VSVAMS! either 15 days (for unilateral tumors) or 11
days (for bilateral tumors) after tumor implantation. Mice with
unilateral tumors treated with live virus survived statistically sig-
nificantly longer (mean = 113 days, 95% CI = 96 to 130 days)
than those treated with dead virus (mean = 46 days, 95% CI = 39
to 53 days, log-rank test, P =.0001) (Fig. 5, A). All mice eventu-
ally died from recurrent tumors between 35 and 140 days after
tumor implantation. Similar, although less dramatic, results were
found 1n mice harboring bilateral U87 human malignant gliomas.
The median survival of dead versus live virus-treated mice was
46 versus 73 days, respectively (difference = 27 days, 95% CI =
38 to 54 days, and 95% CI = 62 to 84 days, respectively, log-rank
test, P = .0025; Fig. 5, B). Similar results were obtained when
these experiments were repeated (data not shown).

Histologic analysis showed that all live virus— and dead virus—
treated mice died from a large tumor 1n the brain, with some live

1552 ARTICLES

>

120 4
E 100 - -~ oo °
=y —4@— dead virus
5 Doses, PFU:
Z 60 —x~ 5X10?
§ 40 B=d = —A— 1X10°
5 - 1X10°
B 201
G +—r—r——r—y——p—epe T T O T -
1 2 34 5 6 7 8 9100H 12131415
Days after intracerebral administration
B X25 X400
H&E
E
s
«
b 1
2
o
£
._E 1HC
2
9
>
»n
-
TUNEL

Fig. 3. Determmation of the maximum tolerated intracerebral dose of vesicular
stomatitis virus strain AMS1 (VSV2M51y  A) Intracerebral administration
Normal CD-1 nude mice received a single admmstration of either ultraviolet-
nactivated (dead virus) VSVAMS! or ive VSVAMST at doses of 5 x 102,1 x 103,
or 1 x 10* plaque-forming umts (PFU) per mouse, two mice per dose Mice were
monitored for a pertod of 20 days. B) Neurotoxicity in mouse brain treated with
VSVAMS! (1 x 10* PFU per mouse) administered intracerebrally (magmfication
%25 and x400). Representative images show mouse bram stained for hematoxylin
and eosin (H&E) (top row), by immunohistochemustry (IHC) for VSV antigen
(middle row), and by terminal transferase deoxyundme triphosphate nick-end
labeling (TUNEL) assay (bettom row). Right column 1s a higher-magnification
view of the hippocampus region of the brain

virus—treated mice having slightly larger ventricles than dead
virus—treated mice (data not shown). There was no histologically
evident change in the hippocampus region of the brain, immuno-
histochemical staining evidence of viral infection of the hippo-
campus, or evidence of apoptosis by TUNEL staining of the
hippocampus (Fig. 5, C).

Infection of Multifocal Gliomas and Invasive Tumor Cells
With Intravenous VSVAMS!

Having shown that mtravenous VSVAMS! prolonged survival
of mice bearing gliomas, we evaluated whether a productive in-
fection occurred in the tumors and characterized the distribution
of infection 1n the tumor margin and invasive glioma cells. Mice
(n = 18) were implanted in both brain hemispheres with U87
cells and were administered a single intravenous dose of 5 x 108
PFU per mouse GFP-labeled VSVAMSI 15 days after tumor
implantation. Mice were killed at muitiple time points (three
mice per time pomt), and their brains were examined in detail.
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Fig. 4. Safety and toxicity evaluation of vesicular stomatitis virus strain AM51
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Fig. 5. Systemic administration of vesicular stomatitis virus strain AMSI
(VSVAMS1y and survival of nude mice with unilateral and bilateral U87 cell-
derived brain tumors. A) Unilateral tumor model. Kaplan-Meier survival
analysis of mice implanted with U87 cells (1 x 105 cells per mouse) and treated
with either dead (n = 5) or live (n = 8) virus every 2 days for a total of three
doses. One intravenous injection contained 5 x 108 plaque-forming units (PFU)
per mouse. All P values are two-sided. B) Bilateral tumor model. Kaplan-Meier
survival analysis of mice implanted with U87 cells (5 x 10* cells per mouse per
side) and injected with either dead (n = 5) or live (n = 6) virus (5 x 108 PFU per
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GFP-expressing virus, as visualized by fluorescence microscopy,
was confined to the tumor, with no expression elsewhere in the
normal brain, lung, kidney, liver, or heart. Viral expression of
GFP began 10 hours after infection, increased up to 72 hours,
decreased slightly by day 7, and was undetectable by 15 days
after viral administration (Fig. 6, A). The viral titers from the tu-
mor tissues, as determined by virus recovery assays (Fig. 6, B),
confirmed that a productive viral infection occurred in these tis-
sues and that the infection had a similar temporal profile to the
results based on fluorescence microscopy. No evidence of repli-
cating virus was found in non—tumor-containing brain tissue
(data not shown) or dead virus—treated brains (data not shown).

To determine whether VSVAMS! infects invasive glioma cells
that have migrated beyond the main glioma mass, we inocu-
lated U87 cells that had been transfected with an expression
plasmid containing RFP into the brains of six CD-1 nude mice.
Fifteen days after implantation, a single intravenous dose of
VSVAMS! ya5 administered, and (based on the in vivo viral
distribution results above) the mice were killed 72 hours later.
We then examined the sections of the brain using fluorescence
microscopy and immunohistochemistry. We found that viral
GFP colocalized with the tumoral RFP using fluorescence
microscopy and colocalization of VSV proteins and tumor cells
by immunohistochemistry (Fig. 6, C). In addition, viral GFP
expression colocalized with isolated invasive tumor cells at the
margins of the tumor (Fig. 6, C).

X400
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mouse three times every 2 days followed by three times every 5 days for a total
of six injections. All P values are two-sided. Arrows in (A) and (B) indicate virus
injections. C) Representative photomicrographs of a whole brain slice from a live
virus—treated mouse (magnification: left, x25; right, x400). Top row of panels
shows hematoxylin and eosin staining (H&E) of the hippocampus region, middle
row of panels shows immunohistochemical (IHC) staining of the VSV antigen in
the hippocampus region, and bottom row of panels shows terminal transferase
deoxyuridine triphosphate nick-end labeling (TUNEL) assay of the hippocampus.
Adjacent brain sections were used. Arrows indicate the tumor.
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Fig. 6. Distribution of intravenously admmnistered vesicular stomatitis virus strain
AMS1 (VSVAMSDy expressing green fluorescent protemn (GFP) i multifocal
gliomas and nvasive tumor cells Mice bearing intracerebral bilateral U87
tumors were treated mtravenously with live or dead VSVAMSL yirys Mice were
killed at several imepoints, and localization of tumor and virus was assessed A)
Photomicrograph of GFP-expressing virus 1n bilateral tumors Arrews indicate
GFP-virus expression B) Titer of virus present i the bilateral tumors (n = 3
mice per time pomt) Tumors on each side of the brain were harvested for virus
extraction, and the samples were analyzed by virus recovery assay The error
bars indicate upper 95% confidence intervals C) Localization of VSVAM5!
expresston 1n experimental mvasive gliomas using fluorescence microscopy
and immunohistochemistry (IHC) VSV antigen staming Mice bearing U87-
RFP-labeled tumors were mjected intravenously, via the tail vein, with a single
dose of VSVAMS! and were killed 72 hours later Left three panels of the top
row show fluorescent images of a representative RFP-labeled tumor and GFP
virus expression 1n frozen sections (magnification x25), left three panels of the
center and bottom rows show representative GFP virus targeting the invasive
RFP-glioma cells (rows show increasing magnification of the same section
top row, x25, center row, x200, bottom row, x400) White arrows indicate
the edge of the tumor Merged refers to a supermmposed image of tumor and
virus (third column) THC of VSVAMS! protemn on consecutive sections (right
column) confirms the presence of viral protems m the mnvasive glhioma cells
(brown staiming, magnification, top to bottom x25, X200, x400)

Infection and Killing by VSVAMS! of Primary Human
Malignant Gliomas Cultured From Surgical Specimens

We next determined whether the i vitro cell line results would
also apply to glioma samples from patients Accordingly, we
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Fig. 7. Effect of vesicular stomatitis virus stram AMS51 (VSVAMS1Y on human
primary tumor samples A) The viability of the glioma samples was measured
by the 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyl-2H-tetrazollum bromide assay,
72 hours after mfection with VSVAMSL (0 1 10 multiphicity of infection) Error
bars indicate 95% confidence intervals of three independent experiments per-
formed 1n triplicate Samples of dissociated tumor cells from a surgical sample
of glioma were plated and 24 hours later infected with either hve or dead virus
U87 malignant glioma and HS68 (nontransformed human fibroblasts) were used
as positive and negative controls for VSVAMSlgusceptibility B) Virus infectivity
and cell kilhing were confirmed by assessing the cytopathic effect (CPE) and virus
green fluorescent protemn (GFP) expression, shown are phase contrast (upper
panel) and fluorescent GFP (lower panel) images from a representative human
glioblastoma taken 24 hours after mfection (magnification ii and v, %100, iii
and vi, x400) Dead virus was used as a negative control (i and iv, x100) C) Ghal
fibnllary acidic protein (i) and hematoxyhn and eosin staining (ii and iii) of the
same sample as above (magnification i, X400, i1, X100, iii, x400)

tested whether VSVAMSI ¢ould infect and kill short-term glioma
cultures derived from glioma surgical specimens We examined
the susceptibility to VSVAMS1 of 15 ex vivo brain tumor surgical
specimens derived from four glioblastomas, five oligodendro-
gliomas, five astrocytomas, and one gliosarcoma All specimens
tested (15/15) were killed by VSVAM31 infection (Fig 7, A) and
to a degree that was similar to infection and killing of U87
A widespread cytopathic effect and viral GFP expression was
seen 1n live virus—treated glioma cells (F1g 7, B-1, m, v, v1)
In contrast, short-term cultures treated with dead virus showed
no cytopathic effect or viral GFP expression (Fig 7, B-1, 1v)
GFAP stamming confirmed the glial lineage of the astrocytic
specimens (e g, a ghoblastoma) (Fig 7, C-1), which was also
apparent morphologically using hematoxylin and eosmn staining
(Fig 7, C-n, m)
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DIScUSSION

We found that an attenuated VSV mutant, designated
VSVAMS! infected and killed all malignant glioma cell lines
tested and did not infect normal cells i vitro. When administered
mtravenously to CD-1 nude mice bearing human gliomas,
VSVAMS! dramatically prolonged their survival and infected
both multifocal gliomas and invasive glioma cells. The invasive
and multifocal natures of glioma are major clinical challenges
in treating this disease.

An ideal oncolytic virus for cancer should have several char-
acteristics (38,42,59). It should have effective delivery into mul-
tiple sites within the tumor, evade innate and acquired immune
responses, produce rapid viral replication, spread within the
tumor, and infect multifocal tumors. It should also be “engineer-
able” so that it can be modified to, for example, improve its effi-
cacy or tumor targeting. This 1s precisely what we found using
the attenuated live virus we constructed (VSVAM31) Its efficacy
was maintained and the antiviral responses were enhanced in nor-
mal cells, thereby improving 1ts therapeutic index (43). In addi-
tion, we found that VSVAMS3! infects both multifocal gliomas and
mvasive glioma cells. Conventional therapies such as surgery
and radiotherapy are ineffective in treating mvasive glioma cells
because these cells may have become more resistant to these
therapies than the tumor cells in the main tumor mass by adopting
a number of cellular characteristics (e.g., increasing expression
of survival pathways, decreasing expression of apoptotic pro-
grams, reduced proliferation, etc ) (60). Hence, VSVAM3! may
represent an effective treatment for these chemotherapy-resistant
tumor cells.

