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ABSTRACT

ERIC LAWRENCE HASTIE. Understanding and overcoming limitations of vesicular
stomatitis virus as an oncolytic agent against pancreatic ductal adenocarcinoma (Under
the direction of DR. VALERY Z. GRDZELISHVILI)

Vesicular stomatitis virus (VSV) is a prototypic nonsegmented negative-
strand RNA virus. Lack of preexisting immunity against VSV, inherent oncotropism, and
genetic malleability make VSV a widely used platform for vaccine, oncolytic, and gene
therapy vectors. VSV proteins and host cellular proteins both determine VSV success as
an oncolytic therapy. This dissertation focuses on two host proteins in pancreatic ductal
adenocarcinoma (PDAC) that may affect VSV oncolytic efficacy: human Mucin 1
(MUCT1) and tumor suppressor TP53 (p53). As MUCI is known to inhibit other viruses,
we tested VSV against murine PDAC cell lines expressing human MUC1 or MUC1-null,
and found that VSV demonstrates significant oncolytic ability independent of MUC1
expression status in vitro and in vivo. Importantly, we tested VSV against murine PDAC
xenografts for the first time in immunocompetent mice. /n vivo VSV treatment resulted in
significant reduction of tumor growth for tested mouse PDAC xenografts (+MUCI or
MUCI null), although the antitumor effect was transient. The antitumor effect was
further improved when the virus was combined with the chemotherapeutic drug
gemcitabine. Another approach to improve oncolytic therapy is to engineer VSV to
express anticancer genes. We generated rVSV encoding a chimeric human p53 that
evades inhibition by cellular dominant-negative mutant p53 and confirmed that virus-
encoded p53 is functional in cancer cells. As p53 is known to enhance antiviral responses

in nonmalignant cells, it was important to determine if the transgene would attenuate
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VSV in PDAC:s. Surprisingly, our analysis of global gene expression in infected PDAC
cells suggests that the p53 transgene inhibits, rather than attenuates, antiviral responses in
cancer cells thereby making the virus a viable option for therapeutic use. In agreement

with this, the oncolytic efficacy of VSV expressing p53 against 11 human PDAC cell

lines in vitro was not attenuated compared to the parental strain in all cell lines.
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Viruses are commonly thought of as intracellular parasites that hijack host cell
machinery to facilitate replication with resulting infections that cause such diseases as
the common cold, AIDS, or lead to cancer. However, some viruses can also be used as
therapeutic agents for various vaccines, gene therapy, and more recently, cancer therapy
applications. Oncolytic virus (OV) therapy is an emerging approach that utilizes viruses
to preferentially infect and kill cancer cells, while not harming non-malignant, normal
cells. Scientists have observed tumor regression after virus infection since 1893 (1), yet
most research in the field has occurred in the last 15 years, when almost every major
group of animal virus has been tested for OV potential. Impressive preclinical successes
have been reported (2).

This work focuses on using VSV as an OV. Numerous preclinical studies
demonstrated the effectiveness of VSV against various malignancies (51) and a VSV
recombinant encoding the interferon (IFN)-f gene is currently in a phase I clinical trial
against hepatocellular carcinoma (trial NCT01628640). In the last 10 years, a great
number of recombinant VSVs (rVSVs) have been generated via reverse genetics, with
the goal of generating more potent OVs that work synergistically with host immunity
and/or other therapies to reduce or eliminate tumor burden (51). The aim of this

dissertation is to improve efficacy of VSV as an OV against pancreatic ductal



adenocarcinoma (PDAC). Given that host proteins can play a role in influencing the
VSV life cycle, it is critical to understand the biology of VSV (section 1.2) before
focusing on host proteins that may influence the therapeutic efficacy of VSV. In an
effort to focus this dissertation on VSV as an OV, this section is mainly focused on
VSV biology relevant to its OV potential. Section 1.3 is focused on VSV as an
oncolytic agent against various cancers by providing generalities about the virus
tropism for cancer and oncolytic action of VSV. Finally, section 1.4 discusses VSV
specifically in the context of PDAC by focusing on two host proteins examined in this
dissertation: MUC1 and p53. This section highlights the importance of MUCI as a
potential inhibitor of VSV therapy against PDAC as well as how virus-based delivery of
exogenous p53 may be a useful tool to enhance VSV therapy.
1.2 VSV Biology

VSV is a prototypic, non-segmented negative sense RNA virus (order
Mononegavirales, family Rhabdoviridae) and one of the best-studied animal viruses.
Two major wild type (WT) VSV serotypes, Indiana (VSV-IN) and New Jersey (VSV-
NJ), are endemic to much of Central and South America and parts of the USA (3).
Natural hosts include horses, cattle, pigs and a range of other mammals and their insect
vectors. Among livestock, WT VSV outbreaks occur seasonally and most infections are
non-lethal, manifesting as fever and blister-like lesions of the oral cavity, feet, and teats
(4, 5). Five genes are encoded by the 11-kb VSV genome: nucleocapsid protein (N),
phosphoprotein (P), matrix protein (M), glycoprotein (G), and large polymerase (L) that
assemble as an enveloped, bullet-shaped virion measuring 185 nm x 75 nm (6). Below

are the detailed steps of the VSV life cycle: entry, replication, and exit (Figures 1 - 2).



Biology of VSV: Entry

The VSV G protein is the main viral determinant of entry (7), and is involved in two
of the initial steps of the infectious process: virus attachment to the host cell surface and
viral-induced pH-dependent endosomal membrane fusion. VSV G enables infection of
most, if not all, human cell types, and of organisms as distant as zebrafish and
Drosophila (8-10). Currently, low density lipoprotein receptor (LDLR) and its family
members have been proposed to be the cell surface receptors for VSV (11). The study
suggests that LDLR serves as the major receptor for VSV entry in human and mouse
cells, whereas LDLR family members serve as alternative receptors. The widespread

expression of LDLR family members would account for the pantropism (wide tropism)

of VSV.
ol
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Figure 1: Structure and genome of wild type VSV. VSV is a prototypic, non-segmented
negative sense RNA genome that encodes 5 genes: N, P, M, G, L that assemble as an
enveloped, bullet-shaped virion. This illustration was created by Eric Hastie.



After binding to the cell surface, VSV particles enter the cell through endocytosis,
in a clathrin-based, dynamin-2-dependent manner (12). The virus can enter either
through a preformed clathrin-coated pit (CCP) or by de novo induction of pit formation
(13). Interestingly, because VSV is significantly larger than the dimensions of a typical
clathrin-coated vesicle, the vesicles used by the virus for entry are only partially
clathrin-coated, and require actin polymerization for efficient uptake (14).

Following internalization membrane fusion occurs rapidly in early endosomes
(13). It has long been assumed that the viral envelope fuses directly to the limiting
endosomal membrane, but it has also been suggested that VSV G targets the membrane
of intraendosomal vesicles first (15). The authors propose a two-step process, with the
initial fusion event occurring with internal vesicles followed by release of the viral NC
into the cytosol by back-fusion of the internal vesicle with the limiting membrane of
late endosomes. This alternative mechanism is supported by in vitro experiments
demonstrating that the presence of lipid bis(monoacylglycero)phosphate on the
endosomal internal vesicles selectively promotes VSV G-mediated membrane fusion
(16). The authors concluded the two-step model remains controversial but that
differential composition of endosomal domains across cell types may allow the virus to
either fuse directly from the early endosome or enter via back-fusion in late endosomes.

Biology of VSV: Replication

The ability of VSV to enter a cell does not guarantee successful virus
replication. Permissive cells must provide an optimal environment (including host
factors) for viral genome transcription, replication, and viral messenger RNA (mRNA)

translation. Importantly, VSV also needs to evade the host cell innate antiviral



responses.

Following release from the endosome, the VSV ribonucleoprotein (RNP)
complex, composed of the VSV nucleocapsid and associated VSV L and P proteins, is
released into the cytoplasm. VSV L protein, a multifunctional RNA dependent RNA
polymerase (RdRp), forms a complex with VSV P, a multifunctional polymerase co-
factor, to begin primary transcription of viral mRNAs (17, 18). Viral transcripts are
synthesized, capped, methylated, and polyadenylated by the L protein (19-28). VSV
mRNAs are virtually indistinguishable from host mRNAs and are translated by host cell
ribosomes (30-33). Unlike viral mRNA synthesis, VSV genome replication requires N
protein, which is used to encapsidate newly produced antigenomic or genomic RNA but
also is a component of the polymerase complex specifically involved in genome
replication rather than mRNA synthesis (34-36). While transcription of viral mRNAs
appears to occur throughout the cytoplasm, there is evidence to suggest that genome
replication occurs in cytoplasmic inclusions. It remains unclear if these are virus
developed inclusions or stress granules induced by cellular response to infection (37,
38). At this step in the life cycle, primary transcription still occurs, but it appears that
mRNA transcripts are transported away from the inclusion sites in a microtubule
dependent manner (38).

As with other RNA viruses, the VSV polymerase lacks proofreading activities
and makes an error every 10° to 10* nucleotides (39-41). This generates genetically
differing viruses, so called quasi-species, which makes VSV extremely adaptable to
changing environments. The broad tropism of VSV suggests viral proteins may be

responsible for the bulk of enzymatic activity required for viral gene transcription and
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Figure 2: Life cycle of VSV. Host and viral proteins are involved (positively or
negatively) in VSV infection and replication. Different viral and host proteins are
involved in VSV attachment, entry, replication, assembly, or release. Proteins known to
be involved in the VSV life cycle are shown at each step: green indicates viral or host
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genome replication, or that conserved host proteins assist virus replication. Importantly,
the success of VSV replication and spread can be influenced by the formation of
defective interfering (DI) particles. DIs arise as a result of one or more RNA
recombination events at a variety of viral genomic sites (42, 43). These truncated
genomes can still be encapsidated and form virus-like particles. Although these particles
cannot sustain an infection by themselves, they are able to replicate in cells coinfected
with a helper VSV, resulting in substantial reductions in virus titer (42).
Biology of VSV: Exit/Release

Even if a cell provides a hospitable environment for virus infection and
replication, there is no guarantee that progeny virions will be produced or that produced
virions will be highly infectious. VSV virions acquire an envelope by budding through
sites in the host plasma membrane enriched in VSV G protein (44). Viral RNPs are
transported to the site of budding in a microtubule dependent manner (3, 38, 45).
Association of the RNP with VSV M results in RNP condensation and facilitates
budding (44). VSV budding depends on the interactions of M protein with host factors
(3). The N terminus of VSV M interacts with dynamins 1 and 2 (46, 47) and is thought
to affect endocytic vesicle trafficking as blocking the M-dynamin interaction inhibited
budding and resulted in accumulation of nucleocapsids at the plasma membrane (47).
Additionally, ubiquitination of M also appears to be required, possibly for recruitment
of host factors, as a decrease in availability of cytoplasmic ubiquitin reduces VSV titers
(48). As a consequence of budding through the cellular plasma membrane, in addition
to all five VSV proteins, host factors from the cytoplasm and plasma membrane can be

incorporated into progeny virions. Our proteomic analysis using mass spectrometry



showed a large number of host proteins associated with virions of VSV, and this profile
was dependent on the cell type (BHK-21, A549, or 4T-1) used to generate virions (49,
50). Virions purified from these cell lines also differed by more than an order of
magnitude in the number of infectious particles per pg of total protein, suggesting
properties of the host cell may influence the infectivity of the resulting virions.
1.3 VSV as an Oncolytic Agent Against Cancer

OV therapy is an emerging anti-cancer approach that utilizes viruses to
preferentially infect and kill cancer cells and impressive preclinical successes have been
reported (2). As a result, the adenovirus H101 was approved for clinical use in China in
2006 (52), and three other OVs based on VV, herpes simplex virus (HSV) and reovirus
are currently in late-phase clinical trials and could soon be approved in the USA (2).

This work focuses on using VSV as an OV (Figure 3). Compared with
other OVs, VSV is advantageous due to a combination of several factors, including its
well-studied biology, relative independence of a specific receptor or cell cycle phase,
ability to infect a wide range of laboratory cell lines and to produce very high virus
yields, cytoplasmic replication without risk of host-cell transformation, a small, easily
manipulated genome, and lack of pre-existing immunity in humans. Regarding
oncolytic therapy, VSV preferentially infects and kills cancer cells while leaving
nonmalignant “normal” cells unharmed. Numerous preclinical studies demonstrated the
effectiveness of VSV against various malignancies (51) and a VSV recombinant
encoding the interferon (IFN)-P gene is currently in a phase I clinical trial against
hepatocellular carcinoma (trial NCT01628640). In the last 10 years, a great number of

recombinant VSVs (rVSVs) have been generated via reverse genetics, with the goal of
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Figure 3: Scheme of VSV-based OV therapy. (a) Reverse genetics allows generation of
a recombinant VSV encoding a foreign gene of interest between the VSV G and L
genes. The asterisk above M indicates M protein mutation(s) resulting in VSV
attenuation in normal cells. Plasmids encoding VSV replication machinery and the
modified genome are co-transfected into a cell line, and complete virions are produced
and amplified using good manufacturing practices. (b) For evaluation of oncolytic
efficacy, VSV can be administered directly, via cell-based delivery, or in combination
with other treatments (chemotherapy, radiotherapy or other OVs). (¢) In infected cells,
VSV recombinants may express a foreign gene that facilitates killing of the adjacent
uninfected cancer cells (e.g. suicide-gene approach or immunostimulation). Innate
antiviral responses and other mechanisms prevent cell death in normal cells. Ideally,
stimulation of innate and adaptive immune cells by VSV and/or the foreign gene
product should lead to tumor-specific immune responses, including memory responses
that prevent cancer recurrence (51). This illustration was created by Eric Hastie.
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generating more potent OVs that work synergistically with host immunity and/or other
therapies to reduce or eliminate tumor burden (51).

In general, pre-existing immunity to VSV in human populations is very low, and
VSV infection in humans is generally asymptomatic and limited to agricultural and
laboratory workers (3). Only one case of WT VSV-IN-mediated encephalitis in humans
has been reported (53). To address concerns for therapeutic use, VSV neurotoxicity has
been studied extensively in different rodent and non-human primate systems. In
principle, VSV can cause neurotoxicity in mice or rats when administered intracranially
(54), intranasally (55), intravascularly (56) and intraperitoneally (57). Neurotoxicity
following intranasal VSV infection (WT or non-attenuated rVSVs) is very efficient and
has been studied extensively. When administered intranasally, WT or non-attenuated
rVSVs replicate rapidly in the nasal epithelium, spread to olfactory neurons, then move
retrograde axonally to the brain, where they replicate and cause neuropathogenesis (58-
60). Following infection of the central nervous system (CNS), the onset of encephalitis
was shown to be T-cell-independent as it is seen in athymic mice, and WT VSV
neuropathology appears to be more related to the cytopathological nature of VSV
infection rather than to T-cell-mediated mechanisms (61), (62). Both innate (nitric oxide
produced by neurons and glial cells) and adaptive (expression of MHC molecules and
T-cell infiltration) immunity are required for clearance of VSV from the CNS (58). In
collaboration with Dr. Ian Marriott’s laboratory, our research demonstrated that WT
VSV can infect microglia and astrocytes in vitro and in vivo, and suggests that infection
of glial cells results in the production of inflammatory cytokines that may facilitate

encephalitis (63-65). VSV-mediated encephalitis has been observed in non-human
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primates (NHPs). Fortunately, the undesirable natural neurotoxicity of WT VSV has
been addressed by the generation of various VSV-based recombinants retaining their
oncolytic activities but lacking neurotoxicity, reviewed in (51). VSV-AMS51 lacks
neurotoxicity and is the basis for many recombinant VSVs used for OV therapy, Table
1. The attenuated VSV-AMS51 virus has a deletion of the methionine at amino acid
position 51 of the VSV M protein (66), and this mutation hones VSV oncoselectivity by
preventing WT M protein’s ability to shut down cellular gene expression (67-69), thus
limiting virus replication to cells, like cancer, that lack an intact antiviral response.
Additionally, this mutation to the VSV M protein may also affect how VSV induces cell
death as an OV. Interestingly, while WT VSV induces apoptosis primarily via the
intrinsic pathway, VSV M51 mutants induce apoptosis primarily via the extrinsic
pathway (70, 71). Importantly, it appears that this AM51 mutation does not inhibit

the oncolytic efficacy of the virus.

However, perhaps the most significant determinant of VSV oncoselectivity and
success as a therapy is the type I [FN-associated antiviral response of a cell. Although
normal cells can be infected by VSV, they sense virus infection and produce, secrete
and respond to type I IFNs to impede virus replication by inducing an antiviral state in
the cell. In many cancer cells, VSV oncoselectivity is based largely on defective or
reduced type I IFN responses (69, 72-74). In many cancer cells, specific genes
associated with type I IFN responses are downregulated or functionally inactive (75-
78). In addition, IFN signaling can be inhibited by MEK/ERK signaling, a cascade often
upregulated in cancer cells (79). Abrogation of IFN signaling in cancer cells can also be

caused by epigenetic silencing of IFN-responsive transcription factors IRF7 or IRF5
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(80). In addition to defective IFN signaling, continuously proliferating cancer cells
often have abnormal translation machinery that favors VSV replication (81). Several
cellular proteins, including PKR, elF2p, eIF4E, AKT and NFAR1/2, have been shown
to play a role in mRNA translation as a determinant of VSV oncoselectivity (82, 83).
Defects in the IFN pathway are not surprising, considering that IFN responses generally
create conditions unfavorable for tumor formation, as they are anti-proliferative, anti-
angiogenic and pro-apoptotic (84).
However, some cancer cells do not have these defects and resist VSV infection like
normal cells (74, 85). This includes some mesotheliomas (86), melanomas (87, 88),
lymphomas (89), bladder and (90) renal cancers (91) and possibly others (69).
Understanding the mechanisms of VSV oncoselectivity is important for creating
new, safe OVs designed for selective replication in cancer cells.
1.4 VSV and Pancreatic Ductal Adenocarcinoma

Pancreatic cancer has the worst prognosis of all cancers and is estimated to be
the fourth leading cause of cancer-related deaths in the United States (92). About 95%
of pancreatic cancers are pancreatic ductal adenocarcinomas (PDACs), which are
known to be highly invasive, with aggressive local growth and rapid metastases (93).
To date, surgery remains the only potential cure for PDAC. Other therapies, such as
radiation therapy and chemotherapy, have shown little efficacy (94, 95). Thus, the
development of new treatment strategies against PDAC is of utmost importance.

VSV has shown promising results against an array of cancers in preclinical
studies (51) and is currently in a phase I clinical trial against hepatocellular carcinoma

(trial NCT01628640). The undesirable neurotoxicity of WT VSV has been addressed by
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Table 1: VSV-XN2 and attenuated VSV-M51
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the generation of various VSV-based recombinants retaining their oncolytic activities
but lacking neurotoxicity, Table 1 (51). Before VSV can be successful against a PDAC,
it is important to understand characteristics of the cancer that may inhibit virus efficacy.
Activating mutations in the KRAS proto-oncogene generally drive PDAC and
progression through the stages of pancreatic intraepithelial (PanIN) lesions to invasive
cancer is characterized by deregulation of several genes, including mucins (96, 97)
(Figure 4). In a tumor setting, the membrane-tethered glycoprotein mucin 1 (MUC1)
becomes overexpressed and aberrantly glycosylated in more than 80% of human
PDACSs and in 100% of metastatic lesions (96). MUCI plays an important role in the
development and progression of PDAC and other cancers and is a major marker for

poor prognosis (98-102) (Figures 4 - 5).
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Figure 4. Pancreatic cancer progression. Pancreatic intraepithelial (PanIN) lesions are
most often driven by KRAS mutations that promote continuous proliferation. Secondary
mutations, like MUCI, are thought to enhance progression and may also act to inhibit
virus-based oncolytic therapy either directly at the cell surface or through signaling
mechanisms that are not entirely understood. Adapted from (103).
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Our studies analyzed several rVSVs in an array of human PDAC cell lines in
vitro (104, 105) and in vivo in xenografts in athymic mice (105) (Chapter 2). For these
studies, however, there was a correlation between cells that were resistant to VSV
oncolysis and MUCI expression. While the role of MUCI in VSV infection or OV
therapy has never been studied before, the O-linked carbohydrates of MUCI purified
from human breast milk can inhibit poxvirus (106), HIV (106, 107), and rotavirus
(108), and MUCI1 expression can block adeno-associated virus attachment (109). These
studies were the basis for our hypothesis that MUC1 may play an inhibitory role in

VSV infection and its success as an oncolytic virus.
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Figure 5: Diagram of MUCI at the cell surface and cytoplasm. MUCI is a membrane-
tethered protein that becomes overexpressed and aberrantly glycosylated in pancreatic
cancer. The protein exists as three domains: extracellular, transmembrane, and a
cytoplasmic tail. The cytoplasmic tail can relocate to the nucleus where it is thought to
be involved in cell signaling that promotes cell cycle progression, survival, and even
migration. This illustration was created by Eric Hastie.
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In this work, VSV was evaluated for the first time in MUCI positive or null
immunocompetent mouse models of PDAC. As mentioned above, the use of MUCI in
these models is important, as previous studies have shown MUCI to be a major marker
for poor prognosis and drug resistance of PDAC (100, 102). It was unclear if the
presence of MUC1 might also be a marker for the resistance to VSV as an OV and the
studies in chapter 2 address this topic.

In contrast to potential host factors inhibiting virus therapy, some may actually
enhance OV therapeutic outcomes. In fact, many labs have attempted to strengthen
VSV as an OV by arming the virus with transgenes with antitumor effects. VSV is able
to stably maintain expression of an additionally inserted gene, especially when it is
inserted between the G and L genes (110, 111) (Figure 1). Such stability is highly
beneficial for VSV as a vector and vaccine delivery agent. Currently, a large number of
VSV recombinants expressing heterogeneous genes have been generated and
characterized, and many studies have demonstrated stable expression of these genes
(Tables 1 and 8).

