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ABSTRACT
SARA LOUISE NICKEL SEEGERS. Experimental of oncolytic vesicular stomatitis

viruses in cancer cells. (Under the direction of DR. VALERY GRDZELISHVILI)

Vesicular stomatitis virus (VSV) based oncolytic viruses are promising agents against
various cancers. We have shown that pancreatic ductal adenocarcinoma (PDAC) cell lines
exhibit great diversity in susceptibility and permissibility to VSV. Here, we analyzed if
PDAC resistance to VSV could be decreased by directed viral evolution using our two
previously described oncolytic VSV recombinants, VSV-p53wt and VSV-p53-CC. Each
virus encodes VSV matrix protein with AM51 mutation (M-AMS51) and one of two versions
of a functional human tumor suppressor p53 fused to a fluorescent reporter protein
eqFP650. Each virus was serially passaged 32 times (accounts for more than 60 viral
replication cycles) on either SUIT-2 (moderately resistant to VSV) or MIA PaCa-2 (highly
permissive to VSV) human PDAC cell lines. While no phenotypic changes were observed
for MIA PaCa-2-passaged viruses, both SUIT-2-passaged VSV-p53wt and VSV-p53-CC
showed improved replication in SUIT-2 and another PDAC cell line AsPC-1 (moderately
resistant to VSV), while remaining highly attenuated in non-malignant cell lines.
Surprisingly, two identical VSV glycoprotein (G) mutations, E238K and K174E were
identified in both SUIT-2-passaged viruses. Additional experiments indicated that the
acquired G mutations improved VSV replication at least in part due to improved virus
attachment to SUIT-2 cells. Importantly, no mutations were found in the M-AMS51 protein
and no deletions or mutations were found in the p53 or eqFP650 portions of virus-encoded

transgenes in any of the passaged viruses. These findings demonstrate long-term genomic
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stability of complex VSV recombinants encoding large transgenes, and support further

clinical development of oncolytic VSV recombinants as safe cancer therapeutics.
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CHAPTER 1: INTRODUCTION

1.1 Background

Viruses, the most abundant biological entities on earth, are submicroscopic,
obligate intracellular parasites comprised of nucleic acid wrapped in a protein coat in
their most basic form (Koonin, 2010; Perlmutter and Hagan, 2015). The protein coat that
packages a viral genome is called a capsid. Some viruses contain another outer layer
called an envelope which is a lipid bilayer that is derived from the host cells own
membrane. The capsid or virus envelope play important roles in viral interactions with
host cells as this is the surface that will be in direct contact with the cell membrane.
These layers also provide protection from the external environment that could damage the
viral genome. The Baltimore classification of viruses established by David Baltimore
classifies viruses into 7 different families based on their type of genome and how they
replicate their genome. These groups are: I (double stranded (ds) DNA genome), 11
(single stranded (ss) DNA genome), III (dsSRNA genome), IV (ssRNA positive strand
genome), V (ssRNA negative-strand genome), VI (ssRNA positive-strand genome,
reverse transcriptase), VII (dsSRNA, reverse transcriptase) (Baltimore, 1971). While
viruses can cause harm to the organisms they infect, they are also beneficial as they have
led to many discoveries in biological research and are even used as therapeutical agents
in the form of vaccine development, gene therapy, bacteriophage therapy, and cancer
therapy (Draper and Heeney, 2010; Felt and Grdzelishvili, 2017; Thomas et al., 2003)
(Lin et al., 2017; Russell et al., 2012) (Verma and Weitzman, 2005).

Oncolytic virus (OV) therapy is an emerging approach utilizing viruses that

preferentially infect and kill cancer cells. While OV therapy has had pre-clinical and



clinical success, there are limitations such as cancers being resistant to OV therapy. Our
lab focuses on vesicular stomatitis virus (VSV) as on OV for pancreatic ductal
adenocarcinoma (PDAC) and this work focuses specifically on improving VSV as an OV
through a directed experimental approach while simultaneously investigating the stability
of transgenes within VSVs genome over the course of extensive viral passaging.
1.1.1 Vesicular Stomatitis Virus

VSV is a prototypic nonsegmented negative-strand (NNS), RNA virus (order
Mononegavirales, family Rhabdoviridae, genus Vesiculovirus). Multiple strains of VSV
exist however the 2 most common are VSV New Jersey and VSV Indiana (Martinez and
Wertz, 2005). VSV most commonly infects mammals such as cattle and rodents resulting
in sores on the mouth and feet of infected individuals throughout regions of North,
Central, and South America. VSV can also infect human hosts however the symptoms are
usually much less severe (Tesh et al., 1969). VSV has neurotropic tendencies as the
central nervous system (CNS) lacks a robust immune response and CNS neurons do not
replicate (Paul et al., 2007). VSVs neurotropism has been documented in both murine and
non-human primate models through intranasal or intracranial infection (Johnson JE et al.,
2007) (van den Pol et al., 2002). The neurotoxicity associated with VSV infection
administered intranasally has been well studied and results in VSV replication in the
nasal epithelium which moves to the olfactory neurons and finally retrograde axonally to
replicate in the brain which results in encephalitis (Bi et al., 1995) (Reiss et al., 1998)
(van den Pol et al., 2002).

VSV is able to infect a wide range of hosts and replicate in a wide range of cell

types (Hastie et al., 2013) due to ubiquitously expressed cell-surface receptors that can be



used by the virus. The low-density lipoprotein receptor (LDLR) and other members of the
LDLR family have been shown to serve as VSV receptors (Amirache et al., 2014;
Ammayappan et al., 2013; Finkelshtein et al., 2013; Nikolic et al., 2018), and additional
studies showed that other cell surface molecules, such as phosphatidylserine (Carneiro et
al., 2006; Coil and Miller, 2004; Schlegel et al., 1983), sialoglycolipids (Schloemer and
Wagner, 1975), and heparan sulfate (Guibinga et al., 2002) could also play a role in VSV
attachment to host cells. VSV-G is the viral protein responsible for attachment and entry
into host cells through the interaction with the previously mentioned known receptors on
the host cells surface. VSV-G contains 2 sites that are post translationally glycosylated
which have been shown to play a role in cell infection depending on the cell line being
infected however other non-specific interactions between the virus and host cell that alter
the efficacy of VSV attachment to host cells (Bailey et al., 1989; Hastie et al., 2013;
Machamer et al., 1985; Robertson et al., 1976). Treatment with polycations has been
shown to improve VSV attachment to host cells most likely by decreasing electrostatic
repulsion between the negatively charged viral envelope and the negatively charged cell
membrane (Bailey et al., 1984; Conti et al., 1991). After VSV attaches to a host cell via
specific and non-specific interactions, VSV is endocytosed into the host cell. Fusion of
the viral envelope with the endosomal membrane occurs when pH decreases in the
endosomal vesicle resulting in a conformational shift in VSV-G that is responsible for the
fusion of membranes. which in turn releases the viral nucleocapsid into cells cytoplasm.
Since VSV has a negative sense RNA genome, its genome must first be transcribed to
mRNA from which viral proteins can be synthesized and assembled with the replicated

negative sense RNA viral genome. Once new progeny virions are assembled, they bud



from the host cells plasma membrane which VSV-G has been incorporated into, which is
where the new VSV virions gain their envelope. Host cell must be permissive and able to
support each step of the virus replication cycle to result in infectious viral progeny and
different cell lines result in differing amounts of virion production depending on their
permissiveness to the viral infection.