We compared the effectiveness and toxicities of VSVAMSI 1o
reovirus in this study on the basis of our previous work (8,9,55).
We found that VSVAMSI was superior in several ways to reovirus
for treating gliomas. VSVAMSI killed all glioma lines we tested
(including two that were resistant to reovirus), was effective
in vivo when administered systemically, infected invasive glioma
cells, and killed multifocal gliomas. By contrast, reovirus did not
cause regression of bilateral gliomas in an immunocompetent
racine glioma model (55). However, reovirus is superior to
VSVAMSL 1n many other ways. When administered intratumor-
ally, reovirus “cures” experimental gliomas i the majority of
glioma-bearing mice (i.e., mice survived until the experiment
was arbitrarily terminated 90 days after tumor implantation, of-
ten without histologic evidence of residual tumor) (8), whereas
we found that intravenous VSVAMS! did not cure any mice.
Finally, unlike VSVAM31 reovirus 1s benign when administered
intracerebrally in adult nude mice (§) or immunocompetent rats
(55). Comparisons between oncolytic viruses of putative efficacy
or toxicities in amimal models at present are very limited (6/).
Definitive conclusions regarding efficacy or toxicity await the
testing of these oncolytic viruses in clinical trials in malignant
glioma patients.

Our study has several limitations. First, we have not yet
evaluated VSVAMS! in immunocompetent models of gliomas.
Such evaluation is important because immune responses (par-
tially ablated in the immunocompromised mice we used here)
may limit delivery of the virus to the tumor when administered
intravenously. Immune responses may also limit the distribution
of the virus within the tumor. Second, the precise mechanism by
which intravenous VSVAMS! accesses the invasive glioma cells,
which in many cases appear to be single cells, is unknown. The
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main tumor mass of U87 is highly vascularized and has a “leaky”
blood-brain barrier, which would allow intravenously delivered
virus access to the main tumor mass (62,63). In contrast, invasive
glioma cells are not believed to be extensively vascularized (64)
and would therefore have limited contact with systemically de-
livered virus. We assume that higher pressure within the tumor
mass (65) and high concentrations of virus within the tumor, un-
der pressure, may move the virus out along tracts of white matter.
Because these invasive cells may be in a hypoxic environment, it
should be noted that VSV is able to infect and kill hypoxic gli-
oma cells both in vitro and in vivo (24). Alternatively, peritu-
moral increases in neovascularity and tissue edema can increase
the permeability of the blood-brain barrier (66,67), allowing the
virus to leak out into the perivascular interstitium around the
vessels. Third, all the glioma-bearing mice ultimately died from
recurrent tumor. We are now exploring strategies to understand
the causes of treatment failure with the goal of improving its ef-
ficacy (e.g., using live imaging of viral delivery, improving
blood—brain barrier breakdown and intra-arterial delivery, etc.).
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As our understanding of the molecular aspects of
human disease increases, it is becoming possible to cre-
ate designer therapeutics that are exquisitely targeted
and have greater efficacy and fewer side effects. One
class of targeted biological agents that has benefited
from recent advances in molecular biology is designer
viruses. Vesicular stomatitis virus (VSV) is normally
relatively innocuous but can be engineered to target
cancer cells or to stimulate immunity against diseases
such as AIDS or influenza. Strains of VSV that induce or
direct the production of interferon are superior to wild-
type strains of the virus for inducing oncolysis. These
strains might also make better vaccine vectors. In this
review, some of the features that make VSV an excel-
lent platform for the development of a range of viral
therapeutics are discussed.

Many viruses are being developed as clinical tools for the
treatment or prevention of human disease. A relative
newcomer for this application is the vesicular stomatitis
virus (VSV), which has had an important role in our
increasing understanding of both innate and acquired
immunity, as well as virology in general. Although VSV
has been used extensively as a laboratory tool for probing
aspects of cellular physiology, it was only during the last
decade that its potential as a therapeutic has been
appreciated. VSV is a clinically important vaccine vector
but, more recently, it has attracted attention as an
oncolytic virus. Several naturally occurring or recombi-
nant strains of VSV have been developed as potential
therapeutic vectors (Table 1). Vaccine vectors have been
engineered to express foreign viral proteins designed
either to elicit a specific immune response or to be more
attenuated than the wild-type protein. The oncolytic
strains have been selected and designed for tumor
targeting and engineered to express marker proteins or
suicide genes. Historically, vaccine vectors and oncolytic
viruses have been based on human DNA viruses. RNA
viruses are now being considered and offer several
advantages, including rapid and robust growth, which
aids the production and amplification of dose. The use of
animal viruses, such as VSV, also avoids the problems
associated with pre-existing immunity to the therapeutic
vector in the patient. Recent findings demonstrated that
strains of VSV that induce or direct the expression of
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interferon are an important advancement in the develop-
ment of RNA-virus-based therapeutics.

VSV epidemiology

VSV is an arthropod-borne virus that primarily affects
rodents, cattle, swine and horses, but can also infect
humans and other species. It is thought that VSV is spread
between hoofed animals and rodents via insect vectors [1].
The two prevalent serotypes in the Americas are New
Jersey (VSV-NJ) and Indiana (VSV-Ind), with VSV-NJ
representing the agriculturally relevant pathogen. VSV
produces an acute disease in cattle, horses and swine. The
disease is characterized by vesiculation and ulceration of
the oral cavity, feet and teats and, although relatively
harmless, it mimics the early symptoms caused by a
notorious veterinary pathogen of horses and cattle, foot-
and-mouth-disease virus (reviewed in [2]). Although high
transmission rates to farm animals are seen in regions
where VSV-NJ is endemic, clinical disease rates are low
[3]l. In regions endemic for VSV, seropositivity for
antibodies against VSV-Ind is common, but most clinical
disease is caused by VSV-NJ. Arthropod vectors, such as
sandflies, black flies and mosquitoes, have been found to
either harbor VSV-Ind or be able, in the laboratory, to
transmit VSV and probably participate in the spread of the
virus between animals and, possibly, from animals to
humans [1]. Naturally occurring human infections with
VSV are rare. However, cases of VSV infection have been
reported in individuals exposed to infected livestock and in
researchers exposed within laboratory environments.
Most VSV infections are asymptomatic in humans,
although mild flu-like symptoms have been reported in
some individuals. A single case of encephalitis in a
3-year-old boy has been reported, which was potentially
associated with VSV—Ind infection, (reviewed in [4]).

The occurrence of antibodies against VSV in the general
human population is extremely low, except in those
regions where it is endemic, such as Georgia, USA
(VSV-NJ) and Central America (VSV-Ind and VSV-NJ).
Seropositivity is occasionally reported in individuals with
a high risk of exposure, for example, in laboratory
personnel who work with the virus, as well as veterinar-
ians and farm workers exposed to infected livestock.
During epizootics, those individuals with the highest risk
of exposure to VSV infection show ~20% seroconversion
rate [4]. The lack of antibodies against VSV in the general
population and the extremely rare incidence of adverse
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Table 1 The growmng arsenal of VSV-based therapeutics for use against infectious and malignant disease®

VSV application Features Refs

Vaccine vectors

VSV-HA Insertion of influenza hemagglutinin gene into VSV genome hemagglutinin antigen1s [27]
expressed 1n VSV infected cells and on viral surface

VSV AG-HA Improved influenza vector attenuating deletion of VSV glycoprotein increases safety (4]
and prevents stimulation of VSV specific humoral immunity

VSV-GagEnv Insertion of HIV Gag and Env genes into VSV genome VSV infected cells express Env [29 32]
and Gag proteins to induce HIV spectfic CD8* CTL and neutralizing antibody
responses

VSV-MV H Insertion of measles virus hemagglutinin gene into VSV genome elicits protective [28]
MV specific neutralizing antibody despite the presence of circulating maternal
antibody

VSV AG-RSV F Insertion of respiratory syncyta! virus fusion gene into VSV genome RSV fusion [31]
antigen 1s expressed in VSV infected cells and on viral surface attenuated by deletion
of VSV G

VSV-HCV C/E1/E2 Insertion of Hep C gene encoding contiguous C/E1/E2 proteins HepC antigens are [33]
expressed tn VSV infected cells

VSV rearranged genome Rearrangement of genes generates a stably attenuated vector [2]

Natural oncolytic strains

Wivsye High sensitivity to anti viral interferons selective replication and cytotoxicity tn tumor [35 37 40]
cells exhibiting compromised interferon response

VSV AV1 or VSV AV2 Highly attenuated replhication in normal cells but conserved tumor killing enhanced [16]
therapeutic iIndex

Recombinant oncolytic strains

wtVSV-GFP Expression of green fluorescent protein transgene [16 39 48]

VSV-A5TM Deletion of Met 51 of matnix protein highly attenuated replhcation in normal cells but [16]
conserved tumor killing enhanced therapeutic index

Oncolytic VSVs expressing immunostimulatory cytokines

VSV-IL4 Expresses IL 4 gene enhanced therapeutic index [36]

VSV-IFN B Expresses IFN  gene enhanced therapeutic tndex [45]

Oncolytic VSVs expressing a suicide gene

VSV-TK Expresses thymidine kinase gene killing of infected and bystander cells with [36]
gancyclovir treatment

VSV-CD/UPRT Expresses cytosine deaminase (CD)/uracil phosphornbosyltransferase gene killing of [41]
infected and bystander cells with 5 fluorocytosine treatment

Receptor targeted VSVs

VSV-CD4 Expresses CD4 and can infect cells expressing HIV gp120 [43 44)

VSV-Sindbis ZZ glycoproteins VSV pseudotype coated with a Sindbis virus glycoprotein/protein A fusion targeting [42]
to tumor specific antigens when co administered with a monoclonal antibody

2Abbreviations AV attenuated virus CD/UPRT cytosine deaminase (CD)/uracil phosphoribosyltransferase CTL cytotoxic Tlymphocyte G glycoprotein HA hemagglutinin
HCV C/E1/E2 hepatitis C virus capsid/envelop 1/envelop 2 IFN interferon IL interleukin MV H measles virus hemagglutinin RSU F respiratory syncytial virus fusion TK

thymidine kinase VSV vesicular stomatitis virus Wt wild type

outcomes following human infection are important pre
requisites for its potential as a candidate therapeutic
virus

VSV is an RNA virus

Current DNA-based therapeutic viruses rephcate and
transcribe their genomes 1n the nucleus of the infected cell,
where they displace components of the host-cell transcrip-
tional machmmery Although this feature can be exploited to
target specific cell or tissue types, 1n some situations 1t has
the disadvantage of causing mutations following virus
integration nto the host genome VSV, however, has an
RNA genome and replicates entirely in the cytoplasm Its
compact 11-kilobase (kb) genome 1s a single RNA strand of
negative polarity (1 e 1t cannot be directly translated) that
1s completely coated by the viral nucleoprotein During
infection, VSV synthesizes five subgenomic mRNAs that
encode 1its five distinct proteins (Figure 1) {5] The
nucleoprotein, 1n conjunction with the phosphoprotein,
the large polymerase protein and specific host proteins, 1s
responsible for both viral transcription and replcation

Furthermore, a glycoprotein 1s necessary for viral binding
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to target cells, and the multi-functional matrix protemn,
which consists of 229 amino acids, has a crucial role 1in
virus assembly, budding, cellular apoptosis and disruption
of the host-cell innate-tmmunity programs [6]