In this work we aimed to enhance the oncolytic effect of VSV by generating
recombinant VSVs encoding TP53 gene for human tumor suppressor, p53. Mutation of
p53 in cancer cells is often a secondary mutation that promotes PDAC progression and
we found that none of our 11 PDAC cell lines retained wild type p53 expression. As a
therapy, restoration of WT p53 activity has been reviewed extensively and is
canonically known to induce cell-cycle arrest, apoptosis, and senescence (Figure 6).
Additionally, more recently identified functions include regulation of metabolism and

promotion of enhanced antiviral and antitumor immunity (112-114). What role any of
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these pathways may have in enhancing the oncolytic effect of VSV remains to be
explored.

Overall, the work in this dissertation will address host factor involvement in the
oncolytic efficacy of VSV against PDAC. By focusing specifically on a potential
inhibitory role of MUCI (chapter 2) and viral-expression of tumor suppressor p53
(chapter 3), we aim to characterize the involvement of these two proteins in VSV

therapy and provide methods to enhance VSV-based therapy.



CHAPTER 2: ROLE OF MUCI1 IN SUSCEPTIBILITY OF PDAC CELLS TO
VSV IN VITRO AND IN VIVO IN IMMUNOCOMPETENT MICE

2.1 Abstract

VSV is a promising oncolytic agent against various malignancies. Here, we
wanted to determine the role of MUCI in susceptibility of PDAC cells to VSV.
Moreover, for the first time, we tested VSV in vitro and in vivo in a clinically relevant,
immunocompetent mouse model of PDAC. Our system allows the study of virotherapy
against PDAC in the context of overexpression (80% of PDAC patients) or no
expression of human MUCI, a major marker for poor prognosis in patients. In vitro, we
tested three r'VSVs: WT VSV, VSV-green fluorescent protein (VSV-GFP), and a safe
oncolytic VSV-AMS51-GFP, against mouse PDAC cell lines that expressed human
MUCI or were MUCT null. All viruses demonstrated significant oncolysis, independent
of MUCI1 expression, although VSV-AMS51-GFP was somewhat less effective in two
PDAC cell lines. /n vivo administration of VSV-AMS51-GFP resulted in significant
reduction of tumor growth for murine PDAC xenografts (+MUC1 or MUCI null), and
efficacy was improved when the virus was combined with the chemotherapeutic drug
gemcitabine. The antitumor effect was transient in all tested groups. The developed
system can be used to study therapies involving various oncolytic viruses and
chemotherapeutics, with the goal of inducing tumor-specific immunity while preventing

premature virus clearance.
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2.2 Introduction

Pancreatic cancer has the worst prognosis of all cancers and is estimated to be
the fourth leading cause of cancer-related deaths in the United States (92). About 95%
of pancreatic cancers are pancreatic ductal adenocarcinomas (PDACs), which are
known to be highly invasive, with aggressive local growth and rapid metastases (93).
To date, surgery remains the only potential cure for PDAC. Other therapies, such as
radiation therapy and chemotherapy, have shown little efficacy (94, 95). Thus, the
development of new treatment strategies against PDAC is of utmost importance.

PDAC is generally driven by activating mutations in the KRAS proto-oncogene
and is characterized by deregulation of several genes, including mucins (96, 97). In a
tumor setting, the membrane-tethered glycoprotein MUC1 becomes overexpressed and
aberrantly glycosylated in more than 80% of human PDACs and in 100% of metastatic
lesions (96). MUCI plays an important role in the development and progression of
PDAC and other cancers and is a major marker for poor prognosis (98-102).
Importantly, while the role of MUCI in VSV infection or OV therapy has never been
studied before, the O-linked carbohydrates of MUCI purified from human breast milk
can inhibit poxvirus (106), HIV (107, 117), and rotavirus (108), and MUC1 expression
can block adeno-associated virus attachment (109).

OV therapy is an emerging therapeutic approach largely based on defects in the
innate immunity of cancer cells or other abnormalities that increase cancer cell
susceptibility to viral infection and virus-mediated death compared to healthy cells.
VSV, a prototypic nonsegmented negative-strand RNA virus, has shown promising

results against an array of cancers in preclinical studies (51) and is currently in a phase I
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clinical trial against hepatocellular carcinoma (trial NCT01628640). The undesirable
natural neurotoxicity of WT VSV has been addressed by the generation of various
VSV-based recombinants retaining their oncolytic activities but lacking neurotoxicity
(51).

One such oncolytic recombinant, VSV-AMS51-GFP, has a deletion of the
methionine at amino acid position 51 of the VSV M protein, as well as a green
fluorescent protein (GFP) open reading frame (ORF) inserted in position 5 of the viral
genome (66). The AMS51 mutation improves VSV oncoselectivity by preventing WT M
protein's ability to shut down cellular gene expression (67-69). Therefore, VSV-AMS51-
GFP is unable to successfully replicate in healthy cells with intact type I IFN responses.
However, as many cancer cells are believed to have defective type I IFN signaling
(118), they remain susceptible to VSV-AMS51-GFP infection.

Our recent studies analyzed several VSV recombinants in an array of human
PDAC cell lines in vitro (104, 105) and in xenografts in athymic mice (105). These
studies demonstrated excellent abilities of VSV recombinants to infect and kill a
majority of tested human PDACs and revealed that intact type I IFN signaling in some
PDACs was responsible for their resistance to OV therapy (104). However, tumors in
immunocompetent animals generate additional challenges for viruses, including the
potential elimination of viruses before complete tumor killing can occur. Here, VSV
was evaluated for the first time in an immunocompetent mouse PDAC model. This
system is based on xenografts of murine PDAC cells originating from mice with
spontaneous KRAS®'?P-driven PDACs (referred to as KC) either expressing human

MUCI1 (KCM cells) or MUCTI null (KCKO cells) (Figure 7) and thus allows for study
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of OV therapy in the context of MUCI1 overexpression or lack of expression. This
system can also be used to study combinational therapies involving chemotherapeutics
or other combinational therapies. Therefore, we also examined VSV-AMS51-GFP in

combination with gemcitabine, the standard drug for treatment of pancreatic cancer.
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Figure 6: Mouse PDAC cell lines used in MUC]1 study. KC mice producing KRAS®'*-
driven spontaneous PDACs (KC cells) were crossed with mice expressing human
MUC1 (MUC1.Tg) or MUCI null (MUC1KO) to generate the MUC1-positive KCM or
MUC I -null KCKO cell lines, respectively (119). This illustration was created by Eric
Hastie.
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2.3 Materials and Methods
Cell Lines and Culture

The KC, KCM, and KCKO cell lines were generated from spontaneous CC
tumors in the corresponding mice (Figure 6). KC mice were generated on the C57BL/6
background by mating the P48-Cre mice with the LSL-KRAS®'*” mice (120). We
generated the KC cell line (in which only mouse Mucl is expressed) for this study using
spontaneous PDAC tumors from KC mice. The KCM and KCKO cells have been
generated and characterized previously (98). The KCKO cells completely lack mouse
Mucl and human MUCI, while KCM cells express both mouse Mucl and human
MUCI. The murine cell line Panc02-Neo (transfected with neomycin empty vector) and
Panc02-MUCI1 (expressing full-length human MUC1) murine PDAC cell line were a
generous gift from Tony Hollingsworth (University of Nebraska) (121). In addition,
4T1 (murine mammary carcinoma; ATCC CRL-2539) and BHK-21 (Syrian golden
hamster kidney fibroblasts; ATCC CCL-10) were used to grow VSV and/or as controls
for viral replication. KCKO, KCM, KC, Panc02-MUCI1, Panc02-Neo, and 4T1 cells
were maintained in Dulbecco's modified Eagle's medium (DMEM; with 4.5 g/liter
glucose, I-glutamine, and sodium pyruvate; Cellgro), and BHK-21 cells were
maintained in modified Eagle's medium (MEM; Cellgro). MEM was also supplemented
with 0.3% glucose (wt/vol). All cell growth media were supplemented with 9% fetal
bovine serum (FBS; Gibco), 3.4 mM I-glutamine, 90 units (U) per ml penicillin, and 90
pg/ml streptomycin (Cellgro). Cells were kept in a 5% CO; atmosphere at 37°C. The

antibiotic G418 (30 mg/ml) was added to every other passage of Panc02-MUC1 and
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Panc02-Neo to select for cells maintaining the vector. For all experiments, cell lines
were passaged no more than 10 times.
Immunofluorescence

Cells were seeded in borosilicate glass chamber slides (Labtek catalog no.
155411) to be approximately 30% confluent in 24 h. Cells were washed with phosphate-
buffered saline (PBS; Mediatech, Inc.) and then fixed with 3% paraformaldehyde (PFA)
(Sigma-Aldrich) in distilled water (dH,O) for 15 min. Cells were permeabilized with a
solution containing 20 mM HEPES (pH 7.5), 300 mM sucrose, 50 mM NaCl, 3 mM
MgCl,, and 0.5% Triton X-100 on ice for 15 min, washed with PBS, and then blocked
with 5% bovine serum albumin (BSA; Sigma-Aldrich) in PBS for 30 min, after which
they were incubated with 1:100 HMFQG2 antibody in 5% BSA at 4°C overnight. Cells
were then incubated with secondary 1:100 anti-mouse-fluorescein isothiocyanate
antibody (catalog no. sc-2010; Santa Cruz Biotechnology, Inc.) in 5% BSA for 2 h at
room temperature and then stained with 1 uM Hoechst and 1 mg/ml wheat germ
agglutinin. Cells were washed with PBS and used for confocal imaging.

Western Blotting

Cellular lysates and Western blots were prepared as previously described (104).
For MUCI1, polyvinylidene difluoride membranes were incubated with 1:2,000
Armenian hamster monoclonal anti-human MUCI cytoplasmic tail (122), or 1:2,000
mouse HMFG2 monoclonal anti-human MUC1 (123) antibodies in Tris-buffered saline-
Tween 20 (TBS-T) with 5% milk and 1% of 2% sodium azide. The HMFG2 antibody
targets sparsely glycosylated variable-number tandem repeats within the human MUC1

extracellular domain. The CT2 antibody recognizes the last 17 amino acids
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(SSLSYNTPAVAATSANL) of the cytoplasmic tail of human MUC1 (124). Neither
antibody allows for efficient detection of murine Mucl; the presence of murine Mucl
could not be confirmed. In addition, the following primary antibodies were used in
TBS-T with 5% BSA and 1% of 2% sodium azide: 1:5,000 rabbit polyclonal anti-VSV
antibodies (raised against VSV virion proteins), 1:1,000 rabbit anti-MX1/2/3 (catalog
no. sc-5059; Santa Cruz Biotechnology, Inc.), 1:3,000 mouse anti-GFP (catalog no.
600-301-215; Rockland). Also used were the following antibodies from Cell Signaling
(1:1,000): anti-STATT1 (catalog no. 9172), Statl-P (catalog no. 9171), and IRF3-P
(catalog no. 4947). The following horseradish peroxidase (HRP)-conjugated secondary
antibodies in TBS-T with 5% milk antibodies were used: 1:4,000 goat antibody against
Armenian hamster (Santa Cruz Biotechnology, Inc.; catalog no. sc-2443), and 1:4,000
goat anti-mouse and 1:2,000 goat anti-rabbit (catalog no. 115-035-003 and 111-035-
003, respectively; Jackson-ImmunoResearch). The Amersham ECL Western Blotting
Detection kit (catalog no. RPN2106; GE Healthcare) was used for detection.
Membranes were reprobed with mouse anti-actin antibody (clone C4) to verify sample
loading (125).
Viruses

Recombinant wild-type VSV (VSV-rWT, Indiana serotype) (126) and VSV-
AMS51-GFP (66) were kindly provided by Jack Rose (Yale University), and VSV-GFP
(45) was kindly provided by Asit Pattnaik (University of Nebraska). VSV stocks were
prepared using BHK-21 cells infected at a multiplicity of infection (MOI) of 0.005 CIU
(cell infectious units) and incubated at 37°C in MEM-based medium containing 5%

FBS. Virus-containing medium was collected at 24 h postinfection (p.i.) and centrifuged
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at 3,000 x g for 10 min at room temperature to remove large cellular debris. Virus was
purified by the method of Kalvodova et al. (127), with slight modifications. In brief,
clarified supernatants were underlaid with 5 ml 20% (wt/vol) sucrose in HEN buffer (10
mM HEPES [pH 7.4], 1 mM EDTA, 100 mM NaCl) and centrifuged at 28,000 rpm for
3.5 h at4°C in a Beckman SW32 Ti rotor. The resulting viral pellet was resuspended in
HEPES buffered saline (HBS) (pH 7.5) (21 mM HEPES, 140 mM NaCl, 45 mM KCl,
0.75 mM Na,HPOy, 0.1% [wt/vol] dextrose) at 4°C overnight and then centrifuged in a
7.5 to 27.5% continuous gradient of Optiprep (Axis Shield) in HBS at 26.5 x 10’ rpm
for 30 min at 4°C using a Beckman SW40 Ti rotor. The virus-containing band was
collected from the gradient, diluted with ET buffer (1 mM Tris-HCI, pH 7.5, 1 mM
EDTA), pelleted by centrifugation at 27,000 rpm for 1.5 h at 4°C using a Beckman
SW40 Ti rotor, then resuspended in PBS.
Cell Viability Assay

Cells (in triplicate) were seeded in 96-well plates so that they reached
approximately 80% confluence at 24 h and then were infected with VSV at an MOI of
0.001, 0.1, or 10 CIU/cell (based on titration on KCKO cells) or mock infected in
growth medium without FBS. Virus-containing medium was aspirated 1 h p.i. and
replaced with growth medium containing 5% FBS. Virus replication was measured by
GFP fluorescence readings approximately every 12 h p.i. for 5 days (CytoFluor Series
4000, with excitation filter of 450/20 nm, emission filter of 530/25 nm, and gain of 63;
Perseptive Biosystems). Cell viability was analyzed 120 h p.i. by a 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) cell viability assay (Biotium).

Type I IFN Sensitivity
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Cells were seeded in 24-well plates so that they reached approximately 80%
confluence at 24 h. Cells were mock treated or treated with 5,000, 15,000, or 30,000
U/ml human IFN-a (catalog no. 407294; Calbiochem) in growth medium containing 5%
FBS. Twenty-four hours post treatment, the cells were infected with serial dilutions of
VSV-AMS51-GFP, and infectious foci were counted at 12 h p.i. by fluorescence
microscopy. Treatments and infections were performed in duplicate.

Plaque Reduction Neutralization Test

BHK-21 cells were seeded in 96-well plates to reach confluence in 24 h. Mouse
serum was first diluted 1:20 to 1:40,960 for analysis. VSV-AMS51-GFP stock diluted
1:32,000 (a dilution determined to produce approximately 50 infectious foci per well)
was incubated with the serum dilutions for 1 h at 37°C. Serum/virus dilutions were then
used to infect cells for 1 h at 37°C, rocking every 10 min. Serum/virus dilutions were
removed and the cells overlaid with growth media with 5% FBS and 1% Bacto agar.
Foci were counted by fluorescence microscopy at 16 h p.i. Antibody dilution titers were
calculated as the inverse of the serum dilution resulting in one-half of the number of
foci obtained with VSV-AMS51-GFP alone. All serum samples were tested in triplicate.

Detecting Antibodies Generated Against KCM Cells

KCM cells were seeded in 96-well plates to reach confluence in 24 h. Cells were
fixed and permeabilized as described above. Cells were blocked with 5% BSA in PBS
for 20 min at room temperature and then incubated with mouse serum dilutions as
prepared for the plaque reduction neutralization assay, but without incubating with
virus, overnight at 4°C. Cells were washed with PBS and then incubated with

peroxidase-conjugated goat anti-mouse IgG antibodies (1:300; Jackson
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ImmunoResearch) for 1 h. For detection, cells were washed with PBS and then
incubated with o-phenylenediamine (OPD; Thermo Scientific) for 15 min. OPD was
inactivated by addition of 2.5 M sulfuric acid. Optical density was read at 490 nm. All
serum samples were tested in triplicate.
MUCI1.Tg Mice

Mice were handled and maintained under veterinary supervision in accordance
with the University of North Carolina at Charlotte Institutional Animal Care and Use
Committee (IACUC) approved protocol. All experiments were conducted using
MUCI1.Tg mice (Fig. 3). Previously generated and characterized MUC1.Tg mice
(inbred CS7BI/6 background) express human MUCT under its own promoter and in a
tissue-specific manner, and these mice exhibit T and B cell tolerance when immunized
with human MUCI antigen, making it a relevant model to study (128). For genotypic
confirmation, DNA from MUCI1.Tg mice was isolated from tail clippings when mice
were 11 to 17 days old and analyzed by PCR. Primers used for identification of MUCI-
positive MUC1.Tg mice were 5'-CTTGCCAGCCATAGCACCAAG-3" and 5'-
CTCCACGTCGTGGACATTGATG-3'. Genotype was confirmed by the presence of a
340-bp amplification product seen on 1% agarose gels (129).

In vivo Treatment of Tumors with VSV-AMS51-GFP

All cell lines used in animal experiments were negative for an extended panel of
pathogens as tested by Charles River Laboratories. For the short-term in vivo efficacy
study, 16- to 18-week-old male MUC1.Tg mice (n = 29) were injected in the right flank
with 1 x 10° KCM in 100 pl of PBS. Mice were palpated for tumor formation starting

on day 5 post-tumor injection (p.t.i.) and then randomly divided into 5 groups: PBS,



28

VSV-AMS51-GFP, UV-killed VSV-AM51-GFP, VSV-AMS51-GFP + gemcitabine, and
gemcitabine alone (n = 6 per group, n = 5 for UV-killed VSV-AM51-GFP). At 5 days
p.t.i., mice were treated once with a single intraperitoneal (i.p.) injection of either 50 pl
PBS or gemcitabine (50 mg/kg of body weight) dissolved in 50 ul PBS. On days 7, 9,
and 11 p.t.i., the PBS and gemcitabine groups received intratumoral (i.t.) administration
of either 50 pl PBS or 1 x 10° CIU in 50 pl PBS (based on BHK-21 titer) of infectious
VSV-AMS51-GFP or UV-killed VSV-AMS51-GFP. The same amounts of particles for
infectious VSV-AMS51-GFP or UV-killed VSV-AMS51-GFP were used (based on virus
titration prior to UV-mediated inactivation of the killed virus). Tumor size was
monitored by caliper measurements every day until day 12 and every other day
afterward. Body weight was measured once weekly. Tumor volume was calculated
according to the following formula: volume in mm’ = [length in cm % (width in cm)?]/2.
Mice were sacrificed 18 days p.t.i., at which time the animals showed no clinical signs
indicating severe morbidity. To conduct a survival study using VSV-AMS51-GFP against
KCKO and KCM tumors, 8- to 11-week-old MUC1.Tg male mice were subcutaneously
injected in the flank with either 1 x 10° KCM or KCKO cell lines in 100 pl of PBS (n =
8 each). Mice were palpated for tumor formation starting at 5 days p.t.i. and then were
randomly divided into 2 groups per cell line (n = 4 per group). One group per cell line
served as a control and received i.t. administration of 50 ul PBS on days 8, 10, and 12
p.t.i. The other group received i.t. administration of VSV-AMS51-GFP on days 8§, 10, and
12 p.t.i. with an initial dose of 7.2 x 10’ CIU in 50 pl PBS (based on BHK-21 titer)
followed by two doses of 4.3 x 10’ CIU in 50 pl PBS. Tumor size was monitored by

caliper measurements every other day, and body weight was measured once weekly.
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Tumor volume was calculated according to the following formula: volume in mm” =
[length in cm x (width in cm)?])/2. Mice were sacrificed when the length or width of the
tumor reached 1.5 cm, the tumors became ulcerated, or the mice presented with clinical
signs indicating severe morbidity. Data were analyzed using GraphPad software and are
expressed as means + standard errors of the means (SEM). Comparison of groups was
done by two-way analysis of variance (ANOVA) only when the groups had the same
number of animals (*, P < 0.05; **, P <0.01; ***, P <0.001).
Analysis of Tumor Samples

Tumors were isolated at sacrifice and sectioned for analysis. One section was
used to make tissue homogenate to check for the presence of viral RNA or infectious
virus. Homogenized tumor sections were prepared in DMEM using a tissue
homogenizer and then centrifuged at 13,000 rpm for 10 min at 4°C to remove large
cellular debris. RNA was extracted from the supernatant using the Quick-RNA
MiniPrep Kit (Zymo Research). RNA was reverse transcribed using random hexamers
and SmartScribe reverse transcriptase (Clontech). The resulting cDNA was PCR
amplified using the primers VG31, 5'-CCCAATCCATTCATCATGAGTTCC-3', and
VG32, 5'-CACTTCATAGTGACGCGTAAACAG-3', which bind part of the intergenic
region on either side of the VSV M gene. PCR was conducted for 35 or 40 cycles with
an annealing temperature of 55°C. PCR products were electrophoresed on a 2% agarose
gel stained with ethidium bromide and visualized using a GelDoc-It imager (UVP
Imaging, Upland, CA). A second tumor section was used to make tissue lysates for
Western blot analysis. Western blot detection was performed with tumor lysates, using

1:5,000 rabbit polyclonal anti-VSV antibodies (raised against VSV virions), 1:1,000
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anti-VSV N antibodies, or 1:1,000 anti-VSV G antibodies. A third tumor section was
formalin fixed and paraffin embedded and analyzed by hematoxylin and eosin (H&E)
staining and by immunohistochemistry (IHC). IHC was performed to look for the
presence of VSV N and G proteins (antibody dilution, 1:50).
Statistical Analysis Software

All statistical analyses were performed using GraphPad Prism, version 5.0c for
Mac OS X (GraphPad Software, San Diego, CA).
2.4 Results

Susceptibility of Murine PDAC cells to VSV

The immunocompetent model of PDAC described in this study can be used with
various mouse PDAC cell lines either expressing human MUCI or MUCI1 null. VSV
has never been tested (in vitro or in vivo) against any mouse PDAC cells before. Our
previous study with human PDAC cells in athymic nude mice showed very good
correlation between the oncolytic efficacy of VSV-AMS1-GFP in vitro and in vivo
(105). Therefore, we wanted to test first in vitro if VSV can infect and kill such PDAC
cell lines and whether oncolytic efficacy of VSV would be negatively affected by
MUCI1 overexpression in PDAC cells. The first set of cell lines, KC, KCKO, and KCM
(Figure 7), originate from spontaneous PDACs expressing or lacking the human
(MUCT1) and/or mouse (Mucl) mucin 1 gene (129, 130). KC cells express murine Mucl
while KCM cells express both murine Mucl and human MUCI, and KCKO cells lack
mucin 1 expression from either species. MUCI1 expression in KC, KCKO, and KCM
cells may not be the only difference between these cell lines, as an accumulation of

additional mutations is likely during spontaneous PDAC formation. Therefore, in



31

addition to these cell lines, we also tested two isogenic cell lines, Panc02-Neo and
Panc02-MUC1, which should differ only in their human MUC1 expression profile and
were previously characterized in detail (121, 131). The MUCI1 expression phenotypes
of these five cell lines were confirmed by Western blotting and immunofluorescence
(Figure 9) as well as flow cytometry (data not shown).