VSV is a well characterized virus widely used in studies involving gene therapy,
vaccine development, and oncolytic virotherapy (Bukreyev et al., 2006; Finke and
Conzelmann, 2005; Ke et al., 2019; von Messling V and Cattaneo, 2004). VSV is an
enveloped, bullet shaped virus consisting of an 11-kb genome that encodes five proteins:
nucleocapsid protein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G), and
large polymerase (L) (Lyles DS, 2007). The VSV-N protein encapsidates the VSV
genome which forms a nuclease resistant N-RNA complex. This complex associates with
the VSV-L and VSV-P proteins which form viral RNA-dependent RNA polymerase
(RdRp) which is responsible for transcribing the viral genome. The N-RNA complex
associated with the RARp complex is called the viral ribonucleoprotein complex (RNP)
and the RNP is surrounded by VSV-M. VSV-M plays an important role in the inhibition
of the innate immune response to prevent clearance of the virus from the host cell
(Ahmed et al., 2003). This VSV-M covered RNP is encapsulated by the viral envelope
which VSV-G is embedded in with VSV-G being the viral protein responsible for

attachment and entry into host cells (Fig.1) (Lyles DS, 2007).
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Figure 1: Wild type VSV virion structure and genome. VSV has a non-segmented
negative sense RNA genome that encodes 5 genes: N, P, M, G, L that assemble as an
enveloped, bullet-shaped virion. Adapted from Hastie et.al.
1.1.2 Oncolytic Virotherapy Overview

Many viruses inherently preferentially infect, replicate in and kill cancer cells.
Naturally occurring or engineered viruses that preferentially kill cancer cells have been
termed oncolytic viruses (OVs). The oncoselectivity of most OVs, including VSV, is
based mainly on defective or reduced type I IFN responses in cancer cells (Balachandran
and Barber, 2004; Barber, 2004; Lichty BD et al., 2004; Marozin et al., 2008; Marozin et
al., 2010; Moussavi et al., 2010; Stojdl DF et al., 2003; Stojdl et al., 2000; Zhang et al.,
2010), compared to non-malignant (“normal’) cells. These responses are generally
unfavorable for tumor development as they are anti-proliferative, anti-angiogenic, and
pro-apoptotic (Wang et al., 2011a). Oncolytic viruses have been of interest since the 19"
century when researchers first observed naturally acquired viruses ability to regress
tumor development in patients, however, there was limited success with viruses as a
treatment for cancer as the oncoselectivity, or specificity for only malignant cells, of the
viruses was lacking and in immunocompetent patients the OV would be cleared by the

immune system before the virus was able decrease tumor growth (Kelly and Russell,



2007). Through modern biotechnology, viruses have been engineered to improve
oncolytic virotherapy. One such way OVs oncoselectivity has been refined is by
exploiting viruses susceptibility to innate immune responses elicited by non-malignant
cells (Ayala-Breton et al., 2013). Viruses can also be engineered to target biomarkers of
malignant cells more specifically to improve oncoselectivity (Freedman et al., 2018).
Engineered OVs have had pre-clinical and clinical success with three OVs currently
approved to be used in clinical settings for melanoma treatment: 1. enteric cytopathic
human orphan virus 7 based RIGVIR was approved for clinical treatment use in Georgia,
Armenia, and Latvia in 2015, 2. herpes simplex virus 1 based OV and 3.T-VEC, which
was approved in the USA and European Union in 2016. For the treatment of head and
neck squamous cell carcinoma, adenovirus type 5 based Gendicine and Oncorine was
approved in China in 2006.
1.1.3 VSV as an OV

VSV specifically is a promising oncolytic virus (OV) due to its inherent ability to
preferentially replicate in cancer cells and because of a lack of preexisting immunity
against VSV in the human population (Felt and Grdzelishvili, 2017; Hastie and
Grdzelishvili, 2012; Simovic et al., 2015). Although wild-type (WT) VSV is sensitive to
type I IFN mediated antiviral responses in most normal tissues, WT VSV-M sufficiently
inhibits type I IFN responses to allow viral replication in the central nervous system
(CNS) (Clarke DK, 2007; Johnson JE et al., 2007). However, due to a well-established
reverse-genetics system available for VSV, a large number of safe oncoselective VSV-
based oncolytic viruses have been generated and tested in numerous studies (Felt and

Grdzelishvili, 2017; Hastie and Grdzelishvili, 2012). Some of the most widely used



oncolytic VSVs are recombinants carrying a deletion (M-AMS51) or substitution (M51R)
of methionine at amino acid (aa) residue 51 in VSV-M. These mutations attenuate VSV
replication in normal cells by preventing WT VSV-M protein from inhibition the nuclear
exit of host mRNAs, including transcripts for virus-induced antiviral genes (Black and
Lyles, 1992; Black et al., 1993; Coulon et al., 1990). As a result, unlike WT VSV, VSV
M51 mutants have dramatically attenuated neurotoxicity but retain robust oncolytic
abilities (Ahmed et al., 2003; Brown et al., 2009; Ebert O et al., 2005; Stojdl DF et al.,
2003; Trottier et al., 2007; von Kobbe et al., 2000; Wollmann G et al., 2010).
1.1.4 Transgenic Oncolytic Virotherapy

A common approach to generate safe oncolytic VSV is to introduce a transgene
improving oncoselectivity or/and induction of adaptive anti-tumor immune responses (Felt
and Grdzelishvili, 2017; Hastie and Grdzelishvili, 2012; Simovic et al., 2015). For
example, previous studies showed that functional human tumor suppressor p53 variants
can be successfully integrated into VSV genome (Hastie et al., 2015; Heiber and Barber,
2011). Our laboratory generated two recombinants, VSV-p53wt and VSV-p53-CC, each
expressing M-AMS51 and a different version of a functional tumor suppressor p53 fused to
a near-infrared fluorescent protein eqFP650 (hereinafter referred to as RFP) (Hastie et al.,
2015). While WT p53 is a powerful tumor suppressor, it can become a devastating
oncogene once mutated, mostly via missense mutations, which should be considered when
incorporated into anti-cancer therapies (Kandoth et al., 2013). VSV-p53wt encodes a
human WT p53, while VSV-p53-CC encodes a human p53 with its tetramerization domain
substituted with the coiled-coil (CC) domain of breakpoint cluster region (Bcr) protein

(Okal et al., 2013). The resulting p53-CC protein evades the dominant-negative activities



of endogenously expressed mutant p53 (Okal et al., 2013). Our previous study showed that
these VSV-encoded p53 transgenes not only enhanced VSV anti-cancer abilities through
the introduction of functional p53 into cancer cells with defective tumor suppression
activity, but also through the downregulation of antiviral signaling in cancer cells, while
stimulating it in normal cells (Hastie et al., 2015).