VSV has a broad tissue tropism

The glycoprotemn of VSV serves both to bind the surface of
the host cell and to fuse viral and cellular membranes,
enabling the release of the viral genome and rephcase into
the cytoplasm The glycoprotein binds to phosphatidylser-
me, a near-universal component of cell surface mem-
branes, enabling VSV to infect virtually all animal cells

This extensive tissue tropism, therefore, enables VSV to be
used as an ant:1 cancer agent in all types of tumors,
although normal tissues can also be infected Following
attachment to the cell surface, the virus enters by
endocytosis and, after a subsequent drop in endosomal
pH, the glycoprotein catalyzes the fusion of viral and
cellular membranes, releasing the viral ribonucleoprotein
(RNP) into the cytoplasm (Figure 2) The RNA dependent
RNA-polymerase complex (nucleoprotein, phosphoprotein
and large polymerase proten) of the virus 1s then able to
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Figure 1 The vesicular stomatitis virus (VSV) genome and virus particle structure
The negative sense, single-stranded RNA genome of VSV consists of five genes
that encode the five major vtral proteins the nucleoprotein {N), the phosphopro-
temn (P}, the matrix protein (M), the glycoprotein (G} and the large polymerase pro-
tein (L) Transcription of viral genes proceeds from the 3’ to 5’ end of the genome
(5 to 3 on the anti-genome template), beginning with the N gene Viral mRNA-
expresston levels decrease as each subsequent gene Is transcribed, owing to the
viral polymerase falling off and incomplete re-inttiation at the intergenic regions
The five wviral proteins are assembled into a bullet shaped virus particle that 1s
enveloped in a phospholipid bilayer and coated with the protruding transmem-
brane glycoprotein

transcribe the viral genes. The polymerase stutters at each
intergenic region during polyadenylation of the transcript
before advancing to transcribe the next gene. Because re-
initiation does not always occur, there is a gradation of
transcript production across the genome, such that
nucleoprotein is more abundant than phosphoprotein,
which is more abundant than the matrix protein, and so on
(reviewed in [6]). The viral polymerase complex also
produces the positive-strand RNA from which additional
copies of the negative-strand genome are made and
packaged for progeny virus production.

Matrix protein: the ‘brains’ of the virus

One of the smallest gene products encoded by the VSV
genome, the matrix protein, has some of the most crucial
and diversified roles in the control of VSV replication and
pathogenesis (Figure 3), and a thorough understanding of
this protein will aid in the design of improved VSV-based
therapeutic vectors. For example, matrix protein partially
regulates the transcription of VSV genes by the virally
encoded RNA-dependent RNA polymerase [7,8]. It appears
that, late in infection, accumulated matrix protein
catalyzes the generation of inactive RNP cores, preparing
them for packaging into virions. Concomitant with this
activity, VSV usurps the same endosomal-membrane
fission machinery that is used by retroviruses, flaviviruses
and, probably, many additional enveloped viruses to
facilitate virus budding. Matrix protein has a role in this
activity through a so-called ‘late domain’ found at the
N-terminus of the protein. This late domain contains an
essential PPPY motif that mediates the interaction with
the cellular enzyme Nedd4, an ubiquitin ligase implicated
in the budding of other enveloped viruses [9,10]. Matrix
protein also contains a PSAP motif that, in other viruses
(HIV and Ebola virus), binds to the cellular protein
TSG101, aiding viral budding [11].

In addition to its role in budding, matrix protein has a
crucial role in the early phases of viral infection, helping
VSV to avoid the cellular antiviral programs. This appears
to be accomplished by two activities: the interruption of
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cellular transcription programs and the blockade of mRNA
export from the nucleus. In both mechanisms, the role of
matrix protein is to block the expression of antiviral gene
products (such as interferon B), enabling the virus to
replicate unabated. This inhibition of cellular transcrip-
tion by matrix protein has been demonstrated in several
ways. For example, when an expression-plasmid encoding
matrix protein is transfected into a cell, there is profound
inhibition of the transcription of host genes and co-
transfected plasmids, whether transcribed by RNA poly-
merase I, IT or IIT [12]. It has recently been recognized that
the matrix protein of VSV (and other vesiculoviruses)
blocks nucleocytoplasmic transport [13-15]. It now
appears that VSV uses this block in mRNA transport to
thwart host innate immune mechanisms [16]. This
inhibition appears to involve an interaction between
matrix protein and cellular Nup98, one of the nucleoporins
present at the nuclear pore [13]. Interestingly, Nup98is an
interferon-responsive gene, and pretreatment of cells with
interferon increases Nup98 expression and reduces the
ability of VSV matrix protein to inhibit nucleocytoplasmic
transport [17]. This suggests that cells have evolved this
mechanism to defend themselves against viruses that use
this strategy to prevent the establishment of an anti-viral
state. Mutations in matrix protein that abolish the ability
of the protein to block host-cell transcription also restore
nucleocytoplasmic transport, suggesting that these two
activities of the matrix protein are not mutually exclusive.
Although these studies establish a role for the matrix
protein in the nuclear compartment and at the inner
surface of the plasma membrane, it is also known to reside
in the cellular cytoplasm, where it might disrupt cell-
signaling pathways and the cytoskeleton. For example,
Terstegen et al. have reported that VSV matrix protein is
able to abrogate STAT signaling in response to IL-6
stimulation, and this might have a role in the attenuation
of inflammatory responses to VSV infection [18].
Infection of susceptible host cells with VSV leads to cell
rounding and, ultimately, to cell death displaying the
hallmarks of apoptosis. This response is largely owing to
the effects of matrix protein, because transfection of cells
with a matrix-protein expression construct leads to this
response in vitro [19]. The induction of apoptosis by matrix
protein probably results from the blockade of host-cell gene
expression, because mutations to the matrix protein that
abrogate this blockade also reduce its cytotoxicity in most
cells [20,21]. Given the crucial role that the matrix protein
has for viral replication, it has become a focal point of
attempts to engineer improved therapeutic VSV strains.
The ability to use reverse genetics to manipulate the
genomes of the negative-stranded RNA viruses has greatly
improved the understanding of these viruses and has
increased their potential use as therapeutic tools. VSV
recombinants can be recovered from DNA copies following
the transfection of expression plasmids into mammalian
cells, and foreign genes can be expressed from multiple
sites within the genome [22-26]. Recombinant VSV
genomes can accommodate at least 4.5 kb of foreign RNA
and the new genes can be expressed at high levels from at
least two additional mRNAs [26]. It is now relatively easy
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Figure 2. The vesicular stomatitis virus (VSV) replication cycle. Attachment of viral particles to the host cell is mediated by the glycoprotein of VSV. Attached particles are
engulfed by endocytosis and enter the cellular endosomal! trafficking pathway. As late endosomes are acidified, the drop in endosomal pH triggers a conformational change
in the glycoprotein that mediates fusion between the viral envelope and the endosomal membrane. The viral nucleocapsid is then able to escape into the cytoplasm and
mitiate viral replication. The viral polymerase first transcribes the individual mRNAs for each viral gene, which are then translated by host ribosomes to yield functional
viral proteins. At fater stages of infection, the viral polymerase switches from transcription to replication and synthesizes copies of the negative-sense VSV genome through
positive-strand intermediates. Finally, viral proteins and genomic RNA are assembled into complete virus particles and the virus exits the cell by budding through the

plasma membrane.

to generate novel VSV vectors expressing an antigen of
interest or bearing a particular mutation in a viral gene.

VSV as a vaccine vector

Vaccines that are based on live, attenuated VSV strains
are not only highly effective in animal models but are also
particularly attractive because they can be administered
via a mucosal route, without the need for injection [27]. For
example, a single intranasal vaccination with a live,
attenuated VSV-recombinant expressing an influenza-
virus hemagglutinin protein completely protects mice
against a lethal challenge with influenza virus [4,27].
Another VSV recombinant, expressing the measles virus
hemagglutinin, induced protective immunity in cotton
rats against a measles challenge following a single
intranasal vaccination [28]. To further attenuate VSV-
based vaccine vectors, deletion of the gene that encodes the
glycoprotein from the genome created a replication-
incompetent vector [4]. Another creative strategy for
VSV attenuation has been developed. The genes of all
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VSV strains are arranged in a specific order that favors the
expression of genes in a gradient from the nucleoprotein
gene to the large polymerase gene (Figure 2); manipulat-
ing the genome by scrambling the order of the genes has
created strains that are much less virulent than the
parental strains [2]. Because VSV has a negative-stranded
RNA genome that is unable to undergo natural recombi-
nation or reassortment, these scrambled genomes are fixed
and can only be artificially created. Initial studies in mice
established that VSV-HIV recombinants expressing the
envelope glycoprotein of HIV could induce an HIV-
neutralizing antibody. This was accomplished by boosting
with a second VSV-HIV recombinant in which the VSV
glycoprotein was substituted to avoid the neutralizing
antibody that could be generated against the glycoprotein
from the initial vector [29]. Several recombinant VSV
vaccine vectors have now been reported, including vectors
expressing antigens from HIV, influenza, hepatitis C,
respiratory syncytial and measles viruses [28,30-33]. It is
expected that interferon-inducing mutants of VSV will be
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Figure 3 Crucial regions of the multifunctional vesicular stomattis virus (VSV} matrix protein The VSV matrix gene encodes three polypeptides Translation of matrix
mRNA from the first ATG start codon yields the full-length protein matrix-1, whereas inttiation at Met33 or Met51 yields two truncated versions of the protein, matrix-2 and
matrix-3 Important amino acid residues or motifs are shown, as are associated functions or phenotypes

excellent vaccine vector platforms, because the wide range
of antiviral cytokines induced by these strains should act
as a natural adjuvant for the induction of immunity.

VSV as an oncolytic virus

In the majority of patients, tumors are either non-
responsive to interferon treatment or they develop
resistance [34]. This, and other observations, led to the
hypothesis that tumor cells could be targeted for selective
infection and destruction by a virus that was sensitive to
the antiviral properties of interferon [35]. VSV is exqui-
sitely sensitive to these antiviral properties and it was
reasoned that VSV might have specific oncolytic proper-
ties; although being able to replicate in and kill tumor
cells, it would be unable to infect normal cells. A laboratory
strain of VSV-Ind can productively infect and kill many
tumor cell lines in vitro, but growth is attenuated in
normal, primary cultured cells, a difference that is
dramatically enhanced in the presence of interferon
[16,35,36]. This natural preference of the virus for
transformed cells can also be seen in vivo, where VSV
will preferentially target and replicate in tumors
implanted in rodents [16,35-39]. The ability of VSV to
infect malignant cells because of an impairment of the
interferon response in these cells has also been demon-
strated for primary cells from patients [40].

Building a better oncolytic VSV

It is possible to modify the VSV genome and several groups
have pursued strategies to enhance the oncolytic proper-
ties of VSV. For example, the herpes-virus genes that
encode thymidine kinase [36] and cytosine deaminase {41]
have been added to the VSV genome in an attempt to
increase tumor killing and further improve the safety of
the virus by making virally infected cells sensitive to the
drug gancyclovir. An alternative method was the addition

www sciencedirect com

of a ¢cDNA encoding IL-4 to VSV [36], with the hope of
augmenting tumor killing through the stimulation of the
immune system. Both of these strategies seem to have a
positive effect on VSV-induced oncolysis in experimental
animal models without compromising the tumor specificity
of the virus.