The major focus of our study was the recombinant VSV-AMS51-GFP retaining
its oncolytic abilities without the neurotoxicity associated with WT-like VSV (132,
133). In addition, the insertion of a GFP gene at position 5 of the VSV-AMS51-GFP
genome allows for monitoring of virus replication and spread based on VSV-driven
GFP expression (66). To examine if the AMS51 or GFP insertion would have any effect
on the oncolytic abilities of VSV-AMS51-GFP, our initial in vitro experiments included
the VSV-GFP recombinant (similar to VSV-AMS51-GFP but encoding WT M) and
VSV-rWT (lacking either modification) for comparison. To analyze the ability of
viruses to infect and kill the described mouse PDAC cell lines in vitro, the cells were
mock infected or infected at increasing MOIs: 0.001, 0.1, or 10 CIU/cell (MOI values
were calculated based on the titration of viruses on KCKO cells, so the same amounts of
infectious particles were added to each cell line). Virus replication was monitored by
GFP fluorescence readings (for VSV-AMS51-GFP and VSV-GFP) taken approximately
every 12 h. Cell viability was determined using an MTT assay performed at 120 h p.i.
As shown in figure 10, both VSV-rWT and VSV-GFP killed all cells by 120 h p.i.
VSV-GFP behaved similarly to VSV-rWT, which is in agreement with previous reports
indicating that insertion of the GFP gene into VSV-rWT produced a virus with similar

oncolytic ability (134-136).
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Both GFP expression and cell viability assay indicated that VSV-AMS51-GFP
was less effective in KCM and Panc02-MUC1 at an MOI of 0.001 and in Panc02-Neo

at all tested MOIs (especially at MOIs of 0.001 and 1). This result could be

Panc02- Panc02-
Neo MUCA1 KCKO KCM KC

LONW 1SYoa0H

YOM

>200 kDa
HMFG2
(extracelular
domain)

<30 kDa
CT2
(cytoplasmic

domain)

42 kDa
B-actin

Figure 7: MUCI1 expression profile of PDAC cell lines. For immunofluorescence (IF)
analysis using confocal microscopy, cells were analyzed using HMFG2 antibody to
detect the extracellular domain of human MUC1 and FITC-conjugated secondary
antibody. Hoechst dye was used to stain for the nucleus, and wheat germ agglutinin
(WGA) was used to stain the plasma membrane. For Western blot analysis, total cell
lysates were separated by SDS-PAGE and then analyzed by Western blotting with
HMFGQG?2 antibody or CT2 antibody to detect the transmembrane domain of human
MUCI. Western blotting using B-actin antibody was used as a loading control (119).
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Figure 8: Mouse PDAC cell viability following infection with VSV recombinants. Cells
were mock infected or infected with viruses at an MOI of 0.001, 0.1, or 10.0 CIU/cell
based on their titration on KCKO cells. VSV-AMS51-GFP and VSV-GFP replication-
driven GFP expression was measured by CytoFluor GFP fluorescence readings at the
indicated time points. Cell viability was analyzed 120 h p.i. by an MTT cell viability
assay and is expressed as a percentage of mock-treated cells. All MTT assays were done
in triplicate, and the data represent the means + SEM (119).
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explained by differences in the infectivity of this virus on these mouse PDAC cell lines.
To test it, the titer of VSV-AMS51-GFP stock was determined on all cell lines, and the
oncolytic abilities of VSV-AMS51-GFP correlated with its abilities to initiate infection in
the tested cell lines (Figure 8). We hypothesized that if murine PDAC cells differ only
in their initial susceptibility to infection, then virus replication would be different after
the lower-MOI infection but similar when all cells are infected at a higher MOI. To test
this hypothesis, multistep (MOI of 0.001 CIU/cell) and one-step (MOI of 5 CIU/cell)
growth kinetics of virus replication were examined (Figure 9). As predicted, VSV-
AMS51-GFP was somewhat attenuated in KCM, Panc02-MUCI, and Panc02-Neo when
cells were infected at the cell type-specific MOI of 0.001, but it replicated very
similarly in all tested cell lines when they were infected at the cell type-specific MOI of
5 (Figure 9).
Type I IFN Signaling in Mouse PDAC Cell Lines

The observed attenuation of VSV-AMS51-GFP (but not VSV-GFP) in KCM,
Panc02-MUCI, and Panc02-Neo (at least at some tested MOIs) suggested that the M51
deletion in the M protein, rather than GFP insertion, was responsible for this
attenuation. Because WT M protein prevents a robust innate antiviral response (the M51
deletion in M allows for nuclear export and translation of cellular mRNA), we
hypothesized that intact (or residual) type I IFN signaling may play a role in the reduced
susceptibility of KCM, Panc02-MUCI, and Panc02-Neo to VSV-AMS51-GFP. This
information is very important in predicting VSV success in vivo, as our recent analysis
of a panel of human PDAC cell lines showed that responsiveness to IFN-a treatment

and the expression of the IFN-stimulated gene (ISG) Mx4 could be predictive of
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resistance to VSV-AMS51-GFP in vitro as well as in vivo (104, 105). To test this
hypothesis, all mouse PDAC cell lines were tested for their IFN responsiveness. Cells
were mock treated or treated with three different concentrations of human IFN-a and
analyzed for virus infectivity after the treatment. As controls, we used IFN-o-responsive
BHK-21 and nonresponsive 4T1 cells. Unlike BHK-21 cells (which showed a 1,000-
fold decrease in VSV-AMS51-GFP infectivity following IFN treatment), none of the
tested mouse PDAC cell lines mounted robust antiviral responses following IFN-a
treatment (Figure 10). In addition, all cells were infected with VSV-AMS51-GFP and cell
lysates were collected at 4, 12, and 24 h p.i. Analysis of cell lysates indicated that the
expression levels of Mx1, the murine version of human MxA, were similar for all cell
lines and did not increase upon infection (Figure 10). However, while all of the cell
lines were able to sense virus infection (as determined by phosphorylation of IRF3),
phosphorylation of STAT1 was observed at 12 and 24 h p.i. in Panc02-MUCI and
Panc02-Neo only. Together, our results indicate that while none of the tested mouse
PDAC cell lines have a robust type I IFN response, Panc02-MUC1 and Panc02-Neo
demonstrated a limited antiviral response, which may explain their reduced
susceptibility to VSV-AMS51-GFP. A possible mechanism of VSV-AMS51-GFP
attenuation in KCM cells will be discussed below.

Efficacy of VSV-AMS51-GFP in vivo in Immunocompetent Mucl.Tg Mice
Based on previous studies that demonstrated unacceptable neurotoxicity of VSV-rWT
and VSV-GFP, we decided to conduct our in vivo experiments with VSV-AMS51-GFP
(59, 60, 137). We focused our initial experiment on mice bearing KCM tumors, given

that MUC 1 -expressing tumors are more clinically relevant and more challenging.



36

A Infectivity of VSV-AMS1-GFP | Raso o
Cell Ene stock (CILVmi) on PDA KCKO
KCKO 157 x 10= 1
KCM 6.25x10s 25.12
KC 464 x107 3.38
Panc02-MUC1 6.72x 107 234
Panc02-Neo 1.51 x10s 1.04
B
— 9-
~ °] MOI .001
£ 81
=
=
c 1 S
3 6
f ~+— Panc02-Neo
o 57 - Panc02-MUCH
g -+ KCKO
g 4 - KCM
o - KC
3 T T T T T T
2 8 14 24 48 70
—~
- MOI 5
E 4l
=
2
O
5 o
g 6 —- Panc02-Neo
Ll -6~ Panc02-MUCA1
=)
- - KCKO
8) 4 -+ KCM
- & KC
T2 8 14 28 48 10

Figure 9: Infectivity and growth kinetics of VSV-AMS51-GFP in mouse PDAC cells. (A)
Serial dilutions of VSV-AMS51-GFP were used to infect PDAC cell lines to calculate
relative infectivity of this virus on tested cell lines. (B) For growth kinetics, cells were
infected with VSV-AMS51-GFP at a cell line-specific MOI of 0.001 or 5.0. At the times
indicated, supernatant was collected, and virus titers were determined by plaque assay
on BHK-21 cells. All infections were done in triplicate, and the data represent means +
SEM (119).

Previous comparative studies of KCM and KCKO cell lines in vitro and in vivo
demonstrated that KCM cells display a much more aggressive phenotype, evidenced by
an increase in invasiveness of KCM cells, an increase in proliferation, and deregulation
of the mitogen-activated protein kinase (MAPK) pathway (98). The efficacy of VSV-
AMS51-GFP was compared to that of gemcitabine, the most common chemotherapeutic

used against pancreatic cancer (138). In addition, the efficacy of OV therapy alone was
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also compared to combinational therapy (“‘chemovirotherapy”) using both VSV-AMS51-
GFP and gemcitabine.

Subcutaneous injections of KCM cells were used to establish tumors in the flank
of MUC1.Tg mice, which express human MUCI1 under its own promoter and in a
tissue-specific manner (128, 139). The MUC1.Tg mice exhibit T and B cell tolerance
when immunized with human MUCI antigen, making it a relevant model to study
(128).

On day 5, when tumors were palpable, mice were treated i.p. with a single dose
of gemcitabine (50 mg/kg in PBS) or PBS control. Depending on the group, tumors
were injected i.t. with VSV-AMS51-GFP, UV-killed VSV-AMS51-GFP, or PBS on days
7,9, and 11 (Figure 11). UV-killed virus was used as a control to determine whether
viral replication was required for antitumor effects of VSV-AMS51-GFP and if the
presence of viral components alone without virus replication would affect tumor
progression. Mice were monitored for signs of distress, and tumor size was measured
daily for the first 8 days and then every other day afterward. Mice were sacrificed 18
days p.t.i., at which time the animals showed no clinical signs that would indicate
severe morbidity. KCM tumors injected with PBS as a control continued to grow at a
steady rate. In agreement with previously published data demonstrating resistance of
KCM tumors to gemcitabine, tumor growth with gemcitabine alone was comparable to
that observed with PBS treatment (140). Treatment with VSV-AMS51-GFP alone and
VSV-AMS51-GFP plus gemcitabine showed a statistically significant reduction in tumor
burden beginning on day 12 compared to PBS treatment (Figure 11). This significance

was maintained until day 18, at which point the mice were sacrificed. The greatest
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Figure 10: Type I IFN status of mouse PDAC cell lines. (A) Monolayer cultures of
PDAC cells and control 4T1 and BHK-21 cell lines were mock treated or treated with
5,000, 15,000, or 30,000 U/ml human IFN-a in growth medium with 5% FBS. Twenty-
four hours post treatment, the cells were infected with serial dilution of VSV-AMS51-
GFP, and the infectious foci were counted 12 h p.i. by fluorescence microscopy to
calculate the virus titer. Treatments and infections were performed in duplicate; the data
represent the means + SEM. (B) Expression of cellular antiviral proteins and VSV-
AMS51-GFP proteins during infection. Monolayer cultures of cells were infected with
VSV-AM51-GFP at a MOIP®" 2! of 10.0. Total cell lysates were collected at the
indicated time points. Lysates were separated by SDS-PAGE and then analyzed by
Western blotting with antibodies to detect the indicated proteins. Western blotting using
B-actin antibody was used as a loading control (119).
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therapeutic effect was seen in the combinational therapy of VSV-AMS51-GFP plus
gemcitabine, which showed a significant reduction in tumor burden compared to the use
of virus alone at day 18 (Figure 11). Surprisingly, KCM tumors injected with UV-killed
virus grew larger than the PBS control, with a significantly increased tumor burden on
days 16 and 18. It is unclear why UV-killed virus would result in enhanced tumor
growth, and we are planning to address this question in future studies.

Reduced tumor sizes in the groups containing infectious (but not inactivated)
VSV-AMS51-GFP could be attributed to continued virus infection, replication, and
oncolytic action. Therefore, we hypothesized that if the virus was still replicating at the
endpoint within the tumor, then VSV infectious particles, proteins, or RNA could be
detectable. Tumor lysates were analyzed for the presence of infectious VSV-AMS51-
GFP particles (using plaque assay on BHK-21 cells) and VSV RNA via RNA isolation,
cDNA synthesis, and PCR using VSV RNA-specific primers. In addition, a section of
each tumor was sliced and histologically stained for the presence of VSV proteins using
antibodies against VSV G and N proteins. In addition, another tumor section was used
to isolate total protein that was analyzed by Western blotting for antibodies against
different VSV proteins or GFP. Interestingly, despite the differences in the tumor
volumes in treatment groups, we were unable to detect VSV infectious particles by
plaque assay or VSV proteins by either IHC or Western blotting (data not shown). Only
when total RNA from tumor lysates was analyzed by reverse transcription (RT)-PCR
(35 or 40 cycles of PCR), 2 of the 6 VSV-AMS51-GFP-treated mice and 4 of the 6 VSV-
AMS51-GFP- plus gemcitabine-treated mice showed evidence of viral material in the

tumors (Figure 11). No viral RNA was detected in UV-killed VSV-AMS51-GFP-treated
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mice, suggesting that in the tumors treated with infectious virus, VSV replication took
place at least at some point during treatment. Importantly, the products of RT-PCR, as
shown in Figure 11, were sequenced, and all viral products retained the M51 deletion
(data not shown).

While live VSV-AMS51-GFP significantly reduced the KCM tumor burden up to
18 days following subcutaneous injections of cancer cells, OV therapy (alone or in
combination with gemcitabine) did not abolish tumor growth (Figure 11). Therefore, we
conducted a survival study to determine whether VSV-AMS51-GFP treatment could
result in a sustained antitumor effect (Figure 12). In this experiment, in addition to the
more aggressive KCM-based model (MUC1 overexpression), we included KCKO-
based tumors (MUCT null). First, subcutaneous injections of KCM or KCKO cells were
used to establish tumors in the flanks of MUC1.Tg mice. When tumors were palpable,
mice were treated i.t. with PBS as a control or with VSV-AMS51-GFP every other day
for three treatments (days 8, 10, and 12) (Figure 12). Mice were monitored for signs of
distress, and tumor size was measured every other day. Mice were sacrificed when
tumor length reached 1.5 cm, tumors became ulcerated, or animals presented clinical
signs indicative of morbidity. The results confirm that KCM is a more aggressive form
of PDAC, with tumor growth greatly exceeding that of KCKO. VSV-AMS51-GFP
treatment of both cell lines temporarily delayed tumor growth compared to the control
mice (Figure 12). For KCM, all control mice were sacrificed by day 20, with all animals
being sacrificed by day 26. For KCKO, there was a significant decrease in tumor burden
starting at day 12, which lasted through day 32, when significance could no longer be

determined due to the need to sacrifice the control animals needed for comparison.
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Figure 11: In vivo short-term efficacy of VSV-AMS51-GFP against KCM tumors. (A)
MUCI1.Tg male mice, 16 to 18 weeks old, were subcutaneously (s.q.) injected with
KCM cells in the right flank (z = 30). Tumors were established by day 5, and the mice
were randomly divided into 5 groups (n = 6 per group). On day 5, mice were
administered one dose of gemcitabine or PBS i.p. On day 7, treatments began with
groups being administered 10° CIU VSV-AM51-GFP, UV-killed VSV-AM51-GFP, or
PBS three times, on days 7, 9, and 11. Tumor size was monitored by caliper
measurements, and tumor weight was calculated according to the standard ellipsoid
formula: weight in grams = (length in cm x width?)/2. Mice were sacrificed at day 18
p.t.i. Bonferroni post hoc tests compared all groups to PBS and VSV-AMS51-GFP to
VSV-AMS51-GFP + gemcitabine (*, P < 0.05; **, P <0.01; *** P <0.001; ##, P <
0.01). (B) At the endpoint (as indicated in panel A), tumor sections from each group
were homogenized, and RNA was extracted from the supernatant. RNA was reverse
transcribed, and the resulting cDNA was PCR amplified using the primers that bind part
of the intergenic region on either side of the VSV M gene. PCR was conducted for 35 or
40 cycles, and samples were electrophoresed on a 2% agarose gel stained with ethidium
bromide (119).
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However, by day 34 control tumors and those treated with VSV-AMS51-GFP reached
similar sizes. Regardless of treatment, most KCKO tumors never grew as large as the
KCM tumors. This observation is in agreement with previous studies in which mice
bearing KCKO tumors present a less-challenging, more-stable form of PDAC disease as
the cells grow at a lower rate than the more aggressive KCM cells (98).

Humoral Immune Response in Immunocompetent MUC1.Tg Mice at the Endpoint

While our in vitro and short-term in vivo results show promising oncolytic

abilities of VSV-AMS51-GFP against both KCM and KCKO cells, there is a clear
indication that this treatment is not having a long-term, sustained anticancer effect. The
design of our experiment did not allow us to look at early time points to assess
intratumoral virus replication, oncolysis, and innate immune resources against VSV.
However, premature inactivation of virus by the humoral immune response in an
immunocompetent subject could negatively affect the efficacy of OV therapy. To
determine the production of neutralizing antibodies against VSV-AMS51-GFP, serum
samples were examined from the KCM experiments in which all mice were sacrificed
18 days following KCM cell injection (Figure 13). Serial dilutions of mouse sera were
first incubated with a known amount of VSV-AMS51-GFP. The serum/VSV incubation
was then used to infect BHK-21 cells for plaque assay analysis. In the VSV-AMS51-GFP
alone and VSV-AMS51-GFP plus gemcitabine groups, it is evident that a strong humoral
immune response was mounted against the virus (Figure 13). Importantly, much lower
antibody levels were detected in sera from mice treated with UV-killed VSV-AMS51-
GFP, indicating that active virus replication was necessary for a robust humoral

response.
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Figure 12: In vivo long-term efficacy of VSV-AMS51-GFP against KCM and KCKO
tumors. Male MUC1.Tg mice, 8 to 11 weeks old, were subcutaneously injected with
KCM or KCKO cells in the right flank (n = 8 per group). Tumors were established by
day 8, and then mice were randomly divided into 2 groups (n = 4 per group) per cell
line. Mice were administered PBS or VSV-AM51-GFP i.t. on days 8, 10, and 12. Tumor
size was monitored by caliper measurements, and tumor volume was calculated
according to the standard ellipsoid formula: tumor volume = (length in cm x width?)/2.
Mice were sacrificed when the length of the tumor reached 1.5 cm, tumors became
ulcerated, or mice presented clinical signs indicating morbidity. Comparison of groups
was done using a 2-way ANOVA (time, treatment) only at the time points at which the
groups had the same population (*, P <0.05; **, P <0.01; *** P <0.001) (119).
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antibody detection in mouse serum. Serum dilutions from all animals whose results are

shown in Fig. 8 were incubated together with VSV-AMS51-GFP and then added to
BHK-21 cells. Infectious foci were counted by fluorescence microscopy at 16 h p.i.
Antibody titers were determined to be the inverse of the dilution with one-half the
number of plaques obtained with VSV-AMS51-GFP alone. All serum samples were

tested in triplicate. (B) KCM cell-specific antibody detection in serum. KCM cells were

fixed, permeabilized, blocked in BSA, and incubated with dilutions of mouse sera.

Detection was with HRP-conjugated secondary antibodies and the OPD substrate, and
OD reading was done at 490 nm. All serum samples were repeated in triplicate, and the
data represent means = SEM (119).
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The absence of a sustained antitumor response suggests that no effective
humoral immune responses were mounted against the tumors following OV treatment.
To test whether VSV-AMS51-GFP treatment induced humoral responses against KCM
tumors, mouse sera were analyzed for antibodies directed against KCM cells (Figure
13). KCM cells were fixed and permeabilized and then incubated with serial dilution of
mouse sera from treated animals to detect KCM-specific antibodies. Results indicate
that there was no significant difference in humoral response against KCM cells in any
of the treatments compared to sera from mice that were never injected with KCM
(Figure 13).

2.5 Conclusions

In the present study, for the first time, we tested VSV against mouse PDAC cells
in vitro and in vivo and in a clinically relevant, immunocompetent mouse model of
PDAC. VSV has never been tested in any immunocompetent model of pancreatic
cancer. We have utilized a system that allows the study of oncolytic viruses (VSV or
other OVs) in the context of MUCI overexpression, as seen in approximately 80% of
PDAC patients, or no expression (141, 142). Our data show that VSV can infect and kill
all tested mouse PDAC cell lines in vitro and cause transient reduction of KCM and
KCKO tumors in vivo.