As a result of the numerous preclinical studies demonstrating the effectiveness of
different VSV recombinants as OVs (Felt and Grdzelishvili, 2017; Hastie and
Grdzelishvili, 2012; Russell et al., 2012), VSV-hIFNbeta-NIS, encoding the human
cytokine interferon beta (hIFNbeta) and the human thyroidal sodium-iodine symporter
(NIS), is currently being tested in the United States in several phase I clinical trials against
various malignancies (see details for trials NCT02923466, NCT03120624, and

NCT03017820).

Despite these advances, many challenges exist regarding the use of VSV as an
oncolytic virus in clinic. For example, not all tumors are susceptible and/or permissive to
VSV (Felt and Grdzelishvili, 2017; Hastie and Grdzelishvili, 2012). Our previous studies
showed that pancreatic ductal adenocarcinoma (PDAC) cell lines show great diversity in
susceptibility and permissibility to VSV based OVs, such as VSV-AMS51. We previously
identified several mechanisms behind resistance of PDACs to VSV-based therapy, such as
abnormal or residual type I IFN antiviral activities (Cataldi et al., 2015; Hastie et al., 2016;
Moerdyk-Schauwecker et al., 2013; Murphy et al., 2012), inefficient attachment of VSV
to some PDACs (Felt et al., 2017), and resistance of VSV-infected PDAC cells to virus-

mediated apoptosis (Felt et al., 2015).



Another potential problem is that VSV, as any other RNA virus, can mutate
rapidly due to the lack of proofreading activities in virus-encoded RNA-dependent RNA
polymerase (RdRp) (Steinhauer et al., 1992). Such spontaneous mutations could revert
attenuated VSV back to a WT phenotype. For example, in the case of VSV-AMS51
recombinants, secondary mutations in VSV-M could hypothetically restore WT M
functions and reduce VSV-AMS51 oncoselectivity. Also, VSV has a small RNA genome,
and the addition of any transgenes typically attenuates viral replication as the added
genetic information hinders speed of viral genome replication and attenuates transcription
of downstream viral genes (Wertz et al., 2002). A spontaneous loss of a transgene,
particularly if the transgene is the attenuating factor, is an undesirable possibility.
Another hypothetical complication is single site mutations in the beneficial transgene,
which could completely negate or change its function resulting in an ineffective or
potentially pathogenic function. Despite VSV being an RNA virus that can mutate
rapidly, there is evidence that VSVs genome remains relatively stable in endemic regions
(Letchworth et al., 1999).

1.1.5 Directed Evolution Approach

One method to improve VSV as an OV against resistant cell lines is a directed viral
evolution approach where OVs are serially passaged on a target malignant cell line to
allow the virus to acquire mutations that enable it to replicate and kill the target cell line
better. Directed evolution and bioselection for more potent oncolytic viruses has been
explored in other studies using a variety of oncolytic viruses and cancer types (Bauzon
and Hermiston, 2012; Kuhn et al., 2017; Kuhn et al., 2008; Sanjuan and Grdzelishvili,

2015; Svyatchenko et al., 2017; Yan et al., 2003; Zainutdinov et al., 2019). VSV has been
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a widely used model to study viral evolution for several decades (Novella, 2003) and has
been experimentally evolved for various purposes such as understanding how viruses
evade innate immune responses (Hernandez-Alonso et al., 2015), the generation of novel
VSV-G protein variants used to pseudotype retroviral and lentiviral vectors for gene
delivery (Yu and Schaffer, 2006), and to produce novel variants of foreign genes encoded
in VSV genome (Davis and van den Pol, 2010). Moreover, several previous studies have
successfully used a directed evolution approach to improve VSVs oncolytic abilities (Gao
et al., 2006; Garijo et al., 2014; Janelle et al., 2011; Wollmann G, 2005).
1.1.6 Pancreatic Ductal Adenocarcinoma

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive form of
pancreatic cancer that comprises 90% of pancreatic cancers and is the 4" leading cause of
cancer related deaths worldwide (Adamska et al., 2017). PDAC is usually not diagnosed
until already in later stages when surgical resection is not a viable option and currently
has a 5-year survival rate of 7% (Stark et al., 2016). Current clinical practice most
commonly treats PDAC with chemoradiotherapy and/or the chemotherapeutics
gemcitabine and nab-paclitaxel however, PDACs are notoriously chemoresistant making
them difficult to treat and often result in poor patient prognosis. This makes it necessary
to find new and innovative ways to treat this form of cancer (Swayden et al., 2018; Wang
et al., 2011b; Wolfgang et al., 2013). PDAC is often associated with mutations in the
RAS genes which consist of the HRAS, KRAS, and NRAS genes. Mutations within
KRAS in particular are associated with the initiation of pancreatic cancer being found in
more than 90% of PDAC cases (Giri et al., 2017). RAS plays important roles in cell

proliferation, differentiation and regulation of apoptosis and mutations in KRAS at
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codons 12 and 13 most commonly result in KRAS remaining constitutively activated
resulting in the progression of PDAC (Sinn et al., 2014). Other mutations associated with
the progression of PDAC are tumor suppressor genes CDKN2A, TP53, and SMAD4
(Rice and Del Rio Hernandez, 2019). VSV based oncolytic viruses are promising agents
against PDACs (Wennier et al., 2011) however, some PDAC cell lines are resistant to
VSV (Hastie et al., 2016). Multiple mechanisms can be used to lessen or break resistance
to OV therapy such as the directional experimental evolution method examined in this
thesis.
1.2 Rationale