Recently, Bergman et al. created a novel VSV vector
that was targeted specifically to cells expressing the
Her2/neu oncogene product [42]. Using this approach,
they replaced the VSV glycoprotein with a mutant Sindbis-
virus glycoprotein and the Fe-binding motif from Staphy-
lococcus aureus protein A. The virus was then coated with
monoclonal antibodies against HER2/neu and specifically
directed to infect cells overexpressing the HER2/neu
gene, including human breast cancer cells. Because the
HER2/neu gene product is crucial to the transformed state
of certain tumor cells, it is unlikely to be lost during tumor
evolution. In an interesting twist on this approach, it was
demonstrated that the expression of CD4 on the surface of
VSV could specifically target the virus to infect cells
expressing the HIV gp120 protein, raising the possibility of
eliminating chronic viral infections by using an acute viral
infection [43,44]

Because VSV can specifically kill cells that are
unresponsive to interferon, a recombinant VSV strain
that expressed the interferon-f cDNA was created, with
the belief that this virus would have attenuated growth in
normal cells but should still grow well in tumor cells [45].
Stojdl et al. have used a different strategy to exploit the
lack of interferon responsiveness of certain tumor cells,
using natural interferon-inducing VSV mutants [called
attenuated virus 1 (AV1) and AV2], which were originally
identified by the reduced plaque size on cells able to
produce and respond to interferon [46]. AV1 and AV2
produce large plaques on cells with interferon defects, such
as tumor cells. Mutations to the matrix protein render
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these viruses interferon inducing and prevent the matrix
protein from blocking nucleocytoplasmic transport and
inhibiting host-cell transcription. Wild type and mutant
strains of VSV are both able to induce the expression of the
gene encoding interferon-p but the mutant viruses fail to
block the export and translation of the interferon message
[16]. These viruses are significantly attenuated irn vivo by
the induction of interferon following infection, but are still
able to infect and kill tumor cells both in vitro and in vivo.
The induction of interferon and other antiviral genes by
these viruses generates a ‘cytokine cloud’ that protects the
host not only from the mutant virus, but also from any
wild-type virus present in the inoculums (Figure 4) [16].
This strategy for viral attenuation reduces the risk posed
by reverted or mutated viruses that might arise during
preparation of the therapeutic virus. In addition, this
strategy produces an efficacious oncolytic virus, which is
less toxic than a recombinant virus that is engineered to
express interferon, because the expression levels of
interferon can be controlled by the host. These viruses
are attenuated through a loss of function mutation that
can be only corrected in a limited number of ways, whereas
exogenous genes added to therapeutic viruses can be
inactivated by a great variety of mutations, potentially
eliminating the useful properties supplied by that gene. To
further enhance the stability of AV1 and AV2, amino acid
deletions have been engineered that should make rever-
sion to the wild-type VSV strains unlikely.

Advantages of VSV as a therapeutic virus

Many groups have suggested that RNAviruses, suchas VSV,
might prove to be superior to DNA viruses for oncolytic
applications [47], for a variety of reasons. For example, VSV
is a rapidly growing virus that can be produced to very high
titersin bioreactors or in well-characterized mammalian cell
lines. It has been estimated that one liter of culture
supernatant could yield sufficient VSV to vaccinate one
billion people [32]. This is a crucial issue in the production of
viral therapeutics. Furthermore, VSV is a relatively
innocuous virus that, even in its most virulent state, causes
mild disease in ruminants and humans. In North America,
at least, it is unlikely that humans have come into contact
with VSV and so will not have pre-existing immunity to it.
VSV replicates quickly and might be able to mediate a
significant (or even a complete) response before the patient
develops an acquired immunity to the virus (which might
limit the effectiveness of subsequent treatments). Further-
more, the interferon-inducing mutants described might
serve as adjuvants for the development of effective anti-
tumor immune responses by inducing the expression of
multiple mediators of the immune system.

Concluding remarks

Viral therapeutics have the promise of becoming biological
agents that function at the cellular level for the treatment
of human diseases. VSV has been an important basic
research tool for many years, but is now approaching entry
into the clinical realm. Because we know a great deal about
the molecular biology and epidemiology of this virus, it is
possible to engineer new strains that would function as
safe and effective vaccines or, alternatively, as killers of
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Figure 4 Induction of a cytokine cloud by attenuated vesicular stomatitis viruses
{VSVs) protects normal cells from viral infection, whereas cancer cells are ehmi-
nated (a} Infection of normal cells {depicted as pale-orange, lozenge shaped cells)
by interferon-inducing mutants of VSV (green bullets) enables these ‘sentinel cells’
{green) to respond by expressing and producing several cytokines, including type |
interferons (b) This generates a ‘cytokine cloud’ in the infected host that estab-
lishes an anti-viral state in neighboring cells, thus protecting them from infection
by VSV Many malignant cells {depicted as spiked cells, blue when uninfected,
green when VSV infected] are non-responsive to interferon and continue to remain
susceptible to infection and kilting by VSV, despite the presence of these cytokines
The cytokine cloud generated by these viruses can also protect the host from co-
administered wild-type virus, thereby reducing the risk associated with reverted
clones [16] (¢} Malhignant cells are killed as a result of the viral infection normal
cells are unharmed When used for vaccination, these vectors will induce an array
of cytokines that can act as natural adjuvants

diseased cells. However, despite all that is known about
the replication and epidemiology of natural VSV infec-
tions, a new field of research focusing on how to deliver
pharmaceutical viruses, how they interact with the host,
the effects of the immune system, the measures of efficacy
and the impact of virus shedding on the environment now
needs to be addressed. There have been several significant



advances made 1n the past five years that have moved
VSV-based therapeutics closer to reality Over the next few
years, the pre-clinical testing that 1s required to allow the
use of VSV in climical applications, for use against
infectious disease and mahgnancy, should be completed
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Summary

Ideally, an oncolytic virus will replicate preferentially in malignant cells, have the ability to treat disseminated metastases,
and ultimately be cleared by the patient. Here we present evidence that the attenuated vesicular stomatitis strains, AV1
and AV2, embody all of these traits. We uncover the mechanism by which these mutants are selectively attenuated in
interferon-responsive cells while remaining highly lytic in 80% of human tumor cell lines tested. AV1 and AV2 were tested
in a xenograft model of human ovarian cancer and in an immune competent mouse model of metastatic colon cancer.
While highly attenuated for growth in normal mice, both AV1 and AV2 effected complete and durable cures in the majority

of treated animals when delivered systemically.

Introduction

Over the last decade, a variety of replicating oncolytic viruses
have been selected or engineered to be therapeutics that exploit
genetic defects unique to tumor cells (reviewed in Bell et al.,
2002; Grometer and Wimmer, 2001; Hawkins et al., 2002; Kruyt
and Curiel, 2002; Norman et al., 2000)). One genetic defect
frequently arising during tumor evolution, 1s diminished inter-
feron (IFN) responsiveness (Bello et al., 1994; Linge et al., 1995;
Lu et al., 2000; Matin et al., 2001; Sun et al., 1998; Wong et al.,
1997). This reflects the important role that interferon-regulated
pathways play in the control of normal cell growth and apopto-
sis. Interferon 1s also a key mediator of the individual cell’s
antiviral response and thus tumor cells, which acquire mutations
allowing them to escape interferon-mediated growth control
programs, will simultaneously compromise their innate antiviral
response. We hypothesized that viruses whose replication s
inhibited by interferon should grow well in tumor but not normal
cells. We and others have found that vesicular stomatitis virus
(VSV), whose growth Is strongly inhibited by mnterferon, i1s a

potent oncolytic virus (Balachandran and Barber, 2000; Stojd|
et al.,, 2000b). In fact, while VSV infections are uniformly fatal
to nude mice (Huneycutt et al., 1993; Stoydi et al., 2000b), we
found that prophylactic interferon treatment can rescue even
immunocompromised animals while preserving virus-mediated
oncolysis. We reasoned that a virus that both induces the pro-
duction of interferon and 1s susceptible to its antiviral affects
would be a superior therapeutic. Here we describe two naturally
occurring VSV variants that possess both these properties. The
VS8V variants retain oncolytic activity in vitro and in a vanety of
in vivo models but because of their potent induction of interferon
have a vastly improved therapeutic index over their wild-type
(WT) counterpart.

Results

Attenuation of VSV in vivo is dependent upon intact
interferon signaling pathways

Two variants of VSV that produce small plaques on interferon-
responsive cells (herein referred to as AV1 and AV2) were found

SIGNIFICANCE

A key limitation to the application of viruses as cancer therapeutics is the possibility of uncontrolled virus growth in normal tissves,
potentially leading to freatment complications or disease. Here, we describe novel, oncolytic variants of vesicular stomatitis virus
(VSV) that not only have potent anti-tumor activity in vivo, but establish an anti-viral state that protects against the toxicity associated
with infection of healthy cells. Our work has uncovered the mechanism that virulent VSV strains use to defeat host antiviral defences,
furthering our understanding of early IFN signaling in response to a viral invader. These findings have directed us toward the
development of improved VSV-based oncolylic viruses and are generally applicable to a wide range of viral based therapeutics.
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Figure 1. Decreased in vivo toxicity of AV1 and AV2 s mediated by interferon

A: Human prostate carcinoma cells {(PC3) and human renal carcinomas cells {CAKI-1) were etther mock infected or infected with wild-type (WT), AV1, or
AV2 strains of VSV Culture media were assayed by ELISA to detect human [FN-a produchon 48 hr post-infection

B: Exogenous mterferon 1s required to protect MEFs from WT GFP but not from AV3 GFP Balb/C MEFs were pretreated with 0 or 30 U/ml universal type |
interferon for 16 hr and then infected with WT GFP VSV or AV3 GFP at an MOI of 0 1 Twenty-four hours later, cell viability was measured by MTS assay

C: In vivo toxicity of WT versus mutant VSV strains by route and mouse strain IN = intranasal, IV = intravenous, nd = not determined

D: AV3 induces IFN-a quicker and to a greater degree than WT VSV in vivo Groups of mice were either mock infected or infected with WT GFP or AV3
GFP, and therr serum IFN-o levels were assayed at the indicoted times post-infection.