Our study was focused on five mouse PDAC cell lines overexpressing MUCI or
MUCI null, which could all be used in this immunocompetent model of PDAC.
Although our main focus was on the performance of VSV in vivo, OV therapy success
is generally dependent on the abilities of the virus to infect and kill cells, and our

previous study with human PDAC cells in athymic nude mice showed very good
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correlation between the oncolytic efficacy of VSV-AMS1-GFP in vitro and in vivo
(105). Therefore, in addition to in vivo experiments, we conducted a series of in vitro
experiments to determine the abilities of VSV to infect, replicate, and kill these five
mouse PDAC cell lines, as well as to examine cellular characteristics of these cell lines
important for their susceptibility to OV therapy.

We were particularly interested in determining the ability of VSV to kill cancer
cells overexpressing MUC1. MUCI is overexpressed and aberrantly glycosylated in
more than 80% of human PDACs and in 100% of metastatic lesions (96). It not only
plays an important role in development and progression of PDAC and other cancers but
also is a major marker of poor prognosis, and its expression often confers resistance of
cancer cells to chemotherapeutics (98, 99, 101). In general, our data suggest that VSV is
tolerant to the expression of MUCI, at least in the tested PDAC cell lines. The tolerance
of VSV to MUCI is a significant result. Although the role of MUCI in oncolytic
therapy has never been studied before, the O-linked carbohydrates of MUCI purified
from human breast milk can inhibit poxvirus (117), HIV (106, 107), and rotavirus
(108), and MUCI1 expression can block adeno-associated virus attachment (109).
Although VSV-AMS51-GFP was slightly less infectious in MUC1-expressing CM cells
than in MUC1-null KCKO cells, the opposite could be seen in Panc02-based cell lines
(Figure 10). Moreover, as VSV-rWT and VSV-GFP were not attenuated at all in KCM
or Panc02-MUCI, our data suggest that VSV can successfully infect PDAC cells
regardless of their MUC]1 expression status.

We observed some variations in the susceptibility of different cell lines,

specifically to VSV-AMS51-GFP (but not VSV-rWT or VSV-GFP) infection and virus-
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induced oncolysis. Specifically, VSV-AMS51-GFP had reduced oncolytic ability in
KCM, Panc02-MUC1, and Panc02Neo. The M51 deletion improves VSV
oncoselectivity by preventing WT M protein's ability to shut down cellular gene
expression (67-69). Therefore, VSV-AMS51-GFP is unable to successfully replicate in
healthy cells with intact type I IFN responses. Our recent analysis of a panel of human
PDAC cell lines showed that responsiveness to IFN-a treatment and the expression of
the IFN-stimulated genes could be predictive of resistance to VSV-AMS51-GFP (104,
105). When cell lines were treated with type I IFN for 24 h prior to infection, some
reduction, though modest, in virus infectivity was seen in Panc02-MUCI1 and Panc02-
Neo. Also, all cell lines were able to sense virus infection (as determined by
phosphorylation of IRF3); however, where KCKO, KC, and KCM cell lines showed
IRF3 phosphorylation at 24 h p.i., Panc02-MUCI1 and Panc02Neo cells showed IRF3
phosphorylation as early as 12 h p.i. Additionally, only Panc02-MUC1 and Panc02Neo
cells showed any detectable phosphorylation of STAT1 following VSV infection
(indicative of type I IFN signaling). Together, our results indicate that while none of the
tested mouse PDAC cell lines have robust type I IFN responses, Panc02-MUCI and
Panc02-Neo have limited antiviral signaling, which may explain their reduced
susceptibility specifically to VSV-AMS51-GFP.

At present, we cannot determine a mechanism for the somewhat low in vitro
susceptibility of KCM cells to VSV-AMS51-GFP compared to that of KCKO cells.
However, it should be noted that MUC1 expression in KC, KCKO, and KCM might not
be the only difference between these cell lines, as an accumulation of additional

mutations is likely during spontaneous PDAC formation. Some of these mutations could
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confer resistance of KCM cells to VSV-AMS51-GFP (but not VSV-rWT or VSV-GFP)
independently of MUCI or type I IFN signaling.

We focused on KCM cells for our in vivo experiments because xenografts of
KCM lead to more aggressive tumors than KCKO or KC and because most human
PDAC patients exhibit MUC1 overexpression (96). Our in vivo data demonstrated that
VSV-AMS51-GFP significantly reduced the tumor burden in mice with subcutaneous
KCM xenografts after 18 days. However, this effect was not sustained when mice were
monitored for survival. Furthermore, a similar result was shown even for KCKO-
derived tumors, which exhibit much slower tumor growth than do KCM-derived tumors
(98).

Our previous in vivo study with human PDAC cells in athymic nude mice
showed that cell lines that were susceptible to VSV-AMS51-GFP-mediated oncolysis in
vitro also showed a sustained antitumor response in vivo (105). Similarly, many other
immunocompromised models using cell lines susceptible to VSV in vitro demonstrated
a sustained oncolytic effect in vivo, including subcutaneous G62 glioblastoma tumors
(143), SMT-91-01 rhabdoid tumors (144), and KU-7 orthotopic bladder tumors (145).
Here, however, VSV-AMS51-GFP demonstrated very good oncolytic activities against
KCM and especially KCKO cells in vitro, but no long-term, sustained anticancer effect
in vivo. The major difference between these studies is possible premature clearance of
virus by the adaptive immune response in immunocompetent mice that could negatively
affect the efficacy of OV therapy. Mice treated with “live” replicative virus (but not
UV-killed virus) developed a robust antibody response directed at VSV-AMS51-GFP.

Previous studies also showed an immune response to VSV with an M mutation (VSV-
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rMS51R-M), with antibody titers being comparable to those seen against WT VSV (132).
In the context of oncolytic therapy, one study showed a transient reduction of multiple
myeloma and a significant antibody response generated against virus (146).
Additionally, transient reduction of melanoma tumor burden and robust antibody
response against VSV was seen even in a model where VSV was capable of only a
single-cycle replication (145).

In addition to a humoral response to VSV (which peaks a week after infection),
a negative role for innate immune responses to VSV has been demonstrated, with
neutrophils (peak response at 36 h p.i.) (137) and natural killer (NK) cells (peak
response, 3 to 4 days p.i.) (147) responsible for early-stage virus clearance (136, 147-
149). A limitation of our study is that our experimental design did not allow for analysis
of early time points, so we cannot rule out that these innate immune responses
contributed to a limited efficacy of VSV-AMS51-GFP in vivo.

Several approaches to inhibit host responses to VSV have been reported.
Neutrophil and NK cell depletion as well as inhibitors of NK cell-activating chemokines
greatly increased VSV spread and animal survival (136, 148, 149). Cell-based delivery
seeks to use infected “Trojan horse” carrier cells, i.e., T cells that home to the tumor and
deliver VSV without initial immune detection (150, 151). Additional methods to hide
virus employ DNA aptamer technology (152) or pegylation of VSV (153) to shield the
virus from neutralizing antibodies. Even more, a putative cotherapeutic like
cyclophosphamide (CPA) was shown to suppress an immune response to virus (154),
but one oncolytic study with mesothelioma showed reduced therapeutic efficacy of the

VSV and CPA co-therapy (155).
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In addition to premature immune clearance of virus, limited penetration and
spread within the tumor mass were noted in several previous studies using VSV and
other OVs, and this may also contribute to the limited antitumor effect of VSV in this
study. While we did not conduct a time course analysis of VSV infection within tumors
in mice, we were unable to detect VSV infectious particles or VSV proteins at the
endpoint. Only when total RNA from tumor lysates was analyzed by RT-PCR was viral
RNA detected in 2 of the 6 VSV-AMS51-GFP-treated mice and 4 of the 6 VSV-AMS51-
GFP plus gemcitabine-treated mice (no viral RNA was detected in UV-killed VSV-
AMS51-GFP-treated mice). These results suggest possible limited replication and spread
of the virus within tumor (in addition to immune clearance of VSV). Future studies will
focus on the analysis of VSV replication following various VSV-AMS51-GFP doses and
administration protocols to determine the contributions of various factors to the limited
antitumor effect of VSV in this study. Several approaches could be employed to address
such limitations. For example, using VSV encoding suicide genes like HSV thymidine
kinase (135) or cytosine deaminase (156, 157) enhanced the bystander effect and
increased tumor regression compared to parental virus treatment. Penetration and spread
of VSV within the tumor mass also were shown to be improved by incorporation of
fusogenic proteins from Newcastle disease virus (158, 159) or simian parainfluenza
virus (160) and resulted in enhanced tumor killing and prolonged survival compared to
parental virus. Also, prolonged tumor exposure to virus and increased survival were
reported when tumor vasculature was targeted, either by blocking arterial flow with
starch microspheres (161) or reducing angiogenesis (162). Future experiments will test

whether these approaches can improve tumor reduction and prolong survival as well as
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allow us to assess intra-tumoral replication, virus spread, and direct oncolysis at earlier
time points, which we were unable to address in this study.

Importantly, in this study, no humoral immune responses against tumor cells
could be detected in any treatment group. This is consistent with the previous results
that indicate tolerance of MUC1.Tg mice toward MUC1-expressing cells (128). It
should be noted that a lack of antibody production against the tumor does not rule out
that other antitumor immune responses were generated. Virus-induced long-term
antitumor responses include increase in inflammatory cytokines, dendritic cell
migration to lymph nodes, NK cell activation, and antitumor cytotoxic T lymphocytes
(CTLs) (163). Specifically for VSV, increased infiltration of CTLs generated against
virus and tumor epitopes, increased infiltration of B cells, interleukin-28 (IL-28)
induction to promote NK cell activation, and downregulation of regulatory T cells were
reported (164-171). As our study was limited only to antitumor antibody analysis (no
detectable response), we cannot rule out activation of those other antitumor immune
responses. However, even if such responses were generated, they were not potent
enough to induce long-term antitumor effects.

Overall, the immunocompetent murine system described here is a clinically
relevant model of PDAC to study oncolytic virotherapy against PDAC tumors (MUC1

positive or null) using OVs as a monotherapy or in combination with other treatments.



CHAPTER 3: ENGINEERING ONCOLYTIC VESICULAR STOMATITIS VIRUS
TO RESTORE P53 IN PANCREATIC CANCER CELLS
3.1 Abstract
Vesicular stomatitis virus (VSV, a rhabdovirus) has an inherent oncotropism and

is being developed for clinical application against many malignancies. Human
pancreatic ductal adenocarcinoma (PDAC) cell lines are highly heterogeneous in their
susceptibility to VSV-mediated oncolysis. To identify cellular pathways where targeting
may improve VSV oncotoxicity, we analyzed 11 human PDAC cell lines for mutations
to 50 cancer-associated genes. All PDAC cell lines showed mutations in the tumor
suppressor TP53, resulting in either absence of p53 protein expression or expression of
a mutant p53. As the promise of clinical success using exogenous delivery of WT p53
has been limited, we engineered recombinant VSVs (rVSVs) to express human p53 or
the novel p53-CC, which evades the dominant-negative activity of endogenous, mutant
p53. Even more, we fused the p53 transgenes to a far-red fluorescent protein, eqFP650,
to improve visualization. As p53 is known to enhance type I IFN antiviral responses in
addition to cancer killing, it was important to determine if the transgene would attenuate
VSV. Surprisingly, the oncolytic efficacy of VSV expressing p53 against 11 human
PDAC cell lines in vitro is similar to the parental strain in all cell lines. Analysis of
global gene expression suggests that the p53 transgene may inhibit type I IFN antiviral
responses in cancer cells thereby preventing attenuation and making the virus a viable

option for therapeutic use.
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3.2 Introduction

We sought to generate a recombinant VSV expressing a transgene with
enhanced oncolytic efficacy against PDAC. Analysis of genomic DNA of an array of 11
human PDAC cell lines for 50 common oncogenes and tumor suppressors identified
several targets. Not surprisingly, mutations to the Kirsten Rat Sarcoma (KRAS) and
TP53 genes were prevalent (Table 4). As p53 is a known tumor suppressor and other
viral-based cancer therapies that restore WT p53 show promise, we chose to insert
human TP53 into VSV-AMS51 (115, 175-182). Specific to PDAC, mutations occur to
the TP53 gene in more than 75% of patients and are shown to contribute to proliferation
and even drive metastasis through gain of function activity (183) (184). Restoration of
WT p53 activity has been reviewed extensively and is canonically known to induce
cell-cycle arrest, apoptosis, and senescence. Additionally, more recently identified
functions include regulation of metabolism and promotion of enhanced antiviral and
antitumor immunity (112-114). What, if any, combination of these pathways in PDAC
may be modified by the expression of human p53 from oncolytic VSV remains to be
explored.

Previously murine p53 was inserted into the VSV genome and in vivo treatment
of murine mammary adenocarcinoma metastases resulted in enhanced oncolytic
efficacy in tandem with an increased antiviral response (115). However, this study did
not look at global gene expression profiles to fully characterize a role for p53 in regard
to VSV infection and did not consider improvements to therapy visualization.
Importantly, to emphasize the need to study human p53 in oncolytic VSV, analysis of

murine and human p53 response element consensus sequences suggests using caution
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when generalizing about the similarity of regulation of the p53 pathway between
humans and rodents (185). Building on the work of (115), we inserted human p53 fused
to a far-red fluorescent protein into the VSV genome containing the AMS51 mutation
(68, 186). Of note, most of the PDAC cell lines examined here are reported to express
p53 with dominant negative activity against WT p53 (IARC: http://p53.iarc.fr/) (Table
4). Because of this we also generated a recombinant VSV expressing the recently
described p53-CC (Figure 17) that replaces 216 nucleotides of the p53 C-terminus with
the coiled coil (CC) domain of the breakpoint cluster region (BCR) protein and evades
the dominant negative effect of endogenous mutant p53 (116), presumably providing a
stronger tumor suppressive response in the presence of mutant p53. As p53 expression
is known to be upregulated by type I IFN and in turn acts to enhance the antiviral
response (187), we analyzed the effect of virally expressed human p53 transgene
activity on PDAC cell lines, looked at global mRNA expression as well as determined if
any attenuation of virus replication impaired the oncolytic efficacy of the rVSVs.

exogenous
WT-p53

!

WT-p53
rescue
induces cell
death

v

Figure 14: Scheme of p53 therapy. Addition of wild type p53 to a cancer cell is known
to induce cell death through a variety of mechanisms. This illustration was created by
Eric Hastie.
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Figure 15: Scheme of p53-CC based therapy. The newly generated p53-CC by the Lim
lab is able to evade the dominant negative, inhibitory action of endogenous, mutant p53.
(Adapted from Okal, ef al. 2013)

3.3 Materials and Methods
Cell Lines and Culture

The human PDAC cell lines used in this study were: AsPC-1 (ATCC CRL-
1682), Capan-1 (ATCC HTB-79), Capan-2 (ATCC HTB- 80), CFPAC-1 (ATCC CRL-
1918), HPAC (ATCC CRL-2119), HPAF-II (ATCC CRL-1997), Hs766T (ATCC HTB-
134), MIA PaCa-2 (ATCC CRL-1420), Panc-1 (ATCC CRL-1469), Suit2 (188) and
T3M4 (189). A non-malignant human pancreatic duct epithelial (HPDE) cell line (190)
was used and maintained in Keratinocyte-SFM (K-SFM, Gibco). This cell line was
generated by introduction of the E6 and E7 genes of human papillomavirus 16 into
normal adult pancreas epithelium, retains a genotype similar to pancreatic duct

epithelium and is non-tumorigenic in nude mice (190). In addition, the non-malignant
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human pancreatic Nestin-expressing hTERT-HPNE (ATCC CRL-4023) was a gift from
Dr. Anirban Maitra (Johns Hopkins) and maintained in ATCC complete media (191).
The baby hamster kidney BHK-21 fibroblasts (ATCC CCL-10) were used to grow
viruses. Capan-1, CFPAC-1, HPAC, Hs766T MIA PaCa-2, Panc-1, and Suit2 cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM, Cellgro). AsPC-1,
Capan-2, and T3M4 cells were maintained in RPMI 1640 (HyClone). HPAF-II and
BHK-21 cells were maintained in modified Eagle’s medium (MEM, Cellgro). All cell
growth media were supplemented with 9% fetal bovine serum (FBS, Gibco), 3.4 mM L-
glutamine, 900 U/ml penicillin and 900 mg/ml streptomycin (HyClone). MEM was
further supplemented with 0.3% glucose (w/v). K-SFM was never supplemented with
serum. Cells were kept in a 5% CO2 atmosphere at 37°C. PDAC cell lines were
passaged no more than 10 times.

Cell Line Oncogene Profiling by Next Generation Sequencing
The Ion AmpliSeq™ Cancer Hotspot Panel v2 Kit (Life Technologies) containing 207
primer pairs was used to perform multiplex PCR for the preparation of amplicon
libraries from genomic hot spot regions that are frequently mutated in human cancer
genes, including approximately 2800 Catalogue of Somatic Mutations in Cancer
(COSMIC) mutations of 50 oncogenes and tumor suppressor genes. Sequencing
libraries were prepared using an Ion AmpliSeq Library Kit (Life Technologies) per

manufacturer’s instructions. Briefly, amplicons were ligated to lon-compatible

adapters, followed by nick repair to complete the linkage between adapters and DNA
inserts. The libraries were clonally amplified by emulsion PCR on Ion Sphere Particles

(ISPs) using the Ion OneTouch 200 Template Kit (Life Technologies) as directed.
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Following amplification, the template-positive ISPs were enriched to maximize the
number of sequencing reads produced using the lon PGM Sequencing 200 Kit (Life
Technologies) on an lon PGM™ Sequencer (Life Technologies) and lon 314™ Chips
(Life Technologies). Raw data was transferred to the lon PGM™ Torrent Server for
base calling, preprocessing 3’ trimming, quality control and assessment, and mapping.
Variant calling and annotation was performed using Ion Reporter™ Software (Life
Technologies) and Ingenuity® Variant Analysis™ Knowledge Module (Ingenuity
Systems, Inc.) for lon Reporter™.
Recombinant VSV Generation

Plasmids encoding VSV-XN2-AM51 (VSV-AMS51, Indiana serotype) (126)
were kindly provided by Jack Rose (Yale University). A pUC57 plasmid encoding
eqFP650 (accession HQ148301; (192)) was ordered from Genscript with a T7 promoter,
N-terminal Xhol site, and Kozak sequence upstream of the eqFP650 start site
(TAATACGACTCACTATAGGGAGACTCGAGCCACCATG) and a modified C-
terminus that includes a BspEI site, two stop sites, and a Nhel site
(CAGCTCCGGATAATAGCTAGC). Plasmids encoding GFP-p53 (12091 (193)) and
HA-tagged BCR (38189) were purchased from Addgene, Inc. Plasmids were amplified
in chemically competent JM109 Escherichia coli. Selection for colonies containing
VSV-rWT, VSV-AMS51, or HA-tagged BCR plasmids was done with 50 pg/ml of
ampicillin and the GFP-p53 plasmid with 50 pg/ml of kanamycin. To generate VSV-
AMS51-eqFP650, plasmids encoding VSV-AMS51, and pUC57-eqFP650 were double
digested using Xhol and Nhel restriction enzymes from New England Biolabs Inc.

(NEB) and gel purified (QIAGEN, gel extraction kit (28706)). The eqFP650 insert was
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ligated into the VSV-AMS1 plasmid using T4 DNA ligase (Promega, M180A). To
generate the p53 insert, the p53 sequence from the GFP-p53 plasmid was PCR
amplified using primers VG 283 and 284 (Table 2). To generate the TP5S3AODRD
insert, the TP53AODRD sequence from the GFP-p53 plasmid was PCR amplified using
primers VG 283 and 285. To generate the CC insert, the CC sequence from the HA-
tagged BCR plasmid was PCR amplified using primers VG 286 and 292. To generate
TP53-CC, the TPS3AODRD sequence from the GFP-p53 plasmid was PCR amplified
using primers VG 283 and 293 and the CC sequence from the HA-tagged BCR plasmid
was PCR amplified using primers VG 288 and 292. The TP53AODRD and CC PCR
products were used for overlapping PCR along with primers VG 283 and 292. All
forward and reverse primers, except those used for overlap PCR contained a N-terminal
BspEI site and a C-terminal Nhel site. The pUC57-eqFP650 plasmid and all PCR
products were digested sequentially with Nhel and BspEI and ligated into the pUC57-
eqFP650 plasmid to generate pUC57-eqFP650-TP53wt, pUCS57-eqFP650-
TP53A0DRD, pUC57-eqFP650-CC, pUC57-eqFP650-TP53-CC. To create the pUC57-
eqFP650-TP53-CC/fs, the pUC57-eqFP650-TP53-CC plasmid was BspEI digested,
filled in with T4 DNA polymerase (NEB, MO203S), and ligated. All plasmids
containing the eqFP650-fusion genes were double digested with Xhol and Nhel and
ligated into the VSV-XN2-AMS51 plasmid using T4 DNA ligase. All plasmids were
sequenced to confirm the AMS51 deletion and all gene insertions (Table 3). Recombinant
VSVs were rescued as was previously described (Lawson et al., 1995). Following virus
rescue, amplification, and purification, RNA was isolated and sequenced to confirm the

AMS51 deletion and all gene insertions (Figure 17).
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Table 2: Plasmids or oligonucleotides used to generate viruses in the p53 study

Plasmid /Primer
name

Description / Nucleotide Sequence (5’ to 3°)*

pVSV-XN2-AMS51

Full length VSV genome with AMS51 mutation and Xhol and Nhel cut sites

pT7-eqFP650

Custom order from Genscript: eqFP650 gene in pUCS57 plasmid

pGFP-p53 Ordered from Addgene (12091) to clone the p53 gene (Boyd et al., 2000)
pHA-tagged Ber Ordered from Addgene (38189) to clone the CC domain of BCR
pEGFP-N3 Used for mammalian cell transfection; contains Xhol and Xbal cut sites
VG 283 () GAGATCCGGAATGGAGGAGCCGCAGTCA

VG 284 (-) GAGAGCTAGCTATTAGTCTGAGTCAGGCCCTTCTGT

VG 285 (-) GAGAGCTAGCTATTATGGTTTCTTCTTTGGCTGGGG

VG 286 (+) GAGATCCGGAATGGTGGACCCGGTGG

VG 292 (-) AGAAGCTAGCTATTACCGGTCATAGCTCTTCTTTTCCTTGG
VG 288 (+) TCGGGACTCAGGTCTCGTGTGATGGTGGACCCGGTGGGC
VG 293 (-) CACACGAGACCTGAGTCCCGATGGTTTCTTCTTTGGCTGGGG

Plasmid / PCR products(s)

Primer pairs Used to generate "

pGFP-p53 VG 283/ VG 284 | p53 PCR product

pGFP-p53 VG 283/ VG 285 | pS3AODRD PCR product
pHA-tagged Ber VG 286/ VG 292 | CC PCR product

pGFP-p53 VG 283/VG 293 | pS3AODRD overlap PCR product

pHA-tagged Ber

VG 288/VG 292 | CC overlap PCR product

pS3AODRD overlap / CC overlap

PCR products

VG 283 /VG 292 | p53-CC fusion PCR product

*(+) indicates primer has mRNA polarity, (-) indicates primer is complimentary to

mRNA.