Pancreatic ductal adenocarcinomas are associated with being highly aggressive,
invasive and resistant to chemotherapy. PDAC is often not diagnosed until in later stages
due to its lack of external symptoms resulting in limited treatment options. Vesicular
stomatitis virus (VSV) based oncolytic viruses are promising agents against PDAC
however not ubiquitously, some PDAC cell lines are resistant to VSV. This thesis
examined how stable transgenes and the AMS51 attenuation are within oncolytic VSV-
pS3wt and VSV-p53-CC genomes over extensive passaging on PDAC cell lines of
differing resistances to VSV. This thesis also examined if these viruses can be
directionally evolved to better replicate in and kill the PDAC cell line they were
extensively passaged on. To understand both the stability and flexibility of VSV as on
OV for PDAC treatment is critical. The knowledge gained from extensively passaging
oncolytic VSV on malignant cell lines will help to elucidate any potential concerns with
the use of oncolytic VSV long-term in a clinical setting. The study will also provide

useful information about how to improve OV therapy through the method of directed



evolution. While this work is specific to VSV and PDAC, it will likely be relevant to

other OVs and cancers.
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CHAPTER 2: HYPOTHESES AND SPECIFIC AIMS

2.1 Hypotheses

1. Complex VSV recombinants are able to stably express transgenes over the course of
extensive viral passaging.

2. VSV-p53 can be directionally adapted to replicate better in a resistant PDAC cell line
and become more cytotoxic to the cell line it is passaged on.

2.2 Research Focus

Understanding and exploiting long-term evolution of transgene expressing oncolytic
vesicular stomatitis virus in pancreatic cancer cells.

2.3 Specific Aims

AIM 1: Passage viruses 33 times and complete genomic sequence analysis of founder
and passage 33 viruses.

AIM 2: Investigate oncolytic potential of mutant passage 33 viruses compared to founder
viruses.

AIM 3: Investigate the effect of the identified mutations on virus replication cycle.
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CHAPTER 3: PASSAGING, SEQUENCE ANALYSIS, AND RETENTION OF
TRANSGENES OF DIRECTIONALLY EVOLOVED VIRUSES

3.1 Materials and Methods
3.1.1 Viruses and cell lines

The recombinant viruses VSV-p53wt and VSV-p53-CC were previously
engineered using the VSV-AMS51 backbone and were previously described in detail (Hastie
et al., 2015). Plaque isolated viruses were obtained by isolating individual viral plaques
which were then amplified on BHK-21 cells. The baby hamster kidney BHK-21 fibroblast
cell line (ATCC CCL-10) was used to grow viruses and to determine their titers. Viral titers
for both viruses were determined by standard plaque assay on BHK-21 or SUIT-2 cells
using an agar overlay, and then calculated as plaque-forming units (PFU) per ml or
fluorescent focus units (FFUs) per ml. To calculate PFU/ml, cells were fixed and stained
with crystal violet, whereas to calculate FFU/ml, VSV-encoded RFP fluorescent foci were
counted using fluorescent microscopy. The following human PDAC cell lines were used
in this study: SUIT-2 (Iwamura T et al., 1987), MIA PaCa-2 (ATCC CRL-1420), and
AsPC-1 (ATCC CRL-1682). The human origin of all these PDAC cell lines was confirmed
by partial sequencing of KRAS and actin, as well as genomic mutation profiling using
Cancer Hotspot Panel v2 (Life Technologies) to analyze for 2800 Catalogue of Somatic
Mutations in Cancer (COSMIC) mutations of 50 oncogenes and tumor suppressor genes
(Hastie et al., 2016). As expected, all PDAC cell lines had a mutation in KRAS, as it is
typical for PDACs (Cataldi et al., 2015; Hastie et al., 2016). A non-malignant human
pancreatic duct epithelial (HPDE) cell line was previously generated by introduction of the

E6 and E7 genes of human papillomavirus 16 into normal adult pancreas epithelium. HPDE
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retains a genotype similar to pancreatic duct epithelium, is non-tumorigenic in nude mice,
and has no cancer-associated mutations (Furukawa T et al., 1996). HPDE was grown in
Keratinocyte-SFM (K-SFM, Gibco, 17005042) without serum. Normal untransformed
human fibroblasts AG08498 and AG01519 from foreskin of healthy donors were obtained
from Coriell Institute. MIA PaCa-2, SUIT-2 and AsPC-lcells were maintained in
Dulbecco's modified Eagle's medium (DMEM, Cellgro, 10-013-CV), while BHK-21,
AG08498 and AG01519 in modified Eagle's medium (MEM, Cellgro, 10-010-CV). All
cell growth media (except for K-SFM that was supplemented with manufacturer-provided
human recombinant Epidermal Growth Factor 1-53 (EGF 1-53) and Bovine Pituitary
Extract (BPE)) were supplemented with 10% fetal bovine serum (FBS, Gibco), 4 mM L-
glutamine, 900 units (U) per ml (U/ml) penicillin, 900 pg/ml streptomycin and 1% non-
essential amino acids. MEM was additionally supplemented with 0.3% glucose (w/v). Cells
were kept in a 5% CO; atmosphere at 37°C. For all experiments, all cell lines were passaged
no more than 15 times.
3.1.2 Viral Passaging

MIA PaCa-2 and SUIT-2 cells were seeded into 35-mm dishes to be approximately
95% confluent in 24 h. Cells were washed once with PBS and incubated with viruses at an
MOI of 0.1 PFU/ml (calculated based on virus titration on BHK-21) in DMEM without
fetal bovine serum (FBS) for 1 h at 37°C. After the lh incubation media containing
unbound virus was aspirated, cells were washed with PBS, and fresh DMEM medium
containing 5% FBS was added to the cells. After 24 h of incubation, dishes were checked
under microscope (Olympus IX70 Fluorescence Microscope) to ensure all cells were

infected, this was detected by the presence of RFP signal and that all cells were detached
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from the 35-mm dishes. The entire supernatant was collected at 24 h p.i. and centrifuged
at 4,000 rpm at 4°C for 10 min to pellet cellular material. The virus containing supernatant
was transferred to new tubes and stored at -80°C. Each collected viral passage was used
for the subsequent viral passage.