E: Balb/C and Balb/C INFAR™/~ mice were infected mtranasally with WT VSV, AV1, or AV2 virus and monitored for morbidity

F: AV2 can protect mice against lethal WT VSV infection PKR=/~ mice were infected intranasally at vanous doses with either WT, AV2, or both and monitored
for morbidity or mortalty Values denote number of mice per group

to induce from twenty to fifty times more interferon a (IFN-a) tion only In the presence of exogenously added interferon
than WT VSV following infection of epithelial cell lines (Figure whereas MEFs (mouse embryonic fibroblasts) are refractory to
1A). Sequencing of the variants revealed that they differed from infection by the interferon inducing mutant AV3 (Figure 1B).

the wild-type strain in their M proteins with a single amino acid In animals, the role of the interferons in protecting against
substitution in the case of AV1 (M51R) and two amino acids virus infection and the mechanisms underlying their induction
(V221F and S226R) In AV2, A third variant was created to be a are more complex than in the simple tissue culture systems
mimetic of AV1 by complete deletion of methionine 51 (MA51 described above (Barchet et al., 2002; Levy, 2002). Neverthe-
or AV3) and found to have biological properties indistinguishable less, we show in the following that the AV strains are more
from AV1 and AV2. As expected (Stojdl et al., 2000b), primary potent interferon inducers and have reduced toxicity in mice
mouse embryo fibroblasts are protected against WT VSV infec- in a strictly interferon-dependent fashion. For example, mice
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infected intravenously can tolerate some 80 times more AV1
virus than WT VSV, and AV3 induced a more rapid and robust
production of interferon than WT VS8V (Figures 1C and 1D) The
cntical role that interferon signaling plays in the protection of
mice from infection by AV1 and AV2 was verified using interferon
receptor knockout ({NFAR /) animals The LDy, of AV1 and
AV2 when delivered intranasally to Balb/C ((INFAR*'*) mice was
determined to be 10,000 times greater than WT VSV delivered
by the same route (Figure 1C) Similar results were seen in CD-1
mice WT = 1 X 10% AV1 = 2 X 10® pfu). However, in the
absence of a functional interferon receptor, AV1 and AV2 were
as toxic as wild-type virus, indicating that the attenuation of AV1
and AV2 growth in vivo 1s dependent upon an intact interferon
system (Figure 1E)

The AV1 and AV2 variants protect mice

from infection by WT VSV

Mice that lack the double-stranded RNA-dependent kinase
(PKR) gene are known to be exguisitely sensitive to infection by
wild-type vesicular stomatitis virus, although PKR™ fibroblasts
can be protected by prophylactic treatment with interferon (Ba-
lachandran et al, 2000) Since AV1 and AV2 strongly induce
interferon production during the course of a natural infection,
we tested whether PKR~/~ mice would be resistant to infection
by these viruses Indeed we found that while <10 pfu of wild-
type VSV can kill PKR~ muce (Figure 1F), doses greater than
107 pfu of AV1 and AV2 were well tolerated by PKR '~ animals
More strikingly, when coinfected with AV2, the LD,y of wild-
type VSV was dramatically increased in PKR~/~ amimals Indeed,
doses 100 times greater than the LD,y for WT VSV were well
tolerated when coinfected with AV2 (Figure 1F). Given that
PKR~/~ fibroblasts can be protected from WT VSV infection
by prophylactic interferon admmistration (Balachandran et al,
2000), that the AV vanants induce interferon, and that AV vari-
ants are toxic in mice that lack a functional interferon receptor,
we believe that the protective effect of AV2 on PKR™~ mice I1s
most easily explained by the ability of these viruses to strongly
induce interferon production in the infected animal

Wild-type, AV1 and AV2 viruses trigger antiviral
responses in infected cells

We used microarray and Western biot analysis over a time-
course of virus infection to allow us to detect early signaling
events triggered by WT and AV variants that lead to the tran-
scriptional activation of antiviral genes Others have established
that an early response to virus infection 1s the phosphorylation
and activation of the latent transcription factor IRF-3 (Sato et
al, 1998b). It appears that WT, AV1 and AV2 viruses trigger
IRF-3 phosphorylation with similar kinetics (Figure 2A) Follow-
ing phosphorylation, IRF-3 assembles together with CBP/300
and, along with other transcnption factors (e.g., NFkB and
c-JUN/ATF-2), initiates the transcription of a number of antiviral
gene products (Wathelet et al, 1998) As shown in Table 1,
microarray analysis revealed that a large number of genes were
dramatically induced 3 hr post-infection with all three viruses
Many of these genes are known to be activated by virus infection
(Nakaya et al., 2001), including several that are directly regulated
following activation of the latent transcription factors IRF-3,
NFkB, and c-JUN/ATF-2 (Genin et al , 2000) We validated the
microarray data by performing RT-PCR analysis on a sampling
of gene products (Figure 2B)

In Figures 2C~2E, we present a model in which virus infection
leads to waves of transcriptional events that are sequential and
Iinterdependent For example, genes that we refer to herein as
primary response genes were induced 3-6 hr post-infection
by all three viruses (Figures 2B and 2C) On the other hand,
secondary response genes that require the production of IFN-g
protein and the autocrine activation of the JAK/STAT pathway
(Figure 2D) were differentially induced by the wild-type and
attenuated viruses (see IRF-7 in Figures 2A and 2D). As a conse-
quence of the imparred IRF-7 production in WT VSV-infected
cells, tertiary response gene products like the IFN-a transcrpts
were not induced in wild-type VSV-infected cells (Figure 2E).
These results indicate that all three viruses trigger activation of
IRF-3 and the subsequent transcription of a cohort of genes
that we call primary response genes We hypothesized that the
M protein encoded by wild-type VSV disables the host cell’s
antiviral response by disrupting subsequent activation of sec-
ondary and tertiary response genes

VSV M protein blocks the nuclear export

of interferon-g mRNA

It has been suggested that VSV M protein either blocks the
transcription of the IFN-B gene (Ahmed et al , 2003, Ferran and
Lucas_Lenard, 1997), inhibits the nuclear export of MRNAs (Her
et al, 1997, von Kobbe et al, 2000), or interferes with JAK/
STAT signaling (Terstegen et al , 2001) Our transcript profiling
studies would be consistent with either of the latter two mecha-
nisms, however, we have been unable to show any impairment
in the induction of the JAK/STAT pathway by exogenous inter-
feron in infected celis (data not shown) On the other hand,
when we used microarray or RT-PCR analysis to compare and
contrast transcripts in nuclear and cytoplasmic fractions, we
found clear differences between wild-type and attenuated virus-
infected cells (Figure 3A) Importantly, /FN- mRNA although
induced n nuclear fractions by all three viruses was not found
in the cytoplasmic pool of MRNAs in WT infected cells Further-
more, IFN-B was undetectable in culture media from cells In-
fected with WT VSV, while copious amounts of the cytokine
were produced from cells infected with either AV1 or AV2 (Figure
3B). Two additional experiments help shed light upon how WT
VSV subverts the interferon signaling pathway First, cells were
infected with either WT or AV3 VSV, and at 22 hr post-infection,
IFN-a production in tissue culture supernatant was measured
WT VSV does not induce the production of IFN-a while AV3 1s
a potent inducer (Figure 3C) The induction of IFN-a by AV3
was dependent upon prior production of IFN-B as inclusion of
neutralizing anti-IFN-B antibody to infected cultures inhibited
IFN-a production from these cells (Figure 3C) Second, we con-
structed a wild-type VSV that expresses a constitutively active
version of IRF-7 This virus has an attenuated phenotype and
induces the expression of IFN-a genes within 4 hr post-infection,
even In the presence of wild-type VSV M protein (Figure 2D)
In total, these results are consistent with the idea that wild-type
VSV triggers a primary antiviral response, but through coordi-
nate expression of viral gene products blunts secondary and
tertiary responses by blocking nuclear export of critical antiviral
mRNAs

AV1 and AV2 retain their ability to kill tumor

cells in vitro and in vivo

To assess the oncolytic properties of the attenuated VSV strains,
the NCI human tumor cell panel (60 cell nes from a spectrum
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Figure 2. The secondary transcriptional response is inhibited by WT VSV but not AV1 or AV2

A: Western biot analysis showed similar kinetics of IRF-3 activation between WT and mutant VSVs; however, ISG56 (primary response] protein expression
was severely impaired in WTinfected cells. IRF-7 protein is detected only in AV1- and AV2-infected cells. IRF-7A appears to be able fo induce the expression
of endogenous IRF-7.

B: RT-PCR data at 4 hr post-infection of A549 cells showed primary response genes RANTES and IFN-B induced to similar levels in WT and mutant VSV-
infected cells while upregulation of MX1 (secondary response} was impaired in WT infected cells.

C: Primary response to viral infection is mediated by IRF-3, cJUN/ATF-2, and NF«B {shown here forming part of the enhancesome complex at the IFN-8
promoter). Microanray data indicate primary transcriptional response genes robustly upregulated in both WT and mutant virus-infected cells. (a: ISG15 is
known to require ISGF3 for full induction). Values represent fold induction over mock infected.

D: IFN-B is then translated and secreted to stimulate, in an autocrine fashion, JAK/STAT signaling to form ISGF3 complexes in the nucleus, which mediates
the induction of genes of the secondary transcrnptional response. While cells infected with AV1 or AV2 show robust upregulation of these genes, WT infected
cells show no expression at all {A = absent).

E: Without the consequent expression of IRF-7 in cells infected with WT VSV, the tertfiary transcriptional wave, which includes almost afl IFN-a genes, cannot
take place (b: IFN-a7 is marginally detected by the aray in WT samples). In confrast, AV1- and AV2-infected cells efficiently induce the expression of IFN-a
genes.
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Table 1. Microarray analysis of the transcriptional response fo VSV infection over time

WT AV1 AV2

Hours post infection Hours post infection Hours post infection
Accession # Common name 3 6 12 3 6 12 3 , 6 12
Primary transcrniptional response
NM 000201 1 CD54 23 A A 33 30 336 27 54 568
NM 016323 1 CEB! 20 212 204 4 16 380 2793 19 736 4905
ug3981 GADD34 108 575 950 31 488 4227 55 1590 6867
NM_002176.1 IFN beta 42 103.2 488.6 3.2 154.5 1531.6 3.6 487.3 2157.9
NM 000600 1 L6 73 191 382 38 447 171 6 74 1203 2387
BE888744 1SG54 195 1731 8045 47 1410 7219 114 268 4 13578
NM_00 1548 1 ISG56 323 2859 8552 200 456 8 14117 398 7660 19921
NM_00 1549 1 1I8SG 40 76 575 2380 41 977 288 6 70 1516 4577
AF0636121 QASL 66 718 2220 34 819 388 ¢ 57 1720 7769
NM_021127 1 PMAIP1 52 221 58 6 21 173 875 43 343 169 8
NM_002852 1 PTX3 59 31 A 64 17 1140 49 299 117 6
AF332558 1 PUMA 106 A A A 387 211 6 98 778 4280
NM 002985 1 RANTES 34 601 9450 26 849 17967 41 3018 39161
AY029 1801 SUPAR 37 98 147 24 105 405 28 277 46 3
NM_006290 1 TNFAIP3 28 63 155 27 138 835 31 305 1528
Secondary transcrnptional response
NM_030641 1 APOLS A A A A 153 408 A 252 373
AF323540 1 APOLL 18 A A 10 113 257 22 107 345
84487 CX3C chemokine precursor 20 25 25 17 70 451 23 141 659
BC002666 1 GBP1 A A 42 A 359 171 6 T4 662 249 2
NM_006018 1 HM74 A A A 22 291 725 A 66 4 45 4
NM_0312121 hMRS3/4 A A A 25 42 213 A 101 183
NM 0055311 IF11é A A A 24 128 381 28 8¢ 46 2
NM_005532 1 IF127 A A 219 A 366 2810 A 510 295 4
NM 004509 1 IF141 A A A A 100 228 13 19 181
NM_0228731 IFl 6-16 09 25 22 07 70 156 11 96 157
NM_003641 1 IFITM1 19 A A 12 85 671 19 143 421
AAT749101 IFITM1 12 31 23 10 66 409 12 95 326
NM 000882 1 IL12A 16 A A A 49 137 A 65 288
M15329 1 iL1A nd A A A 83 79 4 A 270 287 6
NM_004030.1 IRF7 1.4 A A A 19.9 109.9 2.2 33.7 144.3
NM_006084 1 IRF9 A A 12 16 65 112 15 78 17 4
BC001356 1 1SG35 I A A 10 58 232 14 71 202
AF280094 1 1SG75 13 18 22 15 103 162 12 125 138
AF280094 1 1SG75 09 17 A 12 75 108 15 95 111
U 174961 LMP7 A A A A 76 153 09 100 104
NM_006417 1 MTAP44 A A 233 A 108 827 A 180 1339
NM_002462 1 MX A A A 27 6 A 481 2619 A 857 2329
ABO14515 NEDD4 BP1 A A 92 20 40 131 15 45 195
NM_002759 1 PKR 05 09 20 08 43 152 10 66 96
NM_021 1051 PLSCR1 14 17 A 22 50 249 21 49 151
NM_0179121 putative Ub igase A A 191 A 96 263 A 125 248
BF93%9675 SECTMI A A A A 207 938 A 248 339
BC004395 1 Similar to apolipoprotemn L A A A A 17 172 A 146 213
NM_0031411 SSA1 A A A 12 59 112 14 79 11
AAQ083478 STAF50 nd A nd 17 85 963 nd 167 561
NM_005419 1 STAT2 11 A A 13 30 91 " 43 91
NM_003810 1 TRAIL A A A A 224 1354 07 373 88 6
NM_020119% 1 IAP A A 19 4 09 46 799 A 14 1338
Tertiary transcrphonal response
M 123501 IFN 27 A A A nd nd 1023 nd A 101 4
NM_024013.1 IFNA1 nd A A nd 22 53.6 nd A 440
NM_002171 1 IFNA10 A A A A A 962 A A 551
NM_006900 2 IFNA13 A A A A A 1654 nd A 1521
NM_002 1721 IFNA14 A A A A A 1590 A 44 911
NM_002 1731 IFNA16 10 A 18 11 09 1399 07 33 957
M38289 1 IFNA17 A A A A A 215 A A 198
NM_002 169 1 IFNAS 10 A A 09 A 164 09 A 116
NM_021057 1 IFNA7 A A 35 A A 1050 A 34 617