PPT7-eqFP650 and all PCR products were digested with BspEI / Nhel then ligated
together for amplification. All resulting plasmids were Xhol / Nhel digested and ligated
into the VSV-AM51-XN2 plasmid. All resulting plasmids were also ligated into Xhol /
Xbal digested pEGFP-N3.
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Table 3: Oligonucleotides to sequence TP53 and eq-FP650-fusion constructs

Gene name | Primer | Nucleotide Sequence (5° to 3”)* Product NIH
name size, bp GenBank
accession
number
Genomic VG268 | (+) GGTTGCAGGAGGTGCTTAC 1900 NM_000546.
p53 VG269 | () TGCCCCCTGATGGCAAATG 5

Flanking VG245 | (+) CTCCGAGTTGGTATCCATCTTTGC Construct | N/A
VSVinsert | VG246 | (-) CAAGTACGTCATGCGCTCATCGGG dependent

eqFP650- VG 245 | (+) CTCCGAGTTGGTATCCATCTTTGC Construct | N/A
p53 fusion | VG297 | (-) CCGTCATGTGCTGTGACT dependent

(N terminus)

eqFP650- VG 296 | (+) CGCTGCTCAGATAGCGAT Construct | N/A
p53 fusion VG 246 | (-) dependent

(C terminus) CAAGTACGTCATGCGCTCATCGGG

*(+) indicates primer has mRNA polarity, (-) indicates primer is complimentary to
mRNA.

Viruses Amplification

VSV stocks were prepared using BHK-21 cells infected at a multiplicity of
infection (MOI) of 0.005 CIU (cell infectious units) and incubated at 37°C in MEM-
based medium containing 5% FBS. Virus-containing medium was collected at 24 h post
infection (h p.i.) and centrifuged at 4,000 x g for 10 min at 40C to remove large cellular
debris. Virus was purified by the method of Kalvodova et al. (194) with slight
modifications. In brief, clarified supernatants were underlaid with 5 ml 20% (wt/vol)
sucrose in HEN buffer (10 mM HEPES [pH 7.4], 1 mM EDTA, 100 mM NaCl) and
centrifuged at 28,000 rpm for 3.5 h at 4°C in a Beckman SW32 Ti rotor. The resulting
viral pellet was resuspended in HEPES buffered saline (HBS) (pH 7.5) (21 mM
HEPES, 140 mM NaCl, 45 mM KCl, 0.75 mM Na2HPO4, 0.1% [wt/vol] dextrose) at
4°C overnight and then centrifuged in a 7.5 to 27.5% continuous gradient of Optiprep

(Axis Shield) in HBS at 26.5 x 103 rpm for 30 min at 4°C using a Beckman SW40 Ti
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rotor. The virus-containing band was collected from the gradient, diluted with ET buffer
(1 mM Tris-HCL, pH 7.5, 1 mM EDTA), pelleted by centrifugation at 27,000 rpm for
1.5 h at 4°C using a Beckman SW40 Ti rotor, and then resuspended in PBS. Cell
specific viral titers were obtained using the standard plaque assay.

Confocal Imaging for Virus-Expressed Transgene Localization
Cells were seeded in borosilicate glass chamber slides (Labtek, Cat. No. 155411) to be
approximately 80% confluent in 24 h. Cells were infected with VSV at BHK MOI 15
CIU/cell or mock infected in growth medium without FBS. Virus-containing medium
was aspirated 1 h post infection and replaced with growth medium containing 5% FBS.
At 8 and 24 h p.i., growth media was aspirated and cells were stained with 1 uM
Hoechst dye and HCS CellMaskTM (Life Technologies, H32714), 30 minutes. Growth
media was aspirated, cells were washed 2x with PBS, then media with 5% FBS was
added and cells were used for confocal imaging (Olympus FluoView 1000) using filters
for DAPI (blue), FITC (green), and Alexa Fluor 568 (red).

Cell Viability Assay

Cells (in triplicate) were seeded in 96-well plates so that they reached approximately
80% confluence at 24 h. Cells were infected with VSV at BHK MOI of .001, 0.01, 0.1
or 1.0 CIU/cell or mock infected. Virus replication was measured by RFP fluorescence
readings approximately every 12 h p.i. for 5 days (Cyto-Fluor Series 4000, with
excitation filter of 590/20 nm, emission filter of 645/40 nm, and gain of 63; Perseptive
Biosystems). Cell viability was analyzed at 24, 48, 72, or 96 h p.i. by a 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) cell viability assay (Cat. No.

M2128, Sigma).
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Gene Array Studies, RNA isolation, and Microarray Hybridization
Cells (in five repeats) were seeded in 6-well plates so that they reached approximately
80% confluence at 24 h. Cells were infected with cell line specific MOI 5 or mock
infected. Cellular RNA was extracted with TRIzol™ (Life Technologies) per the
manufacturer protocol with slight modification. In brief, following the first phase
separation, the aqueous layer was transferred to a new tube and 500 pl of TRIzol and
100 pl of chloroform were added and phase separation was repeated. Isolated RNA was
run on a Bioanalyzer 2100 (Agilent) to check for purity (RIN values were >= 7). Three
samples from each group were selected for microarray analysis. RNA samples were
reverse transcribed, amplified and labeled using GeneAtlas® 3’ IVT Express Kit
(Affymetrix Inc). The resultant labeled complementary RNA (cRNA) was purified and
fragmented as per vendor’s instructions. The cRNA samples together with probe array
controls were hybridized onto Affymetrix Human Genome U133+ Plus PM array strips
which cover more than 47,000 transcripts and variants selected from GenBank®,
dbEST, and RefSeq. Hybridization controls were spiked into the cRNA samples in
order to monitor and troubleshoot the hybridization process. Probes for housekeeping
genes were used to assess sample integrity. Hybridization, washing, staining and
scanning were performed using Affymetrix GeneChip® system instruments. Affymetrix
GeneAtlas® instrument control software version 1.0.5.267 was used to analyze
microarray image data and to compute intensity values. Affymetrix .CEL files
containing raw, probe-level signal intensities were analyzed using Partek Genomics
Suite version 6.6.12.0713 (Partek). Robust multichip averaging (RMA) was used for

background correction, quantile normalization and probeset summarization with median
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polish (195). Statistical difference was calculated by two-way ANOVA analysis with a
false discovery rate (FDR) rate of 0.05. Pathway analysis was performed using
differentially expressed data 2-fold or higher with Ingenuity Pathway Analysis software
(Ingenuity Systems Inc., Redwood City, CA, USA).
Western Blotting

Cells were seeded in 6-well plates so that they reached approximately 80%
confluence at 24 h. Cells were infected with VSV at cell specific MOI 1 CIU/cell or
mock infected. At 8 or 18 h p.i., protein was collected with cellular lysis buffer (0.0625
M Tris-HCI pH 6.8, 10% glycerol, 2% SDS, 5% 2-mercaptoethanol, 0.02% (w/v)
Bromophenol blue). Ten pl of protein lysate was separated by electrophoresis on 10%
or 14% SDS PAGE gels and electroblotted to polyvinylidene difluoride membranes.
Membranes were blocked using 5% non-fat powdered milk in TBS-T [0.5M NacCl, 20
mM Tris (pH7.5), 0.1% Tween20]. The following antibodies from Cell Signaling
Technology, Inc. were used: p53 (1:2,000; #2524) and Phospho-p53 (1:500; #2521).
The following antibodies from Santa Cruz Biotechnology, Inc. were used: PARP-1
(1:500; #sc-25780), p21 (1:500, #sc-397), and MDM2 (1:500, #sc-965). In addition, the
following primary antibodies were used in TBS-T with 5% BSA and 1% of 2% sodium
azide: 1:5,000 rabbit polyclonal anti-VSV antibodies (REF?). The following
horseradish peroxidase (HRP)-conjugated secondary antibodies in TBS-T with 5% milk
antibodies were used: 1:4,000 goat anti-mouse and 1:2,000 goat anti-rabbit (catalog no.
115-035-003 and 111-035-003, respectively; Jackson-ImmunoResearch Laboratories,
Inc.). The Amersham ECL Western Blotting Detection kit (catalog no. RPN2106; GE

Healthcare) was used for detection.
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3.4 Results

Genomic Analysis of PDAC Cell Lines Highlights PDAC Target Genes
Using an Ion AmpliseqTM Hotspot cancer panel, we analyzed an array of 11 PDAC
cell lines for common mutations to 50 oncogenes and tumor suppressors that may serve
as therapeutic target genes (Table 4). Mutant KRAS protein, a known initiation factor
for PDAC oncogenesis (196), was confirmed mutated in 10 of 11 cell lines.
Additionally, we identified mutations to the tumor suppressor TP53 in 8 of 11 cell lines.
PCR using primers complementary to introns flanking genomic TP53 exons 5 to 9
found that three cell lines (ASPC-1, HS766T, or HPAC) reported as having WT p53 by
the Ton Ampliseq' ™ Hotspot cancer panel in fact had a TP53 frameshift, genomic
deletion, or uncommon TP53 mutation, respectively. This confirmed TP53 mutations in
11 of our 11 PDAC cell lines. These findings were compared to the International
Agency for Research on Cancer (IARC) TP53 Database (http://p53.iarc.fr/) database
and to literature describing the same cell lines (Table 4)(197-199). Though some of the
cell lines were identified as having TP53 mutations different from those the literature
reports, it remains the case that TP53 mutations exist in more than 75% of PDAC
patients as well as being prevalent in a majority of other cancers (183). Western blotting
also was done to look for p53 protein expression in the PDAC cell lines (Table 4).
Protein expression was not seen in PDAC cells with a TP53 frameshift or genomic
deletion, but was seen at varying levels in the remaining PDAC cell lines that are
known to have dominant negative or gain of function p53 mutants. Additional oncogene
or tumor suppressor mutations were identified, but none were as ubiquitous as KRAS

and TP53. As various methods of exogenous delivery of p53 result in reduction of
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tumor burden (reviewed in (113), including oncolytic viruses (175) (177) (176) (178)

(179) (180) (181) (115) (182), we focused on the TP53 gene in generating rVSVs.

Table 4: Next generation sequencing of PDAC cell line genomic DNA and TP53

profiling.
Detected Mutated Genes TP53 Sequencing TP53 Characteristics
~ < Sequencing
E 3 g Eox ‘5 [ PCR Dominant |Transactivation |Protein
CELL LINE E < 5 E 2 = 2 [ CELLLINE| lon Ampliseq [products |Reported* Negative* |Class* Expression
AsPC-1|x ix ix ASPC1|- - p.C135fs p.R273H
Hs766T X HS766T]|- - - WT, pR181H -
HPAC! X HPAC|p.G187R |p. P72R |p.G187R WT NA Functional -
T3M4 X X T3M4|p.Y220C |p. P72R |p.Y220C p.Y220C Moderate [Non-functional [++
CFPAC X X CFPAC |p.C242R [p. P72R [p.C242R p.C242R NA Non-functional |+
HPAF-II X X HPAF-II| p.P151S |[p. P72R |p.P151S p.P151L Moderate [Non-functional |-
Capan-1 X X Capan-1|p.R248W |- p.R248W p.A159V Yes Non-functional [+++
MIA PaCa2 X X Mia-Paca 2| p.R248W |- p.R248W p.R248W, p.R273H | Yes Non-functional |[+++
Capan-2 X X X Capan-2|p.R273H |- p.R273H WT, p.R273H Yes Non-functional [+++
Panc-1 X X X Panc-1|p.R273H |p. P72R |p.R273H p.R273H, p.V272A |Yes Non-functional |[+++
Suit2 X X Suit2|p.R273H |p. P72R |p.R273H p.R273H Yes Non-functional |++
HPDE X HPDE|- p. P72R [WT NA - - NA
HPNE HPNE|- p. P72R [WT NA NA

*Data from IARC p53 Database (http://p53.iarc.fr/)

Table 4: Next generation sequencing of PDAC cell line genomic DNA and TP53

profiling. Genomic DNA was isolated from an array of pancreatic ductal

adenocarcinoma (PDAC) cell lines and analyzed for mutations to 50 common
oncogenes and/or tumor suppressors. TP53 was identified as a commonly mutated gene
in PDAC and PCR analysis was done to confirm these findings. PCR products were
sequenced and identified mutations not determined with next generation sequencing.
These findings were compared to the http://p53.iarc.fr/ database, PDAC literature, and
western blot was done to look for endogenous p53 expression in PDAC cell lines.

Generation of a new VSV recombinant for in vivo Visualization

Imaging of infection using current VSV-GFP or VSV-luciferase constructs is

common in rodent models, but requires levels of expression that may not be attainable

in human clinical studies (66, 135). To address a need for improved visualization of

virus replication in vivo, we introduced a recently characterized far-red fluorescent
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protein, eqFP650, into the VSV genome (192, 200). EqFP650 offers an improved in
vivo fluorescent signal compared to current GFP, potentially providing better sensitivity
of infection in a living system. We designed and rescued the recombinant VSV-AMS51-
eqFP650 (herein called M51-RFP) expressing the eqFP650 fluorescent protein (Figure
16). The M51-RFP virus was used as a parental genome to the recombinant VSVs

described in the next section.

Figure 16. Generation of VSV expression eqFP650. Shcherbo et al. 2007 generated the
eqFP650 far red fluorescent protein to improve whole-body imaging (left) (192). The
eqFP650 protein was inserted into the VSV genome rescued viruses express RFP in
infected cells, light and fluorescent microscopy (right).

Recombinant VSVs Express p53 Transgenes
Based on our genomic data and extensive literature that shows the therapeutic
potential of rescuing WT p53 activity in cancer cells we chose to generate rVSVs
expressing p53 proteins. However, exogenous delivery of p53 faces a major hurdle for
use. Endogenous, mutant p53 in cancer cells can function as a dominant-negative to
abrogate any therapeutic effect. To address this issue, we designed the recombinant
VSV-AMS51-eqFP650-TP53-CC (herein called M51-RFP-P53-CC) expressing the

eqFP650-p53-CC fusion gene (Figure 17). This recombinant virus was based on work
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by (116) that describes a chimeric p53-CC protein that evades endogenous dominant-
negative p53 and restores WT p53 activity better than WT p53 in vitro in human ductal

breast epithelial, human breast adenocarcinoma, human epithelial cervical
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VSV—AM51-eqFP650-TP53-CC/fs eq-FP650 TA PR DBD NLS __ CC L
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VSV-AM51-eqFP650-CC |G |Raald — - — _ _ _ — — — “
AM51

VSV-AMS1-XN2 (IWT): AAATCCTATTT AC CGAATCAA
VSV-AMS51-egFP650: AAATCCTATTTTGGAGT A ACAC CGAATCAA
VSV-AMS51-egFP650-TP53: apa T A ACACCTATGATCCGAATCAA
VSV-AMS51-eqFP650-TP53A0DRD: AAATCCTATTT A ACACC CGAATCAA
VSV-AM51-egFP650-TP53-CC: AAATCCTATTT A ACAC CGAATCAA
VSV-AMS51-egFP650-TP53-CC/£S: ARATCCTATTTTGGAGT! A ACA CGAATCAA

VSV-AM51-egFPE50-CC: AAATCCTATTTTGGAGTTGACGAG---GACACCTATGATCCGAATCAR

egFP650 eqFP650-Fusion
Cc-terminus protein stop
VSV-AM51-eqFPE50-TP53: AGCTCC C GAT.ovannnnnn ACAGAAGGGCCTGACTCAGACTAATAGCTAGS
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VSV-AMS51-eqFP650-TP53-CC: AGCTCCGGAATGGAGGAGCCGCAGTCAGAT vt verrenns GAA ATAGCTAGC
VSV-AMS51-eqEP650-TP53-CcC/fs: CCGGCH! CGCAGTCAGA G. ..
VSV-AMS51-eqFP650-CC: AGCTCC CC PCeccesccascs GAARAGAAGAGCTATGACCGGTAATAGCTAGS

*Filling in the BspEI restriction site of VSV-AM51-eqFP650-TP53-CC/fs creates a
framshift and premature stop so that the rest of the fusion protein is not expressed.

Figure 17. Engineering recombinant VSV and sequencing rescued viruses.
Recombinant viruses were engineered using the VSV-AMS51-XN2 backbone, with the
transgenes inserted between the VSV G and L protein sequences using Xhol and Nhel
restriction sites. Virus genomes were amplified using JM109 E. Coli. then rescued in
BHK cells using a reverse genetics system (Lawson et al., 1995). Viral genomes were
purified and cDNA was made and sequenced to confirm the AMS51 deletion and
transgene insertion.
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adenocarcinoma, and human non-small cell lung carcinoma cell lines. We designed all
of our constructs with the same parental genome, VSV-AMS51-XN2, with the transgene
inserted between the VSV G and L protein sequences (Figure 17). As controls we,
designed viruses: 1) VSV-AMS51-eqFP650-TP53WT (herein called M51-RFP-p53wt)
for comparison to M51-RFP-p53-CC, 2) VSV-AMS51-eqFP650-TP53-CC/frameshift (fs)
(herein called M51-RFP-p53-CC/fs) where a frameshift creates an early termination to
prevent transcription of the p53-CC protein but allows for monitoring of any VSV
attenuation caused by the length of the inserted transgene, 3) VSV-AMS51-eqFP650-
TP53A0ODRD (herein called M51-RFP-p53AODRD) that expresses p53, but without the
WT C terminus, and 4) VSV-AMS51-eqFP650-CC (herein called M51-RFP-CC) that
expresses the CC domain of BCR alone. Viruses were rescued, amplified, and
sequenced to confirm the AMS51 deletion as well as transgene insertion (Figure 17).
Protein profiles of purified virions were examined with a Coomassie blue-stained gel
and all viruses showed similar banding patterns to the parental virus (Figure 17).
Moreover, RT-PCR was used to confirm transgene inserts (Figure 18) and cellular
expression of the p53 transgenes. Viral proteins expression of p53 transgenes was
examined using Western blots (Figure 18).

Virally Expressed p53 Transgenes Localize to the Nucleus
Previously Okal et al. showed nuclear localization of their novel p53-CC protein, but it
was unknown if this localization would occur when the protein was fused to eqFP650
and expressed from the VSV genome (116). The full length WT p53 contains three
nuclear localization signals (NLS) in the C terminus: amino acids 305-322, 370-376,

and 380-386. As p53-CC, generated by truncating WT p53 (removal of amino acids 323
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to 393), still contains one NLS, fluorescent microscopy was used to confirm nuclear
localization in Suit2 cells (Figure 18) as well as ASPC-1 and Mia-PaCa-2 (data not
shown). Similar nuclear localization was seen for M51-RFP-p53wt, M51-RFP-p53-CC,
and M51-RFP-p53A0ODRD in all cell lines examined. In the viruses encoding
transgenes without any NLS, M51-RFP and M51-RFP-p53-CC/fs, localization
remained cytoplasmic. Interestingly M51-RFP-CC showed punctate localization in the
cytoplasm and may be of interest for future studies in regard to the function of the CC
domain originating from the BCR gene.