3.1.3 RNA isolation, cDNA generation, PCR amplification, and DNA sequence
analysis

RNA was isolated from 100 pl of virus-containing supernatant using the Quick-
RNA MiniPrep kit (Zymo Research, R1031 and R1033). 5 ul of total RNA per reverse
transcription reaction and random hexamer primers were used with SMART-Scribe reverse
transcriptase (Takara Bio, ST0065) to generate cDNA. PCR was done on the generated
cDNA using VSV- or transgene- specific primers listed in Table 1 PCR products were
electrophoresed on 1% agarose gels containing ethidium bromide in TBE buffer, PCR
products were cut from the agarose gel from which DNA was extracted following DNA
extraction kit protocol (Quiagen, #28706). DNA samples were then nanodropped and if
DNA concentration was lower than 20 ng/ul, the sample was concentrated using a
SpeedVac vacuum concentrator until a concentration of at least 20 ng/pl was obtained. In
a microfuge tube, Following Eurofins Genomics instructions, DNA with a concentration
between 20-60 ng/ul was combined with a single primer. The DNA and primer
combinations were sent to Eurofins Genomics for Sanger sequencing. As per Eurofins
Genomics sequencing algorithm, any base pair that obtained a Phred quality score of 20 or
lower was marked as nonspecific (N). A Phred quality score of 20 or lower indicates a base
call accuracy between 90-99%. All sequencing results were analyzed with SnapGene 4.3

software.
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3.1.4 Viral replication kinetics assay and crystal violet cytotoxicity assay

For all experiments, multiplicity of infection (MOI) was determined by tittering
viruses using standard plaque assays on BHK-21 cells in 24 well plates. For virus
replication kinetics assays, cells were seeded in 96-well plates. Viral dilutions of all viruses
were prepared in DMEM with 0% FBS and used to infect cells at MOI 0.1. Cells were
washed once with PBS and virus was added to cells which were incubated at 37°C for 1 h.
Virus containing media was aspirated and fresh DMEM with 5% FBS was added to cells
that were further maintained at 37°C for the duration of the experiment. Virus-encoded
RFP fluorescence levels were measured following incubation at 1, 21, 48, and 72 h p.i.
using a fluorescence multiwell plate reader. RFP fluorescence was read at the wavelength
590/645 nm. For crystal violet cytotoxicity assay on multiple different cell lines, in a 96-
well format, the first well was infected at MOI 0.15 (PFUs calculated based on virus
titration on BHK-21), and then 6-fold serial dilutions were used to infect different cell lines.
Each cell line was also mock treated (control). Cells were stained with crystal violet
solution (2% crystal violet in methanol) at 72 h p.i. to detect cytotoxicity caused by viruses,
and unstained wells represent those in which total cell lysis had occurred.
3.1.5 Western blot analysis

Cells were seeded into 12-well plates to be approximately 95% confluent after 24
h. Medium was removed and cells were washed once with PBS. Virus was then added at
MOI 0.1 (calculated based on virus titration on BHK-21) in 0% FBS media and incubated
for 1 h at 37°C. After the 1 h incubation, the virus containing media was removed and 5%
FBS media was added to the cells. Cells were lysed and total protein was isolated 13 h p.i

using buffer containing 0.0625 M Tris-HCI (pH 6.8), 10% glycerol, 2% SDS, 5% 2-
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mercaptoethanol, and 0.02% (w/v) bromophenol blue. Total protein was separated by
electrophoresis on 10% SDS-PAGE gels and electroblotted onto polyvinylidene difluoride
(PVDF) membranes. Membranes were blocked by using 5% nonfat powdered milk in TBS-
T (0.5 M NaCl, 20 mM Tris [pH 7.5], 0.1% Tween 20) overnight at 4°C or for 1 h at room
temperature. Membranes were incubated with a 1:5,000 dilution of rabbit polyclonal anti-
VSV antibodies (raised against VSV virions), a 1:1,000 dilution of rabbit anti-STAT1 total
(Cell Signaling, 14994T, clone D1K9Y) or a 1:1,000 dilution of anti STAT 1-phospho (Cell
Signaling, D4A7), or a 1:5,000 dilution of anti-p53 (Cell Signaling, 1C12) in TBS-T with
5% milk with 0.02% sodium azide. For detection of horseradish peroxidase (HRP)
conjugated secondary antibodies anti-Rabbit (Jackson ImmunoResearch, 111-035-003)
and anti-mouse IgG (Jackson ImmunoResearch, 115-035-003). Amersham ECL Western
Blotting Detection Kit was used. Alternatively, StarBright Blue 700 Goat Anti-Mouse
(Bio-Rad, 12004158) and Anti-Rabbit IgG (Bio-Rad, 12004161) fluorescent secondary
antibodies at 1:5,000 dilutions were used for fluorescent western blotting detection using
ChemiDoc MP Imaging System from Bio-Rad. To verify total protein in each loaded
sample the membranes were stained with Coomassie Blue.
3.1.6 Virion attachment assay

To assess VSV attachment to the cell monolayer, cells were seeded into a 12-well
plate so that confluence was approximately 100% the next day. Medium was then removed,
and cells were washed one time with PBS. Cells were place on ice approximately 5 minutes
prior to virus infection to cool cells. Virus in DMEM (SUIT-2) or MEM (BHK-21) with
0% FBS was added to cells on ice, and cells were incubated for 1 h at 4°C. After incubation,

virus containing media was aspirated and wells were washed 3 times with PBS to remove
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any unbound virus. Samples then either had protein isolated immediately as previously
described (to examine attachment) or were incubated for an additional 7 h at 37°C (to
examine VSV replication) and then had total protein isolated. Total protein was analyzed
by western blot as described above. Membranes were initially blocked in 5% non-fat milk
in TBS-T. Membranes were then incubated with a 1:5,000 dilution of rabbit polyclonal
anti-VSV antibodies (raised against VSV virions) in TBS-T with 5% milk followed by a
1:10,000 dilution of anti-rabbit secondary antibodies. To verify total protein in each sample
loaded membranes were stained with Coomassie Blue.
3.1.7 Virus Purification

To grow and purify VSV, BHK-21 cells were infected with at an MOI of 0.01 and
incubated at 37°C in MEM 5% FBS. Virus containing media was collected around 48 h
p.i. The media was centrifuged at 4,000 x g for 10 min using the Eppendorf 5810R
centrifuge to remove large cellular debris. The supernatants were underlaid with 5 ml 20%
(w/v) sucrose in HEN buffer (10 mM HEPES pH 7.4, 1 mM EDTA, 100 mM NacCl) and
centrifuged at 28,000 rpm and 4°C for 3.5 h in a Beckman SW32 Ti rotor. The virus-
containing pellet was resuspended overnight in HEPES buffered saline, pH 7.5 [HBS; 21
mM HEPES, 140 mM NaCl, 45 mM KClI, 0.75 mM Na,HPOs4, 0.1% (w/v) dextrose] and
then centrifuged in a 7.5-27.5% continuous gradient of Optiprep (Axis Shield) in HBS at
26,500 rpm and 4°C for 30 min using a Beckman SW40 Ti rotor. The viral band was
removed from the gradient, diluted with ET buffer (1 mM Tris-HCI pH 7.5, | mM EDTA),
pelleted by centrifugation at 27,000 rpm and 4°C for 1.5 h using a Beckman SW40 Ti rotor

and resuspended in ET buffer.