Data represented as fold change compared to mock infected samples All samples are from nuclear fractions of infected cells
A = Absent {no detectable mRNA} nd = no data bold genes represent “archetypal genes  see text for explanation
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Figure 3 WT VSV inhibits IFN B8 mRNA nuclear/cytoplasmic transport and
blocks IFN a production

A IFN B mRNAs are severely depleted in cytoplasmic fractions from WT
VSV infected cells as determined by quantitative RT PCR Nuclear (N} and
cytoplasmic (C} total RNA fractions from cells infected with WT AV1 or AV2
VSV were assayed for IFN g mRNA normalized to HPRT mRNA from the same
sample * indicates no IFN B mRNA detected

B Cells Infected with either WT or mutant VSV strains were assayed by ELISA
for IFN B production AV and AV2 infected cells and not WT VSV infected
cells produce secreted IFN B

C Blocking IFN B inhibifs the production of IFN a OVCAR 4 cells were in
fected with mutant VSV In the presence of neutralizng antibody 1o IFN B
or an wrelevant antibody and subsequently assayed by ELISA for IFN « pro
ducthion

of malignancies) was challenged with either WT, AV1, or AV2
viruses and assayed for metabolic cell death 48 hr later It s
clear from Table 2A that WT VSV is able to infect and kill a wide
range of cancer cell types, and furthermore, the majonty of
cancer cell ines tested demonstrated impaired responses to
erther IFN-a or IFN-8 (Table 2B) AV1 and AV2 were as effective
at killing these interferon nonresponsive tumor cell ines as WT
VSV

We previously reported the successful treatment of subcuta-
neous xenograft tumors in nude mice with WT V8V, however,
in these experiments, exogenous interferon was required to
protect the amimals from succumbing to wviral infection Our
results with the NCI cell panel suggest that AV1 and AV2 should
efficiently kill tumor cells with Iittle toxicity in mouse models
even In the absence of interferon treatment, and therefore we
conducted an extensive analysis of the in vivo oncolytic proper-
ties of the AV variants In a first senes of experments, human
ovarian carcinoma cells were injected into the peritoneal cavity
of CD-1 nude mice and allowed to grow for 12 days Mice (14/
15) receiving UV-inactivated virus developed ascites by day 15
post-treatment In contrast, three doses of AV2 delivered into
the peritoneal cavity provided durable cures in 70% of the mice
(Figure 4A) Remarkably, while a single therapeutic dose of WT
VSV is uniformly lethal to nude mice (Stojd! et al , 2000b), none
of the animals treated with three doses of AV2 exhibited even
symptoms of virus infection

Systemic treatment in iImmune-competent

mouse models

Earler preclinical, clinical, and mathematical modeling studies
(Wein et al, 2003) predict that greatest anti-tumor efficacy is
achieved when the delivered virus 1s distnbuted diffusely
throughout the tumor (e g, through tumor vasculature) Given
that certain oncolytic viruses are rapidly inactivated in blood or
inhibited by physical barriers (lkeda et al , 2000, Wakimoto et
al , 2002, 2003, Yoon et al , 2001), we felt it was important to
determine the minimum VSV doses required to achieve effective
delivery of VSV into tumor sites For these studies, we engi-
neered a VSV strain to express GFP during productive infections
and examined subcutaneous tumors 24 hr after intravenous
virus administration Virus doses In the range of 108-10° pfu
per mouse gave optimum tumor delivery (Figure 5) In other
experiments and those shown below, we found that virus admin-
Istered in this dose range also provided maximum therapeutic
benefit to tumor-bearing animals For example, subcutaneous
tumors were established by injecting CT26 colon carcinoma
cells into the hind flank of syngeneic Balb/c mice Once tumors
became palpable (approximately 10 mm3), virus was adminis-
tered via tail vein injection Twelve days post-treatment, mice
recelving UV-inactivated VSV reached endpoint with an average
tumor size of 750 mm? In contrast, a single treatment with AV2
showed significant efficacy, delaying the time to endpoint by
almost 3-fold (34 days) Of the eight animals in this treatment
group, seven were considered partial responders while only one
mouse did not respond to the treatment (data not shown) When
multiple doses of AV1 or AV2 were given intravenously, the
efficacy of the treatments was markedly increased (Figure 4B)
With the exception of one amimal, all tumors responded to treat-
ment with AV1, with 3/6 mice showing complete tumor regres-
sion Two of these mice showed complete regressions as early
as day 8 and 9, respectively, post-infection Two of the re-
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Table 2A Mutant VSV strains are highly lyhc on members of the NCI 60 panel of cancer cell Iines

WT AV1 AV2

MO! MOI MOI
Leukemia 67% (4/6)* 013 nd 60% (3/5) 002
NSC lung carcinoma 78% (7/9) 002 60% (3/5) 0001 75% (6/8) 019
Colon carcinoma 86% (6/7) 0037 100% (5/5) 0001 100% (6/6) o017
CNS 80% (4/5) 002 50% (1/2) 06 60% (3/5) 038
Melanoma 75% (6/8) 01 100% (2/2) 015 63% (5/8) 025
Ovanan carcinoma 100% (6/6) 03 67% (2/3) 00005 60% (3/5) 014
Renal carcinoma 88% (7/8) 024 100% {3/3} 014 100% (7/7) 048
Prostate 100% (2/2) 006 100% (2/2) 0035 100% (2/2) 004
Breast 83% (5/6) 0009 75% (3/4) 0005 60% (3/5) 012
All cell ines tested 82% (47/57) 011 80% (21/2¢6) 007 75% (38/51) 020

*Percent of NC!I 60 panel cell lines by tumor type deemed highly sensiive to virus infection {) denote the number of highly susceptible cell lines out of the
number of cell ines tested Cell ine deemed highly susceptible if the ECy, = MO! of 1 following o 48 hr infection MO represents average ECy, (MOI) of

susceptible cell ines nd = not determined

mamning animals showed partial responses, delaying tumor pro-
gression by almost 2-fold compared to controls All eight AV2-
infected mice responded well to treatment with five of eight
developing durable tumor regressions In fact, no sign of tumor
regrowth was evident even 7 months post-treatment. Further-
more, these mice falled to produce tumors when rechallenged
with CT26 cells 7 months post-treatment, with no trace of de-
tectable virus, perhaps indicating that host-mediated immunity
to the tumor had developed All forms of intravenous treatment
were well tolerated by the mice, with no mortalities occurring and
minimal signs of morbidity Infected mice had mild to medium
piloerection, mild dehydration, and some transient body weight
loss following the initial treatment (Figure 4C) These symptoms
were only observed after the initial infection, and all subsequent
doses failed to elicit any signs of infection

Systemic administration of AV1 and AV2 is effective
against disseminated disease

CT-26 cells, when njected into the tail vein, seed tumors
throughout the mouse, although predominantly within the lungs.
We examined the lungs of four mice 16 days after tumor cell
injection and four days after treatment with UV-inactivated virus
(Figure 4D). These lungs were three times their normal mass
due to their tumor burden In contrast, tumor-bearing littermates
receiving a single intravenous or intranasal dose of AV2 4 days

Table 2B The majonty of cell Ines in the NCI 60 cell panel show IFN defects

Type | IFN defects

Leukemia 100% (6/6)*
NSC Lung carcinoma 71% (5/7)
Colon carcinoma 100% (7/7)
CNS 75% (3/4)
Melanoma 85% (6/7)
Ovanan carcinoma 67% (4/6}
Renal carcinoma 75% (6/8)
Prostate 100% (2/2)
Breast 60% (3/5)
All cell Ines tested 81% (42/52)

*Denotes the number of cells In each group which were unresponsive to
either IFN o or IFN B pre treatment Cell ine deem unresponsive if IFN pre
freatment was unable to significantly affect (<10 fold) the EC50 of celis
infected with WT VSV for 48 hr

prior to the time of sacrifice had lungs with normal mass and
few obwvious tumor nodules (Figure 4D) Consistent with this
result, viral gene expression could be detected within 24 hr of
a single intravenous dose of GFP-expressing AV3 in all tumor
nodules, with little or no detectable expression in normal lung
tissue (Figure 4D, inset).

Figure 4E shows the survival plots of mice seeded with lung
tumors and then treated intranasally with UV-inactivated virus,
AV1 or AV2 The mean time to death (MTD) of animals treated
with UV-inactivated virus was approximately 20 days However,
mice treated with either AV1 or AV2 were completely protected
This experiment demonstrates the remarkable ability of AV1 and
AV2 to produce durable cures in an aggressive, disseminated,
immune-competent tumor model

Discussion

A key difference between the attenuated viruses described here
and previously reported oncolytic versions of VSV is the inability
of mutant M proteins of the AV viruses to block interferon pro-
duction in infected cells VSV M s a multifunctional protein
required for several key viral functions including budding (Jaya-
kar et al , 2000), vinon assembly (Newcomb et al , 1982), cyto-
pathic effect (Blondel et al , 1990), and inhibition of host gene
expression (Lyles et al, 1996) The latter property has been
attributed to the abiity of M to block host RNA polymerase
activity (Ahmed et al., 2003, Yuan et al , 2001) or to inhibit the
nuclear transport of both proteins and mRNAs into and out of
the host nucleus (Her et al., 1997; von Kobbe et al , 2000). The
results presented here using virus infection are consistent with
blocks in nuclear transport being the major mechanism by which
wild-type VSV strains mitigate host antiviral response Qur anal-
ysis of infected cell transcnipts provided little evidence to sup-
port a role for M protein in inhibiting host cell transcrnption
but rather shows that VSV infection triggers an IRF-3-mediated
stimulation of antiviral genes followed by an M protein-mediated
block of transport of primary response transcripts from infected
cell nucler Particularly germane to this study Is the work from
Dahlberg’s group (Petersen et al , 2000) and others (von Kobbe
et al.,, 2000) that has shown, by transfection studies, that M
protein can associate with nuclear pore proteins and effect a
block iIn mRNA export possibly through an association with the
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Figure 4. AV strains are efficacious In mouse tumor models

A: AV2 s effective In freating human ovanan tumor xenografts 1 x 10¢ human ES-2 ovarian carcinoma cells were injected into the intrapentoneal cavity
of CD-1 nude mice Twelve days later, animals were treated by infrapentoneal injection every other day with etther AV2 or UV-inactivated AV2 (1 x 10°
pfu/dose, three doses total) Animals were assessed for morbidity and mortalty and euthanized following the appearance of moderate ascites formation
“n" denotes number of animals per group