Efficacy of Virally Expressed pS3 on VSV Replication in vitro
As VSV with the M51 deletion is extremely sensitive to intact type I IFN signaling
(201), (69, 202) and p53 is known to enhance the type I IFN response (187), it was
important to determine if rescued p53 activity would attenuate VSV infection. Results
based on infection at MOIs 0.1 and 0.001 (based on titer on BHK) for 4 PDAC cell
lines, are: Mia-Paca 2 (highly susceptible), AsPC-1 and Suit2 (intermediate
susceptibility), and Hs766T (highly resistant, not shown) and followed with MTT
analysis. Thus, we did not see significant attenuation of any of the rVSVs generated for
this study (Figure 19). Interestingly, while previous rVSVs used GFP expression as a
correlative marker for virus replication and cell death (203), here, RFP readings did not
parallel MTT results. Potentially, the nuclear localization of the p53 transgenes
concentrates the RFP signal, making signal from RFP fused to p53 an inaccurate
indicator of cell death (Figure 19). Importantly, based on MTT, in Suit2 and Mia-Paca 2
cells there is significantly more oncolysis by the rVSVs expressing p53 at 48 and 24 h

p.i., respectively, compared to the parental strain that expresses eqFP650 only.
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Moreover, when we focused on rVSVs expressing p53 or p53-CC in an expanded set of
11 PDAC cell lines, there was no significant virus attenuation in any of the cell lines

(Figures 20). Additionally, we examined virus kinetics in Suit2 and Mia-Paca 2 and
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Figure 18. Recombinant virus protein profile and transgene expression and
localization. (A) Recombinant viruses were amplified, purified, and run on an
acrylamide gel and Coomassie stained to compare viral protein profiles. RNA was
extracted from purified virus stocks and reverse transcribed into cDNA. Viral cDNA
was PCR amplified using primer VG245 and VG246 to confirm transgene inserts. (B)
Suit2 cells were infected at cell specific MOI 5 and lysed 8 h p.i. to look for expression
of viral proteins as well as p53 transgenes. Long exposure of p53 blot shows
endogenous p53 as well as virally expressed p53. (C) Suit2 cells were infected at cell-
specific MOI 5 and stained with Hoechst nuclear stain (blue) and HCS CellMaskTM
membrane stain (green) 8 h p.i. then used for fluorescent microscopy to detect transgene
localization (red).
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found no significant difference between viruses (Figure 21). This is in agreement with
the Heiber and Barber (115) results in murine mammary adenocarcinoma cells in vitro.
Importantly, the Heiber and Barber (115) study did show attenuation of VSV expressing
murine p53, but only in vivo, suggesting that VSV expressing p53 may infect differently
in an animal model.

Virally Expressed p53 Transgenes are Transcriptionally Active
As no dramatic differences were seen between rVSVs in different cell lines, it was
unclear if the p53 transgenes were functional as transcription factors for p53 targeted
genes. Previously it was shown, on a murine p53 signaling pathway-specific DNA
microarray that VSV expressing murine p53 activates transcription of target genes
MDM-2 and p21 in mouse embryonic fibroblasts and murine mammary
adenocarcinoma TS/A cell lines (115). Our results, using human transcriptome mRNA
analysis, show that in Suit2 cells infected with M51-RFP-p53wt, upregulation of MDM-
2 and p21 transcripts compared to mock infections were 6.22-fold and 7.15-fold,
respectively, while in M51-RFP-p53-CC, upregulation of MDM-2 and p21 transcripts
compared to mock were 5.27-fold and 6.41-fold, respectively. Further, using the
Ingenuity p53 pathway analysis module, we examined changes in expression of many
additional p53 target genes associated with canonical p53 activity, including: apoptosis,
glycolysis, angiogenesis, autophagy, DNA repair, and the cell cycle. We identified up
regulation and repression (204) of many known p53 target genes summarized in Table
5. This data is suggests that p53 is functional, but interestingly not as part of an

infection-attenuating process in vitro.
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Figure 19. PDAC cells viability following infection with VSV recombinants. Cells were
mock-infected or infected with viruses at MOIs 0.1 or 0.001 CIU/cell based on titration

on BHK-21 cells. Virus driven RFP expression was measured by CytoFluor

fluorescence readings at the indicated time points. Cell viability was analyzed every 12
h p.i. for 96 h using MTT cell viability assays and is expressed as a percentage of mock-
treated cells. All MTT assays were done in triplicate and the data represent the mean +

SEM.
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Figure 20. Permissiveness of PDAC cell lines to VSV recombinants. PDAC cell lines
and HPDE and HPNE cells were incubated with serial dilutions of viruses. The
infectious foci of M51-RFP, M51-RFP-p53wt, M51-RFP-p53-CC, or M51-RFP-p53-
CC/fs were analyzed by fluorescence microscopy 24 h p.i. Virus permissiveness
(relative yield) is expressed as ratio to M51-RFP on the same cell line.
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Figure 21. One-step growth kinetics of VSV recombinants in PDAC cell lines. PDAC
cells were infected with M51-RFP-p53wt, M51-RFP-p53-CC, or M51-RFP-p53-CC/fs
at a cell-specific MOI of 1 CIU/cell. At 1 h p.i., the virus was aspirated and the cells
were washed and overlaid with 5% growth medium. At 1, 4, 8, 12, 24, and 36 h p.i., the
supernatant was collected, and virus titers were determined by plaque assay on BHK-21
cells. All infections were done in duplicate and the data represent means.
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Figure 22. Affymetrix microarray data, analyzed for principle component analysis
(PCA). Suit2 cells were mock-infected or infected with M51-p53wt, M51-p53-CC/fs, or
M51-p53-CC at cell-specific MOI 5 CIU/cell. Total RNA was extracted and processed,
then subjected to microarray analysis using a 2-fold cut-off for significance: mock (top
left, red), M51-p53wt (top middle, blue), M51-p53-CC/fs (bottom, purple), and M51-
p53-CC (top right, green).



Table 5: Regulation of Gene Expression of the p53 Pathway

Fold Induction (compared to mock) Fold Induction

VSV-pS53wt VSV-p53-

toVSV-p53- VSV-p53-CC to VSV- CCto VSV-
Symbol Entrez Gene # VSV-p53-CC/fs VSV-pS3wt VSV-p53-CC  CC/fs p53-CC/fs p53wt
CHEK?2 (CHK2) 11200 736 - - -5.47 -931 -
CHEK1 (CHK1) 1111 - -3.50 -3.03 - -2.05 -
PIK3CA (PI3K) 5290 - - -2.17 - -2.48 -
CTNNB1 (B-CATENIN| 1499 -3.11 -3.75 -2.87 - 226 -
MDM2 4193 203 6.22 5.27 3.07 267 -
MDM4 4194 - -3.89 -2.58 222 -2.04 -
PML 5371 434 225 209 -2.69 -2.10 -
HIPK2 28996 - -225 -217 -2.06 - -
Tumor suppressor genes
PTEN 5728 201 362 369 246 234 -
Proapoptotic genes
APAF1 317 -3.42 3.08 2.09 1054 6.17 -
LRDD (PIDD) 55367 3.08 5.05 522 245 219 -
NOXA (PMAIP1) 5366 2542 1752 16.68 - - -
PIG3 (TPS3I13) 9540 -2.06 1761 10.82 3632 2232 -
TEAP (TPS3INP1) 94241 - 3344 1851 4987 2761 -
PUMA (BBC3) 27113 343 204 - - - -
BAX 581 - 246 - 411 324 -
PPP1R151B 84919 - -324 -3.88 -4.02 -4381 -
MED1 (TRAP220) 5469 - -335 -3.59 -253 - -
EP300 (p300) 2033 - -363 443 -294 -3.72 -
MY 133746 - - -2.08 - -2.84 -
FAS 355 6.40 372 - - -3.74 -201
TNFRSF10A (DR4) 8797 - 255 - 5.07 213 -238
TNFRSF10B (DR4) 8795 5.09 - - -231 -3.85 -
CASP6 839 -4.96 204 - 6.00 230 214
ADCK3 (CABC1) 56997 - 385 228 361 214 -250
PLAGL1 (ZAC1) 5325 - 217 - 247 - -
s Sa—
TRIM29 23650 - 276 255 255 273 -
HDACS 9734 893 - - -1251 -1443 -
SLUG (SNAI1) 6591 - 1381 6.63 2461 1182 -208
BCL2 596 - - 261 - 330 205
Glveolysi
TIGAR (C120rf5) 57103 -2.75 334 244 9.20 6.71 -
Cell cycdle
GADD45 1647 - 322 347 382 412 -
CDKN1A (p21) 1026 275 7.15 641 260 233 -
PIAS1 8554 - -3.46 -3.38 -2.78 -2.79 -
TOPBP1 11073 - -361 -3.42 -291 -2.75 -
JUN (C-JUN) 3725 8.08 -2.96 -2.46 -6.32 471 -
KAT2b (PCAF) 8850 - 371 317 6.38 544 -
CCND1 (CydinD) 555 -2.65 -222 -2.69 - - -
CDK2 1017 -2.21 - -2.49 225 - -
SFN (14-3-3 SIGMA) 2810 -3.84 473 357 15.80 1175 -
Anci .
THBS1 7057 - - 251 - 264 252
SERPINEL (PAI-1) 5054 248 5.76 2069 233 8.36 411
Autophagy
DRAM 55332 207 436 4.08 211 - -
DNA repair
RRM2B (P53R2) 50434 - 223 209 248 232 -

PCNA 5111 -3.28 - - 280 281 -



Table 6: Regulation of Gene Expression of IFN Signaling

Fold Induction (compared to mock)

Fold Induction

VSV-p53wt VSV-p53-CC
toVSV-p53- to VSV-p53- VSV-p53-CCto

76

Symbol Entrez Gene: VSV-p53-CC/fs VSV-p53wt VSV-p53-CC CC/fs CC/fs VSV-p53wt
Interferon signaling

IFNB1 3456 291.10 25.24 456 -1153 -63.80 -553
IFN Gamma (IL28A) 282616 476.72 173.02 62.15 -2.76 -7.67 -2.78
IFNAR1 3454 -207 -3.36 -3.87 -218 -251 -
IFNAR2 3455 274 -2.96 -3.21 -5.12 -3.22 -
IFNGR1 3458 -5.50 -7.13 -10.35 -3.98 -5.54 -
IFNGR2 3460 216 -224 -2.14 -4.84 461 -
JAK2 3717 22.74 5.30 326 -5.55 -6.98 -
STAT1 6772 2333 7.92 435 -2.18 -7.30 -
STAT2 6773 8.08 259 - -3.11 -3.79 -
IRFS 10379 6.08 284 205 -2.14 -2.96 -
Inhibitor of Jak/Stat signaling

SOCs1 8651 224 1034 1374 9.32 1238

PTPN2 (TCPTP) 5771 -2.03 -435 461 -2.14 -2.27

PIAS1 8554 - -3.46 -3.38 -2.78 -2.79

Interferon B/gamma Stimulated Genes

MX1 4539 7195 37.77 2759 - -261 -
OASL 8638 170.50 59.90 29.63 -2.85 -5.73 -2.02
IRF1 3659 2152 7.83 421 -3.39 -7.51 -2.21
IF135 3430 8.03 3.74 243 -2.15 -3.30 -
IFIT1 3434 71.80 19.34 930 -3.71 -7.72 -2.08
IFIT3 3437 7495 2406 26.15 -3.12 -2.87 -
PSMB8 5656 340 256 - - -2.49 -
Downstream of IRF1

BAX 581 - 246 - 411 324 -
BAK1 578 - 264 - 2.50 - -2.594
BCL2 596 - - 261 - 330 205
RELA 5570 - -2.17 -2.66 -2.91 -2.62

Virally Expressed p53 Transgenes Suppress the Type I IFN Response

The transcriptome mRNA profile of Suit2 cells following infection with the

three viruses: M51-RFP-p53-CC/fs, M51-RFP-p53wt, and M51-RFP-p53-CC allowed

us to analyze expression levels over many pathways using the Ingenuity software

(Figure 22). Surprisingly in the Suit2 cells infected with rVSV expressing p53 or p53-

CC, the type I IFN signaling was dramatically attenuated (Table 6). Specifically, there

was a 291.10-fold increase in IFN-f transcripts by M51-RFP-p53-CC/fs compared to

mock-infected cells; the recombinant does not express functional p53. This can be
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compared to increases of 25.24-fold and 4.56-fold in IFN- transcripts by M51-RFP-
p53 and M51-RFP-p53-CC, respectively, that do express functional p53. These results
were confirmed in five additional cell lines, where both M51-p53wt and M51-p53-CC
reduce expression of the IFN- mRNA 8 h p.i. (Figure 23). Reduction in IFN-f
expression results in reduced antiviral responses by cells by inhibiting expression of
interferon stimulated genes (ISGs) like MX1 and OASL and allows for improved virus
replication. Importantly, there was no inhibition of IFN-f signaling in HPDE, a non-
malignant pancreatic cell line, adding additional evidence to studies that suggest that
rVSVs expressing p53 are safe for use (Figure 23). Inhibition of Stat-1 phosphorylation
and signaling was demonstrated at the protein level using Western blot analysis (Figure

24).

Many rVSVs have been generated to improve virus efficacy as an oncolytic
vector, reviewed in Hastie and Grdzelishvili (51). Here, for the first, time, we have
generated rVSVs expressing human p53 and the chimeric p53-CC (116). Replacing the
C-terminus of WT p53 with the CC domain of human BCR creates a chimeric p53 that
is not inhibited by the dominant negative effect of endogenous mutant p53 that is often
found in cancers (116). Here, our data demonstrate functionality and oncolytic success
of the virally expressed p53 transgenes.

Importantly, while murine p53 has been tested in the context of global
expression changes due to VSV, the human form of p53 has never been tested; here we
tested it specifically against PDAC cell lines. Previously, Heiber et al. (115)
demonstrated that VSV expressing murine p53 is not significantly attenuated in vitro.

We see the same lack of attenuation in our rVSVs against PDAC. However, VSV
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expressing murine p53 is highly attenuated in vivo, but treatment still results in
enhanced tumor killing through stimulated antitumor immunity (115). Interestingly, a
clinical trial of VV expressing p53 has shown enhanced oncolytic efficacy in clinical

trials (175) through stimulation of an antitumor immune response.
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Figure 23: PCR confirmation of IFN- expression. Cells were mock-infected or infected
with M51-p53wt, M51-p53-CC, or M51-p53-CC/fs, at Suit2-specific MOI 5 CIU/cell.

Total RNA was extracted and subjected to reverse transcription and cDNA synthesis.
PCR was run for IFN-.
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Figure 24: Expression of cellular antiviral proteins during infection timecourse.
Monolayer cultures of cells were mock-infected or infected with M51-p53wt, M51-p53-
CC, or M51-p53-CC/fs, at Suit2-specific MOI 5 CIU/cell. Total cell lysates were
collected at the indicated time points. Lysates were separated by SDS-PAGE and then
analyzed by Western blotting with antibodies to detect the indicated proteins. Western
blotting using B-actin antibody was used as a loading control

3.5 Conclusions

Future in vivo studies with rVSVs expressing human p53 in animal models will
need to be done to see if the same phenotype is seen as we observed in PDAC cell lines.
The described above study is the first to date to examine global PDAC mRNA
expression following infection with VSV expressing a human p53 transgene and may
highlight the potential mechanism for this enhanced oncolytic efficacy of virus

expressing p53 in an in vivo setting.
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Even more, continued research is generating additional modifications in the p53
protein for cancer therapy that may have improved efficacy when expressed from viral
vectors. For example, there is evidence (205) that a specific polymorphism at p53 codon
72 may skew the immune response by affecting inflammation. P72 and R72 are
common alleles for p53: the transgene in previous studies and our study encodes the
R72 polymorphism. The authors demonstrate that p53 with P72 interacts with NF-Kb to
cause an enhanced inflammatory response (205). It is not known whether this change
would promote enhanced oncolytic efficacy in vitro or generation of improved tumor
specific immunity in vivo in a PDAC model. Another example is ongoing work using
the p53-CC construct. The creators of p53-CC (116) have continued to engineer the
protein, including a reengineered p53-CC chimera, with a modified CC homo-
oligomerization domain, that evades interacting with endogenous mutant p53 and
endogenous BCR (206). While it is unclear if interaction with endogenous BCR can
inhibit treatment efficacy, evading interaction with endogenous BCR sets up a system
for p53 therapy without unknown side effects. Additionally, shorter p53 peptides were
fused to mitochondrial localization signals from the proapoptotic proteins Bak or Bax;
these constructs led to enhanced apoptotic responses in cell lines derived from multiple

malignancies (207).



CHAPTER 4: DISSERTATION SUMMARY

4.1 Introduction

In summary, the aim of this dissertation was to strengthen vesicular stomatitis
virus (VSV) as an OV therapy against PDAC. Previous work in our lab identified
MUCT as a host protein potentially inhibiting VSV efficacy against PDAC. This was
addressed by research described in the second chapter, which describes in vitro and in
vivo techniques, including the first study of VSV efficacy against PDAC xenografts in
an immunocompetent mouse model, to explore a role for MUCI in inhibiting VSV as
an OV. Our findings demonstrate that the presence of MUCI does not appear to have a
significant effect on VSV efficacy and that the transient reduction in tumor burden is
likely attributed to premature clearance of virus and lack of an immune response toward
the tumor. In chapter 3 we examine human p53, a known tumor suppressor and
therapeutic agent, expanding on known conditions where delivery of exogenous WT
p53 from viral vectors causes enhanced cancer cell killing. Work from the Barber lab
(115) identified VSV expressing murine p53 as an enhanced oncolytic virus in murine
mammary adenocarcinoma. We generated rVSVs expressing human p53, as well as a
re-engineered form called p53-CC (116) that has been shown to evade the dominant
negative activity of endogenous p53 mutants, and examined the efficacy of both viruses
against an array of human PDAC cell lines. As the p53 expressing rVSVs were not

attenuated in vitro, future in vivo studies will need to demonstrate their efficacy against
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PDAC. Both of these studies suggest there will be a benefit to continued investigation
of VSV as an OV therapy for PDAC. The next three sections will detail potential
methods to alter VSV tropism at different points of its life cycle, enhance VSVs
oncolytic efficacy, and discuss future directions for this work.
4.2 Altering VSV Tropism

Altering VSV Tropism by Targeting Virus Entry

While the broad tropism of VSV is beneficial in many applications, others could
be improved by specific targeting. VSV G protein modification by molecular and
genetic engineering is an effective strategy for generating enhanced targeting of VSV
particles. A site on VSV G protein is exposed on the protein’s surface and has been
shown to be tolerant to foreign epitope insertion was identified (208). The feasibility of
this approach was demonstrated by (209), who constructed a chimeric VSV G protein
by linking a large (253 aa) cell-directing single-chain variable fragment (scFv) antibody
to the N-terminus of VSV G. HIV-1 particles pseudotyped with VSV G linked to a scFv
against human major histocompatibility complex class I (MHC-I) bound strongly and
specifically to human cells. However, the fusogenicity of the novel protein was
diminished, resulting in a reduced infectivity.

Another approach is to replace VSV G with a heterologous glycoprotein from
another virus. Detargeting of VSV from neurons was accomplished by pseudotyping the
virus with the non-neurotropic envelope glycoprotein of the lymphocytic
choriomeningitis virus (LCMV) (210). In a combination of approaches, VSV G was
replaced with Sindbis virus G protein fused to a single-chain antibody against the Her2

receptor, commonly overexpressed on breast cancer cells (211, 212).
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Several serial passages generated an adapted recombinant VSV that successfully
targeted and eliminated Her2-expressing tumors in mice in vivo. Using a similar
strategy, replication defective VSV particles were pseudotyped with measles virus
envelope glycoproteins displaying single chain antibodies meant to target cancer cells
expressing epidermal growth factor receptor, folate receptor or prostate membrane-
specific antigen. These retargeted VSV infected only cells expressing the targeted
receptor in vitro and in vivo in subcutaneous tumors established in mice (213). A
different strategy entails the modification of the cellular and/or viral environment to
non-specifically alter the viral tropism. For instance, repetitive administration of viral
vectors (e.g., in OV therapy) provokes the generation of neutralizing antibodies that can
diminish virus efficacy by depleting the amount of virions free to infect the host. One
approach extends circulation time by conjugating polyethylene glycol to a VSV G in
pseudotyped lentiviral particles, preventing virion inactivation in serum (214). Also,
DNA aptamers against the antigen-binding fragment of polyclonal antibodies against
VSV are used to shield the virus from neutralizing antibodies and enhances in vivo
survival of VSV (152, 215). In a novel approach, nanotechnology was used to generate
an encapsulated VSV G-pseudotyped lentiviral vector by crosslinking a polymer shell
to reduce non-specific targeting. Acrylamide-tailored cyclic RGD peptide was also
introduced to the shell to target this “nanovirus” specifically to HeLa cells (216). The
resulting targeting nanovirus had similar titers to non-crosslinked pseudotypes,

specifically transduced HeLa cells with high transduction efficiency, and did not change



Table 7: VSV Recombinants with Altered Tropism

Vsv

Description and how tropism is affected
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References

Parental recombinant “WT" VSV
VSV-WT (“Rose Lab™)

VSV-WT (“Wertz Lab")

VSV-WT-XN2 (or XN1)

Attachment Modification

VSV-DV/E(L289A) (same as VSV-F)

VSV-5-GP

VSV-FAST, VSV-{AM51)-FAST

VSV-CT9-M51

VSV-CT1

VSV-AG-SV5-F

VSV-LOMV-GP (Replication-defective)

VSV-G5, -G5R, -G6, -G6R

VSV-HJF, - aEGFR, -aFR, -aPSMA
(Replication-defective)

VSV G protein (S162T, T230N and
T368A mutations enhanced serum
resistance)

Replication Modification

VSV N1G4(WT), GIN2, G3N4, or GIN4
VSV-12'GFP

VSV-G/GFP

VSV-p1-GFP, VSV-p1-RFP
VSV-WT-GFP, -RFP, -Luc, -lacZ
VSV-AM51, VSV-AM51-GFP, - RFP,

-Fluc, -luc, - LaZ

VSV-MSIR

The parental rWT VSV. The L gene and the N-terminal
49 residues of the N gene are derived from the
Mudd-Summers strain, the rest is from the San Juan
strain (both Indiana serotype).

An alternative rWT VSV.The N, P, M, and L genes
originated from the San Juan strain; G gene from the
Orsay strain (both Indiana serotype).

A derivative of VSV-WT (“Rose Lab") commonly used
to make recombi VSVs. G d using
PVSV-XN2 (or pVSV-XN1), a full-length VSV plasmid
containing unique Xhol and Nhel sites flanked by VSV
transcription start and stop signals between G and L
genes.

VSV expressing the Newcastle disease virus (NDV)
fusion protein gene between G and L The 1289A
mutation in this protein targets VSV to cells with sialic
acid-containing receptors and allows it to induce
syncytia alone (without NDV HN protein).
Pseudotyped VSV with a Sindbis virus (SV)
glycoprotein. Targets VSV to cells with the Her2
receptor.