20

3.1.8 Inhibition of VSV infection with soluble LDLR

To analyze the effect of SLDLR on VSV, Single Mutant E238K, and Double Mutant
E238K and K174E, cells were seeded into 12-well plates so that they were 95% confluent
after 24 h. MOI 0.1 virus dilution without SLDLR and MOI 0.1 virus dilution with 1 pg/mL
of sSLDLR (catalog number 2148-LD-025; R&D Systems) were incubated for 30 min at
37°C. Medium was aspirated from cells which were then washed once with PBS. Virus
dilutions incubated with or without sSLDLR for 30 min were added to cells and incubated
for 30 min at 37°C. After the 30 min incubation, the media used for infection was aspirated
and cells were washed once with PBS. Fresh DMEM containing 5% FBS was added to
cells. 13 h p.i RFP containing cells were counted using a Nexcelom Vision Image
Cytometer to determine the percentage of RFP infected cells. The percent of virus-infected
cells was calculated by dividing the number of RFP-positive cells by the total number of
cells counted.

3.1.9 Effects of DEAE-Dextran on VSV p53wt (Founder) and VSV-p53wt (SUIT-2)
infectivity and replication

BHK-21, SUIT-2 and MIA PaCa-2 cells were seeded into a 96-well plate to be
approximately 100% confluent at the time of treatment and infection. Cells were washed
once with PBS containing Mg?* and Ca?*. Prior to infection, cells were pretreated with
MEM without FBS (mock) or with 10 pg/ml DEAE-dextran in MEM without FBS for 30
min. After the 30 min pretreatment, VSV p53wt (Founder) or VSV-p53wt (SUIT-2) in
MEM with 0% FBS was directly added to cells at an MOI of either 1, 0.1 or 0.01 (MOI
calculated based on virus titration on BHK-21) for 1 h at 37°C. Virus + DEAE-dextran
containing media was removed after the 1 h infection period and fresh DMEM containing

5% FBS was added to cells. Cells were maintained at 37°C and the level of VSV-encoded
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RFP fluorescence was measured over the course of 68 h p.i using a fluorescence multiwell
plate reader at the wavelength 590/645 nm.
3.2 Results

3.2.1 Experimental evolution of two oncolytic VSV variants in two human PDAC cell
lines

For each passage, fresh uninfected cells were infected at an MOI of 0.1 plaque
forming units (PFU) per ml (calculated based on titrating viruses on BHK-21 cells) by
incubating fresh cells for 1 hour (h) with a previous virus passage, washing off any unbound
virus, and incubating cells for an additional 23 h. Supernatant from the infected cells was
collected 24 h post infection (p.i.) to be used for the next passage while the remaining
supernatant was saved and stored at -80°C. After a final passage (“Passage 32”’) on a PDAC
cell line, each virus was amplified on BHK-21 to generate the following four “Passage 33”
viruses: VSV-p53wt (MIA PaCa-2), VSV-p53-CC (MIA PaCa-2), VSV-p53wt (SUIT-2),
and VSV-p53-CC (SUIT-2). This final amplification on BHK-21 was done to generate
stocks of virus particles comparable to the founder virus particles which were originally
amplified on BHK-21 cells (Fig. 2A).

3.2.2 Viral genome sequence analysis of passaged viruses

To examine if any mutations within coding (viral or transgenic) or non-coding
regions of viral genomes took place over the course of the 33 passages, genomes of each
founder virus and passage 33 virus were fully sequenced using Sanger sequencing. Despite
the advantages of next-generation sequencing techniques, Sanger sequencing allowed us
to focus on major advantageous mutations that would become fixed or at least highly
prevalent in viral populations by passage 33. For sequencing, supernatants containing viral

particles were used to isolate viral genomic RNA that was reversed transcribed into cDNA
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using random hexamer primers. The generated cDNA was then PCR amplified to generate
overlapping DNA products covering the entire viral genomes using primers described in

Table 1.

Figure 3C summarizes all genome alterations in viruses detected by Sanger
sequencing. No mutations were detected in the VSV regions N, M, p53, RFP, or any
intergenic regions of viral genome. The absence of any novel mutations in VSV-M after
33 passages is particularly important, indicating the stability of in M-AMS51 as an oncolytic
virus attenuator. Of the passage 33 viruses that were passaged on the cell line MIA PaCa-
2, one missense mutation E860D, only partially present in passage 33 viral population (data
not shown), was detected in the L protein coding region of VSV-p53wt (MIA PaCa-2).
This mutation was not present in any other virus. As we expected, SUIT-2 passaged viruses
acquired more mutations than the MIA PaCa-2 passaged viruses, likely because of the
stronger selective pressure in SUIT-2 cells. VSV-p53wt (SUIT-2) had a total of 3 nt
substitutions: 2 missense mutations in VSV-G and one silent mutation in VSV-L. VSV-
p53-CC (SUIT-2) had a total of 5 nt substitutions: 3 missense mutations in VSV-G, 1 silent

in VSV-P, and 1 silent in VSV-L (Fig. 3C).

3.2.3 Stability of transgenes over extensive viral passaging

To examine the stability of VSV-encoded transgenes, we amplified and sequenced
a portion of viral genome containing transgene sequences between VSV-G and VSV-L
coding regions (Fig. 3A). As controls, we used a plasmid containing a full-length cDNA
copy of the viral genome of VSV-p53wt (“VSV-p53wt plasmid” in Fig. 3A), and cDNA
generated from a VSV-eq-FP650 virus that encodes a shorter transgene (RFP only, no p53

sequences) (“VSV-eq-FP650” in Fig. 3A). If passaged viruses lost any significant portions
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of their transgenes, we expected to see shorter PCR fragments. In addition, all these PCR
fragments were sequenced to detect any nt changes in this region. We did not detect any
deletions in the transgene regions in any of the passage 33 viruses (Fig. 3A). Moreover, we
detected no nt deletions, additions or substitutions in the transgenes by Sanger sequencing.
To independently address the issue of potential transgene loss, we also examined virus
titers for founder and passage 33 viruses by comparing plaque forming units (PFUs) and
fluorescent focus units (FFUs). PFUs would account for all infectious viruses (with and
without RFP expression), while FFUs would account only for viruses retaining their
transgene. We did not observe any significant changes in the FFU/PFU ratios for founder
and passage 33 viruses indicating that the passage 33 viruses have not lost RFP transgene
sequences (Fig. 3B). Together, our data demonstrates long-term stability of VSV-encoded
RFP-p53 transgenes after extended replication of tested viruses in either permissive or
moderately resistant PDAC cell lines.
3.2.4 Identification of 2 identical mutations in suit-2 passaged viruses