B: Intfravenous freatment of subcutanenous tumors Tumors were established in the hind flank of Balb/C mice by injecting 1 x 10¢ CT26 cells. When tumors
reached approximately 10 mm? mice were freated every other day for 10 days (six doses total) with an intravenous injection of 5 x 108 pfu of the ndicated
virus Control mice received six doses of 5 x 108 pfu equivalents of UV-inactivated AV2 VSV Tumors were measured daily to calculate tumor volumes and
anmals were euthanized when tumors reached approximately 750 mm?3 Error bars denote SEM

C: Mouse weights measured dally, for each treated group, for the 3 days before treatment to day 11 post-freatment. Eror bars denote SEM

D: Treatment of disseminated lung fumors Lung tumors were established by injecting 3 x 10° CT26 cells into the tail vein of Balb/C mice On day 12, mice
were treated as follows UVAV2 IV = 1 dose infravenously (5 X 108 pfu equivalents), AV2 IV = 1 dose AV2 intravenously (5 X 10° pfu), AV2 IN = 1 dose of
AV2 intfransally {5 x 107 pfu) Four days after freatment, all mice were sacnficed and therr lungs were removed (hearts are visible for scale). Arows indicate
residual fumors Inset mice beanng CT-26 lung tumors were Infected with AV3 GFP, and the lungs were removed and visualized as indicated

E: Lung tumors were established as descnbed above On day 12, mice received 5 x 107 pfu of AVI or AV2 by infranasal instilation every other day for 2
weeks (six doses total} “n" denotes number of mice in treatment group

interferon-inducible cellular gene product Nup98. Indeed others
have suggested that overexpression of Nup98 following inter-
feron treatment may be sufficient to overcome an M-induced
block of mMRNA export. Interestingly, when we compared tran-
script levels in nuclear and cytoplasmic fractions following virus
Infection, we detected that nuclear export defects were more
pronounced on some transcripts than others (D.F.S. and J.C.B.,
data not shown), which may reflect that the M-induced block
may be specific for a subset of transcripts. It Is interesting to

note that in yeast, specific mRNA export factors (Yral and
Mex67) have been shown to be responsible for the transport
of different groups of transcripts (Hieronymus and Silver, 2003).
Yral exports transcripts depending upon therr rate of transcrip-
tion whereas the Mex67 export protein does not discriminate
on this basis (Hieronymus and Silver, 2003). Perhaps M protein
In conjunction with Nup98 is targeting a specific set of proteins
involved in the regulation of export of a subset of nuclear tran-
scripts.
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Figure 5 Threshold dose required for systemic delivery to subcutaneous tumors

Balb/C mice bearing CT26 subcutaneous tumors were treated with AV3 GFP intravenously at the indicated dose At 24 hr tumors were examined for
fluorescence under a dissecting microscope Tumors are shown in black and white overlayed with flucrescent image

It appears that host cell antiviral programs are initiated by
activation of the latent transcription factors NFkB, c-JUN/ATF2,
and IRF-3 Upon viral entry into the host cell, the transcription
factors ¢c-JUN and IRF-3 are phosphorylated by JNK and a
recently identified virally activated kinase (Sharma et al., 2003),
while NFkB Is released from its inhibitor IkB through the action
of upstream IKK(s) (DiDonato et al., 1997). The activated tran-
scription factors translocate to the nucleus and coordinately
form an enhancesome complex at the /FN-B promoter, leading
to IFN-$ induction (Wathelet et al , 1998). Here we refer to this
as the primary transcriptional response to virus infection. We
and others (Levy, 2002, Sato et al., 1998a) postulate that a
secondary transcriptional wave (or positive feedback loop; Levy,
2002) 1s tnggered by the IFN-B-dependent induction of a variety
of interferon-stimulated genes. The data presented here with
wild-type M protein help to delineate the distinction between
these primary and secondary transcriptional events as well as
identify several novel viral response genes (GADD34, PUMA).
Following infection with viruses harboring mutant M proteins,
it becomes clear that autocrine stimulation of the JAK/STAT
signaling pathway by IFN- leads to the production of secondary
response genes ke /RF-7, which in turn are critical for the
tertiary induction of IFN-a genes (Morin et al., 2002) Indeed the
M protein block of secondary and tertiary transcripts can be
overcome by expressing a constitutively active version of IRF-7
(from a viral promoter) even in the presence of wild-type M
protein. While our cell culture studies clearly dekineate the role
of VSV M in blunting the positive feedback loop that is depen-
dent upon production of IFN-B and a functional interferon recep-
tor, WT VSV infection still 1s capable of inducing interferon in
intact animals (albeit more slowly and to lower levels). Others
have shown that in virus-infected animals, an IFN-B-independent,
systemic induction of interferon can occur In certain dendritic
cell subsets; however, 1t 1s the local /FN-B-dependent produc-
tron of interferon that is critical in determining the magnitude and
ultimate success of an interferon-mediated antiviral response
(Barchet et al., 2002) We show that the amount of interferon
and the timing of its production in WT VSV-infected animals are

not sufficient to protect against lethal infections The resuits
presented here and elsewhere (Barchet et al , 2002) are consis-
tent with the 1dea that the rapid and robust local stimulation of
interferon by AV strains in mice successfully attenuates virus
replication in normal tissues (even of WT VSV, see Figure 1F).
Our data indicates that defects in interferon signaling frequently
occur dunng tumor evolution, with a majority of the cell lines in
the NCI panel having an impaired response. Accumulating data
have indicated that interferon 1s a multifunctional cytokine that
can coordinately regulate cell growth, apoptosis, and antiviral
pathways Perhaps during tumor evolution, the selection for
relentless growth and loss of apoptosts outstrips the occasional
need for antiviral activity.

Kirn and colleagues argue that several factors are important
In tumor kilhng by oncolytic virus therapeutics, including the
effective delivery to multiple sites within the tumor, evasion of
acquired and innate immunity, and rapid virus growth and
spread (Wein et al., 2003) We have found that intravenous
administration of VSV is an effective means of delivering virus
to multiple sites within the tumor, and because of its broad
tissue tropism and short replicative cycle, VSV can rapidly grow
and spread within the tumor. These same traits, however, can
be a lethal combmnation If virus growth in normal tissues Is
unchecked (Figures 1B and 1C). The attenuated viruses de-
scribed here provide the best of both worlds; they grow rapidly
In a broad spectrum of tumor celis but, because of their ability
to trigger antiviral responses in normal cells, may be exception-
ally safe to the treated animal.

One concern about the use of oncolytic virus therapeutics
1S the idea that a virulent strain could anise during virus propaga-
tion In a tumor. It 1s of interest to note, however, that it has
proven impossible to date to select for VSV vanants that are
resistant to the antiviral effects of interferon (Novellaet al., 1996),
and we have shown that IFN-inducing mutants protect the host
against infection with WT VSV (Figure 1F) Others have found
that M mutations of the type described here cannot be comple-
mented by mutations in other parts of M or other VSV genes
(Coulon et al, 1990) In other words, only true revertants that
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Mutant can't block cytokine production

WT blocks IFN response by blocking frominfected cell

cytokine production from the infected cell P

Virus spreads and kills surrounding cells \

"Cytokine Cloud”
protects sumounding cells
from either WT or mutant VSV

Figure 6 Mode! depicting how mutant VSV strains protect agamst virus
spread

A WT VSV blocks IFN production from infected cells Uninfected cells are
not protected from virus spread

B VSV strains defective in blocking nuclear/cytoplasmic mRNA export po
tently nduce a cytokine cloud of antiviral cytokines (e g IFNs) protecting
netghbonng cells from virus spread

convert arginine 51 back to methionine 51 can restore mutant
M back to the wild-type phenotype One of the viruses we
have used in this work 1s a complete deletion of methionine 51,
making the possibility of reversion to wild-type, even following
several rounds of replication, remote We speculate that in any
population of interferon-responsive viruses where the majonty
of particles are potent inducers of interferon, it 1s unlikely that
a wild-type variant could rise to dominance. The resulting “cyto-
kine cloud” produced by infection with the IFN-inducing virus
would protect the normal tissues of the host from the more
virulent WT strain (Figure 6) Tumor killing would, however, be
unaffected, as we have shown the majority of malignancies to
be defective in responding to such a “cytokine cloud.” We sug-
gest that oncolytic viruses that trigger but do not disable antiviral
responses will have a significantly improved therapeutic index
over viruses that lack this property

Experimental procedures

Viruses

The Indiana serotype of VSV was used throughout this study and was propa-
gated n Vero cells T1026R (Desforges et al , 2001) and TP3 (Desforges et
al, 2001), herein referred to as AV1 and AV2, respectively, were shown in
this study and elsewhere to be IFN-inducing mutants of the HR stran of
wild-type VSV Indiana (Francoeur et al, 1987) WT GFP and AV3 GFP are
recombinant viruses rescued from plasmids described below The rescue
procedure has been descnbed in detall elsewhere (Lawson et al  1995)

Constructs and wviral rescue
Creation of the constitutively active IRF-7A (IRF-7A 247-467) has been
previously described elsewhere (Lin et al, 2000) IRF-7A 247-467 was
amplified by PCR using a forward prnimer to the Flag epitope with an additional
5 VSV cap signal and an Xho1 linker (ATCGCTCGAGAACAGATGACTA
CAAAGACGATGACGACAAG), together with a specific IRF-7 reverse prnimer
containing a VSV poly A signal and an Nhe1 linker (ATCGGCTAGCAGTTTTT
TTCAGGGATCCAGCTCTAGGTGG GCTGC) The PCR fragment was then
cloned into the Xhol and Nhel sites of the rVSV replicon vector pVSV-XN2
(provided by John Rose) Recovery of rVSV has been previously descnbed
(Lawson et al , 1995)

AV3 GFP I1s a recombinant virus with a deletion of methtonine 51 1n the
M protemn, as well as an extra cistron-encoding green fluorescent protein
(GFP) inserted between the G and L sequences Using T4 RNA ligase, an
oligonucleotide containing a consensus T7 polymerase sequence was Ii-

gated to the single-stranded RNA genome of the HR strain of VSV Reverse
transcription coupled PCR was used to clone the entire genome as fragments
into the pBluescript Il SK+ vector (Stratgene) The PCR prnimers were de-
signed in such a manner as to introduce unique restriction endonuclease
sites between each of the five viral cistrons Ligation of these fragments
resulted in the construction of a full-length positive sense copy of the HR
VSV genome with a2 T7 promoter sequence at the 5 end of this anti-genome
Two overlapping oligonucleotides were synthesized to correspond to the
hepatttis delta virus ribozyme sequence such that an Xhol site was introduced
at the 3’ terminus of the nbozyme to facilitate further cloning These oligos
were annealed and extended using Klenow to form a blunt-ended double-
stranded DNA fragment A 300 bp fragment from the 3 terminus of the anti-
genome was PCR ampfified and blunt end cioned to the nbozyme fragment
This fragment was subsequently cloned into the full-length genome construct
described above via an internal Aflll site inthe 3 terminus of the viral genome,
and the Xhol site engineered into the nbozyme fragment Finally, the T7
terminator sequence was cloned into this vector using the flanking Xhol and
BssHIl sites This plasmid was designated pDSV1 To generate AV3VSV,
we removed a Xhol/Kpnl fragment spanning a region from within the P gene
to within the G gene of pDSV1, replacing a similar fragment from within
pXN, yielding the plasmid pXNDG This facilitated the exchange of the M
cistron from pXNDG, with one previously mutated by deleting the codon
for methinonine at position 51 in the amino acid sequence using directed
mutagenesis (Quickchange XL, Stratgene) Subsequently, the GFP coding
sequence was removed from pEGFP (Clontech) by digesting with Xhol and
Xbal and ligated into Xhol and Nhel sites downstream of the additional stop/
start sequence In the pXNDG vector