VSV or VSV-MA 51 expressing the p14 FAST protein of
reptilian reovirus (between VSV G and L) demonstrates
enhanced fusogenic ability and induces extensive
neuropathology.

Cytoplasmic tail of VSV-G was reduced from 29 to 9
amino acids in combination with the AMS51 mutation.
Attenuated neurotoxicity.

Cytoplasmic tail of the G protein was truncated from
29 amino acids to 1 amino acid. Attenuated
neurotoxicity.

Pseudotyped VSV with the fusogenic simian
parainfluenza virus 5 fusion protein (SV5-F). Shows
increased syncytial formation and apoptosis.
Pseudotyped VSV with the lymphocytic
choriomeningitis virus (LCMV) glycoprotein. Allows
for infection of brain cancer cells while decreasing
neurotoxicity.

VSV with a mutant G protein (aa substitutions at
various positions between residues 100 and 471).
Triggers type [ IFN secretion that promotes
infection/replication in IFN defective cells and provides
alternate antigen epitopes.

Pseudotyped VSV with the measles virus (MV) F and H
displaying single-chain antibodies (scFv). Targets VSV
to cells that express epidermal growth factor receptor,
folate receptor, or prostate membrane-specific antigen.
VSV could be passaged in the presence of polyclonal
antiserum resulting in the selection of antibody-escape
mutants.

Changes to the gene order of VSV can attenuate the
virus.

Placement of two reporter GFP genes at position 1 and
2 attenuates VSV replication by moving viral genes
downward, to positions3 to 7.

Fusing a GFP sequence to the VSV G gene, inserted
between the WT G and L genes, in addition to WT G.
Phenotype is similar to WTVSV.

Placement of a GFP or red fluorescent protein (RFP or
dsRed) reporter gene at position 1 attenuates VSV
replication by ing viral genes d d, to
positions 2 to 6.

Insertion of reporter genes between G and L. Mild
attenuation.

Deletion of VSV M methionine at position 51 (AM51)
mutation prevents WT VSV M from inhibiting the host
cell antiviral resp Additionally, some vari.
encode a reporter gene between the G and L.

The M51R mutation was introduced into M. This
mutation prevents WT VSV M from inhibiting the host
cell antiviral response.

Lawson et al. (1995)

Whelan et al. (1995)

Schnell et al. (1996)

Ebert et al. (2004)

Bergman et al. (2007)

Brown et al. (2009)

0Ozduman et al. (2009), Wollmann et al. (2010)

0Ozduman et al. (2009), Wollmann et al. (2010)

Chang et al. (2010)

Muik et al. (2011)

Janelle et al. (2011)

Ayala-Breton et al. (2012)

Hwang and Schaffer (2013)

Flanagan et al. (2001)

van den Pol and Davis (2013)

Dalton and Rose (2001)

Wollmann et al. (2010)

Fernandez et al. (2002), Wu et al. (2008)

Stojdl (2003), Power and Bell (2007 ), Wu et al. (2008)

Kopecky et al. (2001)
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References

VSV-M6PY> A4-R34E and other M
mutants

VSV-"Mmae

VSV-M(mut)

VSV-mIENB, VSV-hIFNB, VSV-rIFNB

VSV-let-7wt

VSV-124,-125,-128,-134 (Mor L
mRNA)

VSV-IRESFMDV-GFP and
VSV-IRESHRV-GFP

VSV-rp30

VSV-AP, -AL -AG,

(Semireplication-competent)

VSV-dG-GFP (or RFP)
(Replication-defective)

Mutation of aa M51R or the PSAP motif (residues
37-40) of VSV M prevents the protein from inhibiting
nuclear export of cellular mRNA to reduce cellular
antiviral response.

Single mutations to VSV M or combination of
mutations at VSV M aa positions M33A, M51R, V221F
and S226R reduce the ability of VSV to prevent an
antiviral response.

Mutation to VSV M residues 52 to 54 from DTY to AAA
M(mut) prevents the ability of WT M to block nuclear
mRNA export.

Addition of the mouse, rat, or human IFN-§ gene in
VSV enhances the antiviral state of normal cells, but
retains oncolytic abilities against cancer cells with
defective IFN responses.

Addition of let-7 microRNA target into the 3'-UTR of
VSV M of the VSV genome limits replication only to
cancer cells.

Addition of neuron-specific microRNA (miR-124, 125,
128, or 134) targets inserted in the 3'-UTR of VSV M or
L mRNA result in reduced neurotoxicity.

Internal ribosomal entry sites (IRES) from human
rhinovirus 2 and foot and mouth disease virus were
incorporated to control the translation of VSV M and
attenuate neurovirulence.

Positive selection of VSV-G/GFP (see above) on
glioblastoma cells results in a virus with two silent
mutations and two missense mutations, one in P and
one in L (rp30= 30 times repeated passaging). Better
growth on glioblastoma cells.

Three replication defective VSV variants, upon
coinfection, show good replication, safety, and
oncolysis (especially the combination of
VSVAG/VSVAL).

Similar to VSV-p1-GFP or VSV-p1-RFP, above, but with
a deleted VSV G that prevents a second round of
infection.

Irie et al. (2007)

Hoffmann et al. (2010)

Heiber and Barber (2011)

Obuchi et al. (2003), Jenks et al. (2010)

Edge et al. (2008)

Kelly et al. (2010)

Ammayappan et al. (2013)

Wollmann et al. (2005)

Muik et al. (2012)

Wollmann et al. (2010)

the viral entry pathway. Importantly, the polymer shell provided the targeting nanovirus

with enhanced stability in the presence of human serum, protecting the nanovirus from

human serum complement inactivation. Alternatively, VSV could be passaged in the

presence of polyclonal antiserum resulting in the selection of antibody-escape mutants.

Recently, directed evolution was used to select for VSV G mutants displaying increased

resistance to human serum neutralization (217). Numerous common mutations were

found which exhibited higher in vitro resistance to human serum as well as

thermostability when introduced to pseudotyped lentiviral vectors. Finally, VSV can

also infect human lymphocytes, dendritic cells, and natural killer (NK) cells and these

cells have been exploited as delivery vehicles to prevent premature virus clearance prior

to therapeutic effect (164, 218).
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Altering VSV Tropism by Targeting Virus Replication

VSV tropism can be effectively changed by modifying the viral genome and/or
the cellular environment to make it more or less hospitable for viral replication. While
experimental adaptation of VSV to a particular cell type in vitro is still used in some
studies (219), most approaches are based on rational designs of VSV-based
recombinants generated using a reverse genetic system (126, 220). A hallmark of VSV
is its rapid replication. Any strategy that attenuates VSV replication (e.g., inhibiting
viral polymerase activities, VSV mRNA stability and/or translatability, virus abilities to
evade antiviral responses) has the potential to alter VSV cell tropism. Non-specific
attenuation via rearrangement of the highly conserved VSV gene order (221, 222) may
change the cell tropism of VSV as cell types less permissive to wild type WT VSV may
become resistant to the attenuated VSV-recombinant. Similar results can be achieved by
mutation of individual proteins. For example, single amino acid changes in VSV L can
abolish its mRNA cap methylation ability, resulting in a so-called host range phenotype
characterized by the ability of the VSV mutants to replicate only in some permissive
cell lines (20, 21). More rational strategies employ VSV recombinants with mutations
diminishing VSV’s abilities to evade cellular antiviral responses. VSV M protein
localizes to the nuclear membrane where it interacts with cellular Rael complexes to
thwart antiviral response by inhibition of cellular mRNA trafficking and possibly
mRNA synthesis through interaction with transcription factor II D (223-226). The well-
studied VSV M51 mutation, either a mutation or deletion of the methionine codon at
position 51 of the M protein, abrogates M protein’s ability to inhibit nuclear exit of host

mRNAs (69, 201, 202). As a result, VSV-M51 recombinants are more attenuated in
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normal cell types, but are still very effective in cells with defective antiviral responses
(51, 84). VSV recombinants are also designed to express host molecules modulating the
cellular environment to make it more or less hospitable to virus. VSV encoding IFN-f is
being used in a clinical trial against hepatocellular carcinoma (trial NCT01628640).
VSV-IFN is highly attenuated in normal tissues, as increased secretion of IFN-f3
stimulates a protective antiviral response in surrounding cells (118). Instead, VSV-IFNf
specifically targets cancer cells, which are frequently defective in type I IFN signaling
(84). Cell-specific micro-RNA expression can also be used to target VSV to a particular
cell type. A VSV with a let-7 micro-RNA target sequence demonstrated increased
tropism for cells, like cancer cells, that express lower levels of the let-7 micro-RNA
(227). Beyond direct virus modification, VSV tropism can be altered through drug
treatments that modulate the cellular environment, for example by inhibiting the type I
IFN response. Treatment with JAK inhibitor 1 was shown to dramatically improve VSV
cancer killing in resistant cancer cells with intact IFN response (104, 228, 229). A
recombinant VSV encoding miRNA-4661 was able to repress IFN expression to inhibit
host antiviral response (230). As mentioned above, co-infection of VSV with VV can be
used to evade type I IFN response, thus enhancing VSV infection and replication (231).
4.3 Improving VSV Oncolytic Ability
Improving VSV Oncoselectivity and Safety

As described in the chapter one, WT VSV can cause severe neurotoxicity in
rodents, especially when administered intracranially or intranasally. Therefore, the
development of any clinical application involving replication-competent VSV vectors

requires understanding of potential VSV neuropathogenesis in humans and appropriate
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attenuation of VSV to remove it. Many relevant studies analyzed WT VSV and rVSVs
with regard to their potential as vaccine vectors, and these studies are relevant to the
applications of VSV recombinants as oncolytic agents. In fact, many oncolytic rVSVs
were originally developed as vaccine vectors. Some approaches, such as the
rearrangement of VSV resulting in its attenuation, have yet to be applied to OV therapy,
but will probably be explored in the future (221).

In non-human primate (NHP) infection models, which resemble human disease
pathogenesis more closely, intranasal or intramuscular injection of WT VSV and rVSVs
caused no clinically adverse signs (133, 232, 233). However, intrathalamic
administration can result in severe neurological disease (133). In this study, when WT
VSV, rWT VSV and two rVSV-HIV (human immunodeficiency virus) vectors were
administered intranasally to NHPs, there was no evidence of VSV spread to CNS
tissues. However, macaques inoculated intrathalamically with WT VSV developed
severe neurological disease. Interestingly, tWT VSV was attenuated significantly
compared with WT VSV, and all of the macaques in the rVSV-HIV vector groups
showed no clinical signs of disease. The attenuation of rtWT VSV (compared with WT
VSV) was probably due to spontaneous mutations generated during the reverse genetics
process or due to sequence differences between WT VSV and tWT VSV (Table 1). The
attenuation of rVSV-HIV (compared with tWT VSV) was probably due to the presence
of the additional gene (HIV Gag) and the CT1 mutation. With regard to OV therapy, a
recent study tested VSV-IFNP on rhesus macaques via intrahepatic injection; no
neurological signs were observed at any time point (234). As a result, a phase I clinical

trial using VSV-IFNB is currently in progress to evaluate the safety of intratumoral
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administration of VSV-IFNP to human patients with hepatocellular carcinoma (trial
NCT01628640).

Currently, at least eight approaches have been shown to improve VSV
oncoselectivity and neurotropism safety without compromising its oncolytic abilities: (i)
mutating the VSV M protein; (i) VSV-directed IFN-3 expression; (iii) attenuation of
VSV through disruption of normal gene order; (iv) mutating the VSV G protein; (v)
introducing targets for microRNA from normal cells into the VSV genome; (vi)
pseudotyping VSV; (vii) experimental adaptation of VSV to cancer cells; and (viii)
using semi-replicative VSV.

Employing VSVs encoding a mutated M protein, which are unable to evade
antiviral innate responses in normal cells, is possibly the most common approach to
improve both oncoselectivity and safety of VSV (Table 8). Such VSV mutants retain
their oncotoxicity in cancer cells defective in their antiviral responses. Most studies use
VSV M recombinants containing a mutation or deletion of the methionine residue at
position 51 of the M protein (201) (202). Alternatively, an M mutant with residues 52—
54 mutated from DTY to AAA has been used (115). These mutations prevent the M
protein from binding to the Rae1-Nup98 mRNA export complex and inhibiting cellular
gene expression in normal cells, and thus provide enhanced safety, including no
neurotoxicity in vivo. Even safer VSVs have been generated by additional M
modifications within the PSAP region (residues 33—44) (235). It is important to note
that inactivation of the ability of the M protein to inhibit cellular gene expression is a
strategic advantage not only for safety reasons (e.g. normal cells can produce type I IFN

and ISGs), but also when cellular gene expression is desirable (e.g. for tumor antigen
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presentation).

The oncoselectivity and safety of VSV are greatly improved in VSVs encoding
mouse, rat or human IFNf (which are species-specific), and one is being used in an
ongoing clinical trial to evaluate VSV-IFNf in human patients with hepatocellular
carcinoma (trial NCT01628640). IFNf stimulates innate immune responses in normal
cells, but not in cancers with defective type I IFN signaling (234) (118) (86). In addition
to enhanced oncoselectivity and safety, VSV-directed IFNf expression also generates
desirable immunostimulation of the tumor microenvironment.

Theoretically, any significant attenuation of VSV can improve oncoselectivity and
safety. This approach has been used to generate VSV-p1-GFP and similar recombinants
with a foreign gene inserted in position 1 of the VSV genome (before the N gene).
While a typical insertion of a foreign gene between the VSV G and L genes affects
VSV replication only marginally (L polymerase mRNA can be downregulated without
dramatic consequences for VSV fitness), insertions at position 1 negatively affect
expression of all VSV genes. The resulting VSV-p1-GFP lacks neurotoxicity, but
retains good oncolytic abilities in an intracranial human glioblastoma tumor xenograft
mouse model (66).

WT VSV can also be attenuated by mutations in the G protein (Table 7). CT1
and CT9 mutants have the cytoplasmic tail of G truncated by removal of residues 1-29
and 9-29, respectively (Ozduman et al. , 2009). The best oncolytic ability and safety
was shown for VSV-CT9-M51, which combined the CT9 and M51 mutations in a
mouse model of human neuroblastoma (66, 236). Another study, examining four VSVs

with point mutations in the G protein against a variety of cancer cell lines, showed that
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mutant VSV-G6R (E238G substitution in the G protein) is as efficient as WT VSV at
cell killing and inhibition of cellular transcription and host protein translation.
Surprisingly, VSV-G6R triggers type I IFN secretion as efficiently as a VSV M51
mutant (237).

Altered expression of microRNAs in cancer cells can also be exploited to
increase oncoselectivity and safety of VSV. A recombinant containing the highly
conserved let-7 micro-RNA target sequence in the M mRNA 39-UTR resulted in
attenuation via lower M expression in normal cells that express high levels of let-7, but
not in cancer cells that express low levels of let-7 in vitro and in vivo, and caused no
neurotoxicity after intranasal virus infection of mice (238). Insertion of neuronal
miR 125 targets into VSV, particularly the L mRNA 3’ -UTR, reduced neurotoxicity
even when virus was injected intracranially into mice, while retaining oncolytic abilities
(227).

VSV neurotropism can also be inhibited through a pseudotyping approach
(Table 7). Pseudotyped VSV-LCMV-GP virions, containing the non-neurotropic
envelope glycoprotein of lymphocytic choriomeningitis virus instead of the VSV G
protein, showed enhanced infectivity of malignant glioma cells while sparing primary
human and rat neurons (210). Although only replication-defective viruses were used,
this proof-of principle study demonstrated that VSV-LCMV-GP has a longer lasting
therapeutic outcomes than VSV, especially for clinical applications targeting brain
cancers.

While the approaches described above were designed to prevent VSV

replication in normal cells, several studies designed VSVs specifically to target cancer
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cells. One approach used VSV-S-GP, where a modified glycoprotein from Sindbis virus
replaced VSV G (211, 212). The modified glycoprotein was designed to specifically
recognize the Her2 receptor, which is overexpressed on many breast cancer cells. This
approach successfully targeted and eliminated Her2-expressing tumors in mice in vivo.
In a separate study, replication defective VSV was pseudotyped with measles virus
fusion and haemagglutinin glycoproteins displaying single chain antibodies to target
and infect cells expressing epidermal growth factor receptor, folate receptor or prostate
membrane-specific antigen (213) in human tumor xenografts in mice.

VSV oncoselectivity can be increased via adaptation to cancer cells using serial
passages. This approach successfully adapted VSV-S-GP to a murine mammary tumor
cell line expressing the Her2 receptor (212). In a separate study, VSV-rp30 was
generated by repeated passaging (rp) VSV-G/GFP (Table 8) 30 times on glioblastoma
cells (219). VSV-rp30 contains two silent mutations and two missense mutations, one in
P and one in L.

While oncolytic virotherapy is based predominantly on replication-competent
viruses, some studies have examined replication-defective viruses, which do not
produce infectious progeny, similar to those employed in most standard gene-therapy
studies (167). While it is unlikely that replication-defective recombinants could be as
effective as replicative VSVs (unless used mainly to deliver anticancer genes, induce
adaptive immunity, etc.), so-called semi-replicative viruses have been generated and
tested. Two trans-complementing recombinants, VSV*AG and VSVALdsRed, lack the
VSV G and L genes, respectively, and are non-replicative alone (Muik et al., 2012).

However, coinfection of a cell with the two recombinants results in production and
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spread of non-replicative progeny. The VSVAG/VSVAL-dsRed combination was as
potent as WT VSV in vitro and induced long-term glioblastoma tumor regression in
mice in vivo without neurotoxicity.

There are several options for treating VSV-resistant cancer cells. Pre-screening
cells against an array of VSVs or other OVs could identify the best OV for treating a
particular tumor. OV therapy can also be combined with chemical inhibitors to
overcome VSV resistance. For example, the mammalian target of rapamycin stimulates
type I IFN production via phosphorylation of its effectors. Using rapamycin, the
inhibitor of this protein, in combination with VSVAMS51 increased survival of
immunocompetent rats with malignant gliomas (239). Histone deacetylase inhibitors
influence epigenetic changes within cells, ultimately altering gene expression and
affecting antiviral responses. Indeed, these inhibitors reversibly compromise host
antiviral responses in multiple cancer cell lines and allow enhanced spread of VSV that
correlates with inhibited IFN responses and VSV-mediated oncolysis in cancer cells
(240).

The resistance of cancer cells to VSV can also be overcome using a combination
of VSV with other OVs, e.g. the double deleted VV. The deletions restrict VV to cells
that overexpress transcription factor E2F and have activated epithelial growth factor
receptor pathways, a common cancer cell signature. Expression of the VV-encoded
B18R protein antagonizes the innate cellular antiviral response to allow more robust
VSVAMSI replication in colon cancer xenografts in mice (241). Furthermore, a recent
analysis showed that previous infection of cervical carcinoma cancer cells with human

papillomavirus (HPV) improved VSV infection and killing, compared with cervical
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carcinomas not infected with HPV (242). HPV can inhibit IFN signaling, possibly
creating a more hospitable environment for VSV.
Increased Oncotoxicity

The ultimate goal of any successful OV therapy is the selective killing of cancer
cells. There are at least seven approaches that have been shown to improve the
oncolytic abilities (‘oncotoxicity’) of VSV independent of the immune system (as
discussed in the last section): (i) combination of VSV with chemical agents; (ii) viral
expression of tumor suppressor genes; (iii) viral expression of ‘suicide genes’; (iv)
syncytium induction; (v) radiovirotherapy; (vi) combining VSV with tumor
embolization; and (vii) combining VSV with anti-angiogenic agents.

VSV kills infected cells by inducing apoptosis via the mitochondrial (intrinsic)
or death receptor (extrinsic) pathway, or both (70) (71, 243) (244). The mechanisms of
induction can be cell-type-specific, and many cancer cells inhibit apoptosis to allow
prolonged proliferation (245, 246). WT VSV induces apoptosis primarily via the
intrinsic pathway, while recombinants with an M51 mutation induce apoptosis primarily
via the extrinsic pathway, although this is not absolute (70, 71). Understanding the
interplay between VSV and cellular apoptotic mechanisms may be critical for
developing and selecting OV treatment. Overexpression of the anti-apoptotic B-cell
lymphoma 2 (BCL-2) protein was shown to impair VSV-mediated oncolysis, while this
resistance was reversed when VSV was combined with obatoclax, a small-molecule
BCL-2 inhibitor (247). Another BCL-2 inhibitor, EM20-25, rendered apoptosis-
resistant cancer cells susceptible to VSV induced apoptosis (248). In another study,

infection by WT VSV (but not VSV with the M51 mutation) increased degradation of
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an anti-apoptotic myeloid cell leukemia 1 protein (Mcl-1) that contributes to
chemotherapy resistance (249). This VSV-mediated Mcl-1 degradation sensitized
apoptosis-resistant cancer cells to doxorubicin, an approved chemotherapeutic. This
combined chemovirotherapy had an enhanced therapeutic effect compared with each
treatment alone in mice (249).

The oncotoxicity of VSV can be enhanced by the expression of functional
tumor-suppressor genes in cancer cells, e.g. VSV-M(mut)-mp53, which encodes p53 in
addition to the mutated M protein and induces potent anti-tumor responses in mice
(115). This study showed that VSV-M(mut)-mp53 retained the selective ability to lyse
cancer cells and also directed expression of high levels of functional p53. Importantly,
VSV-M(mut)-mp53 showed improved safety when attenuated in vivo due to the
activation of innate immune genes (such as type I IFNs) by p53, and induced enhanced
adaptive tumor specific immune responses.