Surprisingly, both of the SUIT-2 passaged viruses acquired 2 identical missense
mutations in VSV-G at aa positions 238 (G—A nt substitution) and 174 (A—>G nt
substitution): E238K and K174E (Fig. 3C). To see at what point these mutations occurred
during viral passaging, we sequenced VSV-G of each virus at intermittent passages. Figure
3 shows that in both VSV-p53wt (SUIT-2) and VSV-p53-CC (SUIT-2), E238K appeared
first around passage 10, followed by K174E that first appeared around passage 26 in VSV-
pS3wt (SUIT-2) and passage 27 in VSV-p53-CC (SUIT-2). Interestingly, only after K174E
became dominant in both viruses (around passage 30), E238K quickly reached fixation

(complete sweep) (Fig. 4). Also, while the E238K mutation was slowly replacing the WT
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position between passage 10 and 33, the K174E reached fixation (complete sweep)
surprisingly quickly, just in several passages after appearing first around passage 27.
3.2.5 Identification of a third mutation in VSV-P53-CC (SUIT-2)

Compared to VSV-p53wt (SUIT-2), VSV-p53-CC (SUIT-2) obtained another
mutation in VSV-G, M1841 (G—A nt substitution) (Fig. 3C and Fig. 5). Although M1841
has never completely replaced the WT position in the viral population of passage 33 VSV-
p53-CC (SUIT-2), it was fixing in the population surprisingly quickly, first appearing at
passage 28 and becoming prevalent by passage 33 (Fig. 5).

3.2.6 SUIT-2 passaged viruses show an improved replication in PDAC cells, while
retaining their oncoselectivity

To determine whether the mutations in passaged viruses altered VSV abilities to
replicate in PDAC or nonmalignant cells, virus replication kinetic assays were conducted
to compare the founder viruses to the passage 33 viruses. In addition to MIA PaCa-2 and
SUIT-2, we tested another human PDAC cell line, AsPC-1, which has a similar phenotype
to SUIT-2 in terms of the permissiveness to VSV (moderately resistant) and antiviral status
(inducible type I IFN signaling) (Hastie et al., 2015; Moerdyk-Schauwecker et al., 2013).
We also tested the viruses in BHK-21, which are highly permissive to VSV and many other
viruses at least in part due to their defective antiviral responses (Habjan et al., 2008; Otsuki
et al., 1979). To examine the possible loss of oncoselectivity of the passaged viruses as a
result of the acquired mutations, we also compared the viruses in the nonmalignant human
pancreatic duct epithelial cell line HPDE (Furukawa T et al., 1996) and the primary human
fibroblast cell lines AG0159 and AG08498.

To examine VSV replication kinetics, the founder and passage 33 viruses were first

titrated on BHK-21. Based on the determined virus titers on BHK-21, different cell lines
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were infected at MOI 0.1, and VSV-encoded RFP fluorescence was measured at 1, 21, 48,
and 72 h p.i. (Fig. 6). As shown in previous studies, due to its downstream position between
VSV-G and VSV-L, virus-encoded reporter expression can be used to measure virus
replication levels as it could be detected only if the virus genome is replicated (Boritz et
al., 1999). The experiment showed that while all tested viruses showed similar levels of
replication in BHK-21 and MIA PaCa-2, both VSV-p53wt (SUIT-2) and VSV-p53-CC
(SUIT-2) replicated better in SUIT-2, compared to founder viruses, especially at 21 h p.i.
Importantly, both VSV-p53wt (SUIT-2) and VSV-p53-CC (SUIT-2) replicated better not
only in SUIT-2, but also in AsPC-1 cells, and they retained the abilities of founder viruses
to replicate in MIA PaCa-2 cells, indicating that experimental evolution of viruses in SUIT-

2 cells widened the range of PDAC cells permissive to VSV.

While SUIT-2-passaged viruses show an improved ability to replicate in SUIT-2
and AsPC-1 cell lines, they also show a retention of oncoselectivity, as none of the tested
viruses showed detectable replication in HPDE or either of the tested primary human
fibroblast cell lines (Fig. 6). In agreement with virus replication kinetics assay (Fig. 6),
crystal violet cell cytotoxicity assay showed an improved cell killing for SUIT-2-passaged
viruses in SUIT-2 cells, but no cell killing in HPDE cells (Fig.7).

3.2.7 K174E is required for an improved replication of VSV experimentally evolved
in SUIT-2 cells

As both VSV-p53wt (SUIT-2) and VSV-p53-CC (SUIT-2) obtained the same 2
mutations in VSV-G (first E238K, then later K174E) (Fig. 3 and 4), we next determine
whether E238K alone or both mutations were required for the observed similar phenotypes
of these SUIT-2-passaged viruses. To address this question, SUIT-2 passage 20 of VSV-

pS3wt (to isolate viruses with no mutations or only E238K) and SUIT-2 passage 33 of
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VSV-p53wt (to isolate viruses with both E238K and K174E mutations) were serially
diluted until only 1 FFU was microscopically observed in a tissue culture well, then each
virus originated from a single FFU was amplified in BHK-21 cells, and viral genome was
sequenced to verify VSV-G sequence. Using this approach, we obtained 12 independent
VSV-p53wt based viruses each originated from a single FFU (hereinafter referred to as
“independent virus clones”), 4 with no mutations in G (“WT VSV-G”), 4 with E238K only
mutation (“Single Mutant”), and 4 with both E238K and K174E mutations (“Double
Mutant”) (Fig.8). No virus clones with only the K174E mutation were evaluated in this
study as that mutation was only present together with the E238K mutation. Based on the
determined virus titers on BHK-21, BHK-21 and SUIT-2 cells were infected at MOI 0.1,
and replication of these “independent virus clones” was examined by western blot by
analyzing accumulation of viral proteins at 8, 13, 18 and 24 h p.i. As shown in Figure 8§,
no detectable stimulation of viral replication was observed for any of the 4 Single Mutants
(G-E238K) in either BHK-21 or SUIT-2 cells, while clear improvement in viral replication
can be seen for all Double Mutants at all tested time points in SUIT-2 cells and at earlier
time points (especially at 8 h p.i.) in BHK-21 cells. These data indicate that the second
mutation K174E was required for improved replication of VSV experimentally evolved in
SUIT-2 cells.