WT GFP VSV was constructed by inserting the coding region of GFP
from pEGFP (Clontech) between the Xhol and Nhel sites in the pXN vector
(provided by John Rose)

IFN ELISA
Interferon-a levels were measured using a Human Interferon-Aipha ELISA
kit (PBL Bromedical) per manufacturer s directions Various cell lines were
infected with either WT VSV or AV1 or AV2 VSVs at an MOI of 10 One
hundred microlters of culture medium was collected at 48 hr post-infection
and incubated 1n a 96-well microtiter plate along with standards supplied
by manufacturer IFN-B production was measured at 10 hr post-infection
using a human IFN-B detection kit (TFB INC, Tokyo, Japan) Samples were
processed as per manufacturer’s instructions and then read on a DYNEX
plate reader at primary wavelength of 450 nm with a reference wavelength
of 630 nm

A varniation of the above assay was used to determine the impact of
IFN-B on IFN-a production Briefly, 24-well plates of OVCAR-4 cells were
either mock infected or infected with WT GFP VSV or AV3 GFP VSV at an
MO of 5 for 30 min These wells were then washed with PBS and fed with
OptMEM (Invitrogen) or OptIMEM supplemented with various concentra-
tions of antibody as indicated To neutralize IFN-B in the media, an anti-
IFN-B antibody was used (AHC4024, Biosource International), and as a
nonspecific control, an anti-HA antibody was used (sc-805, Santa Cruz)
Twenty-two hours post-infection, 100 pl of media from each well was as-
sayed for IFN-a production using a Human IFN-o. ELISA (PBL Bitomedical)
kit as described

Mouse serum IFN-a levels were assayed using a mouse Interferon-
Alpha ELISA kit (PBL Biomedical) Balb/C females (10 weeks old, Charles
River) were injected intravenously with either PBS or 1 X 108 pfu of WT GFP
or AV3 GFP diluted in PBS At the indicated times post-infection, blood was
collected from the saphenous vein of each mouse into hepannized tubes
and centrifuged to obtain serum For each sample, 5 ul of serum was diluted
In 95 pl of PBS and assayed as per manufacturer’s instructions

Determination of in vivo toxicity of VSV mutant viruses
Eight- to ten-week-old female mice (strains as \ndicated, Charles River) were
divided into groups of five and infected with dilutions of virus from 1 x 10
pfuto 1 X 102 pfu by the indicated route Amimals were monitored for weight
loss, dehydration, piloerection, huddliing behavior, respiratory distress, and
hind imb paralysis Mice showing moderate to severe morbidity were eu-
thamzed as per good laboratory practices prescribed by the CCAS Lethal
dose 50 values were calculated by the Karber-Spearman method
Four-week-old Balb/C mice or Balb/C interferon-a receptor knockout
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mice (IFNAR™") (Steinhoff et al , 1995) were infected intranasally with 10*
pfu of either WT VSV, AV1, or AV2. Mice were monitored for signs of morbidity
and were euthanized upon signs of severe respiratory distress

Determination of in vivo toxicity of mixed samples

of WT and mutant VSV strains

Groups of three mice were infected by intranasal instillation with either WT,
AV2, or mixtures of these strains as indicated Mice were monitored for
signs of morbidity and were euthanized upon signs of severe respiratory
distress or hind imb paralysis.

MTS assay

In each expenment, the test cell line was seeded into 96-well plates at 3 X
10* cells/well In growth medium (DMEM-F12-HAM + 10% FBS; Invitrogen)
Following overnight incubation (37°C, 5% CO,), media were removed by
aspiration and to each well was added 20 ! of virus-containing media
{(a-MEM, no serum) ranging in 10-fold increments from 3 X 10° pfu/well to
3 pfu/well or negative control media containing no virus. Each virus dose
tested was done in replicates of six. After a 60 min incubation to allow virus
attachment, 80 pl of growth medium was added to each well, and the plates
were incubated for another 48 hr. Cell viability was measured using the
CellTitre 96 AQueous MTS reagent (Promega).

To assay for IFN defects, cell lines were pretreated with either 5 units/ml
of IFN-a (Schering) or IFN-B (PBL Bromedical) for 12 hr and then challenged
with a range of doses of WT VSV as described above. A standard MTS
assay was performed and the results compared from nonpretreated cells.

Microarray

OVCARA4 cells erither mock treated or infected with WT and AV strains were
harvested in PBS, pelleted, and resuspended in 250 pl of resuspension
buffer (10 mM Tnis [pH 7.4], 15 mM NaCl, 12.5 mM MgCl,). Six hundred
microliters of Lysis buffer (25 mM Tris [pH 7.4], 15 mM Nacl, 12 5 mM MgCl,
5% sucrose, and 1% NP-40) was added and the lysates were incubated at
4°C for 10 min with occasional vortexing. Nuclel were collected by centnfuga-
tion at 1000 X g for 3 min. The supernatant (cytoplasmic fraction) was
collected and frozen at —80°C while the pellet (nuclear fraction) was washed
once with 250 pl of lysis buffer and frozen. Total RNA was isolated from
both nuclear and cytoplasmic fractions using the Qitagen RNeasy kit (as
per manufacturer’s instructions; Quagen) followed by LICI precipitation to
concentrate each sample Twenty micrograms of each RNA sample was
processed according to manufacturer’s standard protocol (Affymetrix) and
hybridized to an Affymetrnix HGA133u A chip. Each chip was scaled to 1500,
normalized to the 100 normalization control genes present on each chip,
then all nuclear samples were normalized to the mock nuclear sample on a
per gene basis, while the cytoplasmic fractions were normalized to the
corresponding mock cytoplasmic sample Data were analyzed using Gene-
spring software (SiliconGenetics).

Western blotting

OVCAR4 cells were grown in RPMI (Wisent) supplemented with 10% fetal
bovine serum (Wisent). 1 X 107 cells were plated in 10 cm dishes the day
prior to infection. For infection, the media were removed and replaced with
RPMI alone prior to the addition of 5 X 107 pfu per VSV wviral strain. One
hour after virus addition, media were removed and replaced with RPMI
supplemented with 10% FBS for the remaining duration of the experiment
Cells were lysed in standard NP-40 lysis buffer, and 75 g of whole-cell
extract was run on SDS-polyacrylamide gel and blotted with the following
antibodies as indicated: IRF-7 (sc-9083; Santa Cruz), IRF-3 (sc-9082, Santa
Cruz), ISG56 (a gift from Ganes Sen), VSV-N (polyclonal directed against
the full-length Indiana N protein), and Actin (sc-8432; Santa Cruz)

Quantitative PCR of Interferon-p mRNA

Nuclear and cytoptasmic total RNA from infected or mock-infected OVCAR4
cells was isolated as per manufacturer’s instruction (RNeasy; Qiagen). Four
micrograms of total RNA was DNase treated and reverse transcribed. Quanti-
tative PCR was performed n triplicate to amplify IFN-B and HPRT targets
from each using Roche Lightcycler technology (Roche Diagnostics). Cross-
Ing points were converted to absolute quantities based on standard curves
generated for each target amplicon. IFN-B signal was subsequently normal-
1zed to HPRT as HPRT levels are unchanged during the course of these

infections (data not shown) Primers used to amplify IFN-B were sense
5'-TTGTGCTTCTCCACTACAGC-3’, antisense 5'-CTGTAAGTCTGTTAAT
GAAG-3' and HPRT primers were sense 5'-TGACACTGGCAAAACAA
TGCA-3’, antisense 5'-GGTCCTTTTCACCAGCAAGCT-3'.

RT-PCR of interferon-a and interferon-stimulated genes

A549 cells cultured in F12K medium supplemented with 10% FBS were
infected with WT or AV strains (MOl 10) RNA was extracted 4 hr post-
infection using Tnzol (invitrogen) according to the manufacturer’s instruc-
tions. One microgram of RNA was reverse transcribed with Oligo dT primers
and 5% of RT was used as template in a Tag PCR. Primers used were as
follows. Mx forward primer 5'-TTTGTTGTTTCCGAAGTGGAC-3’ and reverse
prnmer 5'-TTTCTTCAGTTTCAGCACCAG-3’; VSV N forward pnmer
5'-ATGTCTGTTACAGTCAAGAGAATC-3’ and reverse primer 5'-TCATTTGT
CAAATTCTGACTTAGCATA-3', RANTES forward primer 5'-TACACCAGTG
GCAAGTGCTCCAACCCAG-3’' and reverse primer 5'-GTCTCGAACTCCT
GACCTCAAGTGATCC-3', B-actin forward primer 5'-ACAATGAGCTGC
TGGTGGCT-3' and reverse primer 5'-GATGGGCACAGTGTGGGTGA-3’

Ovarian xenograft cancer model in athymic mice

Approximately 1 X 10° ES-2 human ovanan carcinoma cells were injected
into the pentoneal cawity of CD-1 athymic mice (Charles River). Ascites
development 1s generally observed by day 15 after cell injection On days
12, 14, and 16, mice were treated with 1 X 10° AV2 virus or 1 X 10° pfu
equivalent of UV-inactivated AV2 VSV by intraperitoneal injection. Mice were
monitored for morbidity and euthanized upon development of ascites.

Subcutaneous tumor model

To establish subcutaneous tumors, 8- to 10-week-old Balb/C female mice
(Charles River) were shaved on the nght flank and injected with 1 x 108
CT26 colon carcinoma cells (Kashtan et al , 1992) syngeneic for Balb/C mice.
These tumors were allowed to develop until they reached approximately 10
mm?, at which time virus treatments were initiated. Groups of animals re-
cewved 1 of 6 doses of the indicated virus every other day for 2 weeks. Each
dose of 5 X 10® pfu was administered by tail vein infection. Tumors were
measured daily and volumes calculated using the formula 1/2(L*W*H). Mice
were weighed daily and monitored for weight loss, dehydration, pitoerection,
huddhng behavior, respiratory distress, and hind mb paralysis. Antmals
were euthanized when their tumor burden reached end point (750 mmd)

Lung model

Lung tumors were established in 8- to 10-week-old female Balb/C mice
(Charles River) by tail vein injection of 3 X 10° CT26 cells (Specht et al.,
1997). On days 10, 12, 14, 17, 19, and 21, groups of mice received 5 X 107
pfu of the indicated virus by intranasal instillation as described elsewhere
(Stojd! et al, 2000a). Mice were weighed daily and monitored for weight
loss, dehydration, piloerection, huddling behavior, respiratory distress, and
hind limb paralysis Animals were euthanized at the onset of respiratory
distress and their lungs examined to confirm tumor development.

Visualization of GFP-expressing VSV strains in vivo

Female Balb/c mice (Charles River) were injected with 3 x 10° CT26 cells
via the vein to initiate pulmonary metastases. On day 17, mice were injected
intravenously with 25 X 10® pfu AV3 GFP VSV. Hind imb tumors were
seeded by subcutaneous njection with 3 X 10° CT26 cells. When tumors
reached a volume of approximately 400 mm?, mice were injected intrave-
nously with 2.5 X 10® pfu of AV3 GFP VSV At the indicated times, mice
were euthanized and tumors examined using a Leica MZFLIII microscope
with a standard GFP filter set. Pictures were captured with a Nikon Coolpix
100 camera. Overlayed images were generated using Adobe Photoshop 7.0.
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