One limitation of a standard OV therapy is that oncotoxicity is normally limited
to virus-infected cancer cells. To address this issue, several approaches aim to increase
the bystander effect and to kill uninfected cancer cells. One approach uses VSV
expressing so-called ‘suicide genes’. These genes catalyse conversion of a non-toxic
prodrug into a toxic form that, in addition to its toxicity in infected cancer cells, can
diffuse to neighboring uninfected cancer cells through gap junctions. Administration of
VSV expressing the herpesvirus thymidine kinase (TK) protein to mice in combination
with the prodrug ganciclovir exerted a great oncolytic effect through TK/ganciclovir-
mediated apoptosis, enhanced the bystander effect and induced tumor-specific immune

responses in breast or melanoma tumors in mice (135). Cytosine deaminase (CD)
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catalyses the conversion of 5-fluorocytosine (5-FC) to the commonly used
chemotherapeutic drug 5-fluorouracil (5-FU), while uracil phosphoribosyltransferase
(UPRT) converts 5-FU into the active 5-fluoro-UMP form. Intratumoral inoculation
with VSV expressing these two proteins (VSV-C:U) followed by 5-FC administration
improved tumor regression significantly compared with VSV or 5-FU alone, and
activated tumor-specific immune responses against lymphoma or mammary carcinoma
in mice (157). This approach was further optimized by combining the M51 mutation
with CD/UPRT expression (VSV-C) (156).

One critical limitation of OVs is their relatively poor penetration and spread
within tumor masses. Several studies have attempted to address this problem through
the generation of VSVs that spread by forming giant, multinuclear cells called syncytia.
While VSV is generally not fusogenic, several fusogenic recombinants have been
generated and showed promising results in different cancer models. VSV-NDV/F
(L289A) (designated rVSV-F) encodes the Newcastle disease virus (NDV) fusion
protein gene with an L289A mutation to allow syncytium formation in the absence of
the NDV haemagglutinin—neuraminidase protein (149, 158) (159). VSV-AG-SV5-F
expresses the simian parainfluenza virus F protein (160) and VSV/FAST virus
expresses the pl4 FAST protein of reptilian reovirus (250). Adding fusogenic genes to
the VSV genome should be done with caution as VSV/FAST with WT M showed
dramatically increased neuropathology in mice, although VSV M51 expressing p14
remained attenuated (250).

One of the most elegant approaches to increase VSV oncotoxicity is based on a

combination of viro- and radiotherapy (‘radiovirotherapy’). VSV-AMS51-NIS expresses



100

a human sodium iodide symporter (NIS) protein that mediates high-concentration iodide
uptake and, in mice, has a synergistic effect with iodine. VSV-NIS in combination with
iodine-123 allows sensitive monitoring of infection, while iodine-131 is used for
treatment of radiosensitive tumors (251, 252).

VSV-based OV therapy of liver cancers can be improved significantly when
combined with tumor embolization (‘viroembolization’), the blocking of arterial blood
flow in the liver, thereby prolonging exposure of tumor cells to the therapeutic agent.
When VSV was administered to rats in combination with degradable starch
microspheres, an embolic agent currently used clinically for liver tumors, massive
tumor necrosis and substantially prolonged survival were observed in test animals
compared with monotherapy with either VSV or the embolic agent alone (253).

Finally, VSV oncotoxicity can be improved by targeting tumor vasculature.
VSV has the ability to target tumor vasculature and angiogenesis when administered
subcutaneously to mice with colon adenocarcinoma (162). The use of antiangiogenic
vascular endothelial growth factor 165 inhibitor combined with VSV led to increased
tumor regression and improved virus titer and dissemination, even within tumors that
previously supported poor VSV replication (254).

Preventing Premature Clearance of VSV

Safe virotherapy ultimately requires clearance of the OV from the body.
Unfortunately, those same mechanisms can eliminate the OVs prematurely, before they
complete their task. Prior to initiation of infection, circulating antibodies (Abs), non-
specific host proteins or complement proteins can neutralize virus particles. Virus

sequestration to certain organs can also result in ineffective OV therapy. Several
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approaches have been developed to protect VSV-based OVs from premature clearance,
including: (i) physical delivery methods hiding/masking virus from Abs, other host
components or immune cells; (i1) VSVs expressing genes favoring VSV survival; and
(ii1) combination of VSV with chemicals favoring VSV survival.

Various cell-based methods to deliver OVs to tumors via carrier cells have been
reviewed by (255) and (256). With regard to VSV, murine OT-I CD8+ T-cells, specific
for an epitope of the ovalbumin antigen, were infected ex vivo with VSV and delivered
to B16-OV A melanoma tumors in the lungs of immunocompetent mice (150, 151).
These virus ‘Trojan horses’ demonstrated significantly improved therapy compared
with VSV or T-cells alone. Importantly, this therapy was effective even in mice with
pre-existing Abs against VSV, indicating that therapy with virus-loaded T-cells may be
useful even in patients with pre-existing immunity to VSV (150). A new approach
called aptamer-facilitated virus immunoshielding (AptaVISH) uses aptamer technology
to mask OVs from their respective neutralizing Abs, and is currently in development for
several OVs, including VSV (152).

While these studies physically hide or mask VSV from the immune system,
other approaches have attempted to modulate the immune system environment to favor
virus survival. For instance, VSV-gG expresses the equine herpesvirus-1 glycoprotein
G, a broad-spectrum chemokine-binding protein. Addition of EHV-1 G increases the
oncolytic potency of VSV due to substantial suppression of host antiviral inflammatory
responses in rats (253). Similarly, VSV-M51-M3 expresses the murine
gammaherpesvirus-68 M3 protein, which binds a broad range of chemokines and

reduces the inflammatory response and NK and neutrophil accumulation in lesions in
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rats (136). Further, recombinant VSV-UL141 downregulates NK cell-activating ligand
CD155 to inhibit NK-cell recruitment in rats (149).

Additional studies investigated the prevention of Ab mediated VSV
neutralization by combined administration of VSV and cyclophosphamide (CPA). CPA
enhances delivery of OVs through reductions in levels of neutralizing Abs, suppression
of innate immune effectors (257, 258), depletion of number of Tregs (168) and
activation of immune cells (259). While a single dose of CPA has been shown to be
insufficient to control primary anti-VSV immune responses in animal models, a
clinically approved multi-dose CPA regimen suppressed antiviral Ab responses against
VSV, even in mice with pre-existing Abs against VSV (154). However, a recent study
surprisingly showed that the combination of CPA and VSV was less effective than CPA
alone, despite increased intratumoral VSV titers (155). This study suggests that CPA-
mediated therapy is dependent upon both CD4 T-cell and NK-cell activation, which are
suppressed upon VSV infection, and serves as a warning of unforeseen consequences of
experimental therapies involving immune modulation

Inducing Tumor-specific Immunity

Fully effective OV therapy may require the activation of tumor-specific adaptive
immune responses (163). Although all VSVs have immunostimulatory abilities, in this
section we focus on VSV-based OVs designed specifically to induce tumor-specific
immune responses.

A number of tested VSVs encode immunostimulatory host genes (Table 8),
including interleukin (IL)-4 (135), IL-12 (260), IL-15 (261), IL-23 (262, 263), type 111

IFN-1 (also called IL-28) (171), Fms-like tyrosine kinase 3 ligand (FIt3L) (264) and
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CDA40L (167) (Table 8). Interestingly, a study utilizing VSV-CD40L with or without
VSV G indicated that therapeutic success may not depend on progressive rounds of
VSV replication, as non-replicative VSV-CD40LA-G was equally as effective as fully
replication-competent VSV-CD40L in mice. This result illustrates that tumor specific
immune responses could play a dominant role, at least in the employed experimental
system (167). Some interleukins provide not only immunostimulation but also improved
safety. For example, the incorporation of IL-23 into the VSV genome stimulated NK
and CD4 cells and enhanced nitric oxide production in the CNS, aiding viral clearance
from neurons (262, 263).

While these approaches stimulated the immune system and often resulted in
tumor-specific memory responses, several studies investigated whether VSV can be
designed specifically to facilitate the presentation of tumor-associated antigen (TAA) to
immune cells. In a proof-of principle study, the VSV-OVA virus was generated to
express the chicken ovalbumin (ova) gene (166). Injection of VSV-OVA into
established B16-OVA tumors increased the number of ova-specific T-cells significantly
compared with VSV-GFP (265). VSV expressing an altered version of the murine self-
TAA gpl100 was able to stimulate gp100-specific T-cells despite pre-existing immune
tolerance. Although tumor reduction was not improved significantly compared with
VSV-GFP, combining VSV-hgp100 infection with adoptive transfer of naive gp100-
specific T-cells improved efficacy greatly, suggesting the potential of this treatment
strategy (265).

Dendritic cells (DCs) have the ability to activate Ag-specific T-cells and NK

cells. While DCs do not support robust VSV replication, they can be infected ex vivo,
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then used to mount a specific anti-tumor response. DCs infected with VSV encoding
human melanoma-associated Ag dopachrome tautomerase (hDCT) endogenously
expressed by B16-OVA cells, or luciferase tagged with the immunodominant class-I
epitope SIINFEKL, were able to mature and produce pro-inflammatory cytokines (164).
When mice with metastatic tumors received DCVSV/hDCT, tumor growth was
controlled by both NK and CD8+ T-cells (164). In an even more sophisticated
approach, a combination of an adenovirus and VSV both expressing hDCT were used
sequentially. The adenovirus pre-immunization of in vivo murine DCT tumors did not
prevent intratumoral VSV infection. Furthermore, this treatment resulted in reduced
VSV replication in normal cells and a shift in immune activation from viral Ags to
TAAs (266).

These approaches may be useful if a specific TAA is stably expressed, but in
most cancer types TAA expression is variable, transient, and often unknown for
individual tumors. In a new approach, a VSV-cDNA library was used to identify TAAs
capable of inducing enhanced tumor specific immunity (267). The screen identified
three viruses encoding putative TAAs, and their therapeutic effect against B16 murine
melanoma tumors was reconstituted in vivo when these viruses were used together.

A fine balance between antiviral and anti-cancer responses is probably needed
for effective OV therapy using VSV. For example, TLR signaling through myeloid
differentiation primary response gene 88 (MyD88) activates specific antiviral immune
responses that inhibit virus replication within the tumor, but also induces critical anti-
cancer responses; a recent study has shown that VSV anti-tumor therapy in the B16-

OV A mouse model depends on antiviral signaling through MyD88 (268).
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Finally, while the majority of studies have demonstrated the desirable
immunomodulation of the tumor microenvironment following VSV infection to favor
tumor rejection, the opposite situation can also occur. A recent study demonstrated that
VSV infection can negatively affect surface expression of immunostimulatory NKG2D-
ligand, allowing viruses to escape immune recognition by NK cells, but negatively
affecting anti-tumor immune responses (269).

4.4 Future Directions

With applications ranging from gene therapy to cancer targeting, a better understanding
of the biological basis for VSV tropism is paramount. Recent identification of LDLR as
a potential receptor for VSV is exciting (11), but additional studies confirming these
results are necessary to explain the host range of VSV and also provide a means to
predict and/or direct its tropism via receptor manipulation. Although the wide range
tropism of VSV is a plus in many applications, other applications would benefit from
more specific cell targeting. It is likely that more rationally designed VSV-based
recombinants expressing foreign attachment genes will be generated to limit VSV
tropism. Biosafety of such chimeras is an important issue as VSV expressing the p14
FAST reptilian reovirus virus fusion-associated protein demonstrated enhanced
neurotoxicity in mice (250). Tropism and safety of VSV are greatly controlled by
cellular IFN responses, which can be exploited to target and kill IFN defective cancer
cells without damaging healthy tissues. However, new approaches are needed to
specifically target cancer cells retaining functional IFN signaling. While WT VSV is
not acceptable as a clinical vector, there are some conflicting reports even in regard to

the safety of VSV recombinants depending on the route of administration (133). This is
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particularly important for oncolytic applications of VSV in immunocompromised
cancer patients. Potential evolution of VSV used in clinical applications should be more
seriously studied. With more VSV recombinants likely to begin clinical trials, we
expect to see an increased focus on preventing premature clearance of therapeutic VSV
by host immune responses. VSV will continue to be one of the most popular viruses and
because of its unique qualities it remains an essential tool for discovery of basic
biological research and will play an important role in vaccine development, gene and
oncolytic therapies.

To provide the best virus for clinical use, the ‘perfect’ therapeutic oncolytic
VSV should cause no neurotoxicity, retain oncolytic ability, be easily adaptable to
target specific cancer types, and induce immune memory toward the tumor. Based on
these criteria, and the fact that host proteins can influence the VSV life cycle (Table 9),
chapters two and three have provided informative groundwork with which to design and
test potential methods to improve VSV OV therapy against PDAC.

Forecasting from the results shown in chapters two and three, future
studies need to look at VSV's ability to stimulate the immune response toward cancer
cells. VSV engineered to express a relevant tumor-associated antigen (TAA) such as
MUCI could be created. Studies with other tumor types utilized recombinant VSV's
encoding TAAs like human melanoma-associated antigen (Ag) dopachrome
tautomerase (164) or chicken ovalbumin (166, 268) demonstrated improved antitumor
efficacy of VSV associated with the ability to generate increased numbers of TAA-
specific T cells (166, 265). Also, other r'VSVs expressing immune system-modulating

cytokines or cancer suppressor proteins could be tested and compared to
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Common Protein name Uniprot gene Name Potential role in VSV life cycle Selected References
Attachment
Low Density Lipoprotein Receptor LDLR Proposed VSV cell surface receptor. Finkelshtein et al. (2013)
Toll-like receptor 4 TLR4 Detects VSV G protein. Georgel et al. (2007)
Toll-like receptor 13 TIR13 Detects VSV, but ligand is unknown. Shi et al. (2011)
Heat Shock Protein 90 kDa Beta HSP90B1 (Gp96) Facilitates the correct folding of either a Bloor et al. (2010)
protein receptor or an enzyme required for the
synthesis of a VSV receptor(s). May promote
the stable configuration of VSV L multimers
and facilitate the L-P interaction.
Entry
Qlathrin heavy chain CLTC Required for VSV endocytosis. Sun et al. (2005)
Dynamin-1/2 DNM2-1/2 Binds VSV M to facilitate for virus assembly Cureton et al. (2009), Raux et al. (2010)
and budding.
Toll-like receptor 3 TLR3 Detects double-stranded RNA in end: Alexopoulou et al. (2001)
Toll-like receptor 7 TLR7 Detects single-stranded RNA in endosomes. Diebold et al. (2004), Lund et al. (2004)
Toll-like receptor 8 TLR8 Detects single stranded RNA. Heil et al. (2004)
Replication
Peptidylprolyl Isomerase A CYPA Interacts with VSV N and is found bound to Bose et al. (2003)
(Cyclophilin A) viral RNP in progeny. Required for VSV NJ
replication, but not VSV IN.
Casein kinase Il CSNK2A1 Phosphorylates VSV P to facilitate Barik and Banerjee (1992)
transcription.
Elongation factor 1-alpha 1 EEF1A1 Associates with VSV L to facilitate Das et al. (1998)
transcription.
Ubiquitin-60S rib 1p UBAS52 Required for VSV cap-dependent translati Lee et al. (2013)
L40
Serrate RNA effector molecule SRRT/ARS2 Modul. antiviral resp to inhibit VSV Sabin et al. (2009)
homolog infection.
Poly (RC) binding protein 1/2 PCBP-1/2 Interact with VSV P to inhibit viral mRNA Dinhetal. (2011)
hesis.
Tubulin beta chain TUBB gzlintes transcription and may associate Moyer et al. (1986)
directly with VSV L.
60 kDa heat shock protein HSPD1 Found to be bound to the transcriptase Qanungo et al. (2004)
complex and in purified virions.
mRNA-capping enzyme RNGTT Found to be bound to the transcriptase Qanungo et al. (2004)
complex and in purified virions.
Interferon-induced protein with IFAT2 Inhibits VSV replication as VSV titers rose Fensterl et al. (2012)
tetratricopeptide repeats 2 several hundred folds higher in knockout mice
compared to wt mice.
Interferon induced transmembrane IFITM3 Inhibits a post endocytosis event of VSV entry. Weidner et al. (2010)
protein 3
Interferon-induced GTP-binding MX1 Inhibits VSV RNA synthesis. Schwemmle et al. (1995)
protein Mx1
2°-5-Oligoadenylate Synthetase 1 0AS1 Detects single and double-stranded RNA with Kumar et al. (1988)
secondary structure and activates RNAsel,
which degrades cellular mRNA.
Ubiquitin-like protein ISG15 ISG15 Regulator of antiviral protei Zhao et al. (2005)
Probable ATP-dependent RNA DDXS8/RIG-I Detects uncapped 5'-triphosphate RNA and Hornung et al. (2006), Kato et al. (2006)
helicase DDX58 signals type | IFN production.
Interferon-induced, EIF2AK2/PKR Detects double-stranded RNA and inhibits Balachandran et al. (2000)
double-stranded RNA-activated translation of viral mRNAs through
protein kinase phosphorylation of eukaryotic translation
initiation factor 2a.
Interferon-induced helicase C IFIH1/MDAS Recognizes dsRNA to facilitate antiviral Kato et al. (2006)
domain-containing protein 1 signaling.
TATA-box-binding protein TBP/THID VSV inhibits cellular host transcription by Yuan et al. (1998)
inactivation of TFIID.
tumor susceptibility gene 101 TSG101 Plays a role in nucleocapsid release from Luyet et al. (2008)
4 to the cytopl.
Interferon alpha-1/13/Interferon IFNAT/IFNB1 Key cytokine responsible for promoting Gresser et al. (1979)
beta upregulation of antiviral genes.
Interferon regulatory factor 3 and 7 IRF3, IRF7 VSV infection causes results in activation and Stojdl (2003)
upregulations of this transcription factor that
upregulates type | IFN production for antiviral
response.
Signal transducer and activator of STAT1 Activation of STAT1 via IFN signaling results in Wong et al. (2001)
transcription 1-alpha/beta this transcription factor causing upregulation
of antiviral genes.
Lupus La protein SSB/La Binds to VSV leader RNAs and may influence Wilusz et al. (1983)
transcription of full-length genome.
Assembly and Exit
Actin Cureton et al. (2009)
E3 ubiquitin-protein ligase NEDD4 NEDD4 Arole in VSV budding. Irie et al. (2004)
78 kDa glucose-regulated protein HSPAS/GRP78 Arole in folding of VSV G. Hammond and Helenius (1994)
Common Protein name Uniprot gene Name Potential role in VSV life cycle Selected References
Calnexin CANX A role in folding of VSV G. Hammond and Helenius (1994)
Dynamin-1/2 DNM2-1/2 Binds VSV M to facilitate for virus assembly Cureton et al. (2009), Raux et al. (2010)
and budding.
Bone marrow stromal antigen BST2 May impair VSV release. Sarojini et al. (2011), Weidner et al. (2010)

2/Tetherin
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VSV-AMS51-GFP (51).

There is evidence that VSV expressing p53 has such a function, but this will
need to be tested in vivo. Interestingly, the outcome of treatment may be dependent on
the amount of virus used. At lower concentration, for an oncolytic VSV recombinant,
antitumor effects were improved compared to higher concentrations (115), suggesting
that the increased viral presence biases the immune response against viral antigens
rather than tumor cell antigens. However, recently it was shown with a VSV vaccine
vector that robust replication of VSV could be required for efficient adaptive immune
responses against non-VSV antigen (270). Therefore, future experiments should study
dose-dependent efficacy of VSV against PDAC tumors.

Additional strategies seek to use combinational therapies to improve oncolysis.
A recombinant virus expressing a sodium iodide symporter, when coupled with iodine-
131 radiation therapy, resulted in an enhanced oncolytic effect in radiation-sensitive
tumors (251). Finally, OV therapy has been tested in combination with
chemotherapeutics like obatoclax (248) or EM20-25 (247) (inhibitors of BCL-2) or
doxorubin (intercalates DNA) (249), with all showing enhanced oncolysis compared to
VSV monotherapy. When we tested a combinational treatment of VSV-AMS51-GFP and
a commonly used PDAC chemotherapeutic, gemcitabine, significant improvement was
observed compared to use of VSV-AMS51-GFP alone. In addition to its role as a
chemotherapeutic, gemcitabine was shown to deplete B cells (271). While the antibody
response was similar in the VSV-AMS51-GFP alone and VSV-AMS51-GFP plus
gemcitabine groups at the endpoint, it is possible that gemcitabine contributed to the

prolonged tumor reduction in this group. It should also be noted that gemcitabine had
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no effect on VSV-AMS51-GFP replication in vitro (data not shown). Future experiments
will study the potential of VSV with gemcitabine (or other drugs) using additional
concentrations and treatment schedules in different model systems.

Common to both studies, MUCI and p53, and relevant to clinical investigation
are the models being used for study in addition to the method of virus manufacturing.
Use of spontaneous PDAC tumor models would prove more physiologically relevant
and allow for a better means of monitoring of systemic virus infection and spread than
we see in subcutaneous xenograft models. Regarding the p53 study, use of
immunocompetent mice will be important to monitor the effect of p53 transgene
activity on any potential tumor specific immune response. Specifically, recently
described humanized mice may provide the best system for this task so that human-
derived cancers can be studied in an animal context.

Finally, the development of good manufacturing practices (GMP) for virus
production needs to be explored in more detail. Importantly, the cell line used for VSV
amplification is necessary to ensure that the virus used for therapy is free of
contaminants and optimized for clinical use (272, 273). Interestingly, in a pilot study,
we demonstrated that VSV grown in murine cells expressing human MUCI has
enhanced oncolytic efficacy against PDAC compared to VSV grown in the standard
BHK cell line (data not shown). It is unclear if cell-line specific membrane proteins
incorporated into the virus envelope reduce premature clearance of virus from the
system. Future work will need to explore human cell lines for production of virus used
to treat human malignancy and determine if different cancer types will need to be

treated most effectively with virus grown in different cell lines.
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