3.2.8 Acquired G mutations do not inhibit antiviral signaling and retain
oncoselectivity

SUIT-2 cells are able to induce a functional type I IFN response to VSV (Bressy et
al., 2019; Hastie et al., 2015; Moerdyk-Schauwecker et al., 2013). Therefore, we
hypothesized that extensive passaging of VSV on SUIT-2 cells selected for spontaneous

VSV mutants via an improved ability to evade type I IFN signaling. If this hypothesis is
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correct, we would expect to see an increase in VSV replication accompanied by a decrease
in antiviral signaling when SUIT-2 cells are infected with the evolved viruses. To test this
hypothesis, we infected SUIT-2 and other cell lines shown in Figure 9 with different viruses
at MOI 0.1 (calculated based on titration of viruses on BHK-21 cells), total protein was
isolated at 13 h p.i. and analyzed by Western blotting for accumulation of VSV-encoded
proteins as well as total STAT1 and phosphorylated STAT1 (STAT1-P) levels as a marker
of type I IFN signaling induction (Fig. 9). In agreement with our data in Figures 6-8, VSV-
pS3wt (SUIT-2) and VSV-p53-CC (SUIT-2) showed an increased ability to replicate on
SUIT-2 cells (Fig. 9). Interestingly, these 2 viruses also showed a slightly increased ability
to replicate in MIA PaCa-2 cells, which are defective in type I IFN signaling. We did not
detect significant differences in viral replication levels in BHK-21 cells at 13 h p.i., which
is consistent with the data shown in Figure 8, where the differences in BHK-21 cells were
seen only at an earlier time point (8 h p.i.). No significant viral replication was detected in
the non-malignant pancreatic ductal cell line HPDE and human primary fibroblast cell lines
AGO0159 and AG08498, confirming retained oncoselectivity of the evolved viruses (Fig.
8). Importantly, although viral infections did not significantly alter total STAT-1 levels,
for both of the SUIT-2 passaged viruses in SUIT-2, HPDE, and both of the fibroblast cell
lines there was an increase, rather than decrease, in STAT1 phosphorylation in VSV-p53-
CC (SUIT-2) and VSV-p53wt (SUIT-2) infected cells (Fig. 9). In general, our data show
no inhibition of antiviral signaling by VSV-p53-CC (SUIT-2) and VSV-p53wt (SUIT-2)
viruses.

When a similar experiment was conducted with the independent virus clones of

VSV-p53wt (WT G, Single Mutant G, and Double Mutant G mutants), the same
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improvement in viral replication in SUIT-2 cells at 13 h p.i. required the second VSV-G
mutation K174E (Fig.10). As in Fig. 9, we did not see significant differences in viral
replication in MIA PaCa-2 or BHK-21 cells at 13 h p.i. and, importantly, no increased viral
replication in the primary fibroblast cell line AG01519 indicating retained oncoselectivity
of both the Single and Double Mutant viruses. This experiment also included VSV-p53wt
(Founder) (“P0” in Fig. 9) and VSV-p53wt (SUIT-2) (“P33” in Fig. 10) viruses, and VSV-

pS3wt (SUIT-2) was very similar to independent virus clones of VSV-G Double Mutants.

3.2.9 Acquired G mutations improve attachment to SUIT-2 cells

Since both VSV-p53-CC (SUIT-2) and VSV-p53wt (SUIT-2) mutations were
located in VSV-G, a region that plays an important role in viral attachment, and because
our previous studies have shown that VSV does not attach to SUIT-2 cells as well as to
some other PDAC cell lines (Felt et al., 2017), we also compared the ability of the founder
and SUIT-2-passaged viruses to attach to SUIT-2 cells. To examine virus attachment,
BHK-21 or SUIT-2 cells were incubated at various MOIs (calculated based on titration of
viruses on BHK-21 cells) with purified VSV-p53wt (Founder) or VSV-p53wt (SUIT-2) at
4°C for 1 h, cells were extensively washed to remove any unbound virus and analyzed by
western blot for virus proteins bound to cells (“Attachment” assay in Fig. 11A). At 4°C,
the viral particles can only attach to the outside of cells and not enter them. A duplicate set
of cells was treated the same way (incubation with virus at 4°C for 1h, then extensively
washed), but then incubated for 7 more h at 37°C before protein was isolated to examine
virus replication (“Replication” assay in Fig. 11A). Only the VSV-p53wt viruses were used
in this assay to examine the role of the 2 mutations shared between the VSV-p53wt and

VSV-p53-CC viruses. In BHK-21, there was only a minor difference in virus attachment
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or replication between VSV-p53wt (Founder) or VSV-p53wt (SUIT-2) viruses. In SUIT-2
cells, VSV-p53wt (SUIT-2) was able to attach much more efficiently (about 3-fold better
based on serial dilutions of viruses) than VSV-p53wt (Founder), and VSV-p53wt (SUIT-
2) replication of the passage 33 virus was also higher on SUIT-2 cells. These data suggest
that the SUIT-2-passaged viruses were selected to attach to SUIT-2 cells more efficiently,
that could improve new infection efficacy and explain at least in part the observed
improvement in viral replication of SUIT-2-passaged viruses. To test whether SUIT-2-
passaged viruses could initiate infections more efficiently, compared to founder viruses,
serial dilutions of each virus were titered on BHK-21 and SUIT-2 cells, and the ratios of
virus titers on SUIT-2 cells to BHK-21 cells were calculated. As shown in Fig. 11B, VSV-
pS3wt (SUIT-2) and VSV-p53-CC (SUIT-2) improved their abilities to initiate infections
on SUIT-2 cells by about 3-fold, which is consistent with our data on relative attachment
efficiency of founder and passaged viruses (Fig. 11A).
3.2.10 SUIT-2 adapted viruses are still able to interact with LDLR

LDLR and LDLR family members have been shown to serve as receptors for VSV
(Amirache et al., 2014; Ammayappan et al., 2013; Finkelshtein et al., 2013; Nikolic et al.,
2018). As VSV-G is responsible for VSV attachment to host cells and we observed an
improved attachment of SUIT-2-passaged viruses to SUIT-2 cells (Fig. 11A), we wanted
to examine the abilities of evolved viruses to attach to LDLR. Mutations in VSV-G could
improve VSVs ability to interact with LDLR or, rather, utilize an alternative receptor. To
determine if VSV mutants are still able to interact with LDLR and to the same degree as
WT VSV, the affinity of VSV for LDLR was examined using soluble LDLR (sLDLR) that

neutralizes VSV virions and inhibits viral infectivity. To test if sSLDLR could inhibit



30

independent “virus clones” (WT-G, Single Mutant, or Double Mutant) of VSV-p53wt (the
same number of infectious particles corresponding to an MOI 0.1 infection on BHK-21
cells were used) were incubated with or without SLDLR in situ, and then SUIT-2 cells were
incubated with these VSV+/-sLDLR combinations for an additional 30 min, then washed
to remove any unattached virus and sSLDLR, and incubated for an additional 12 h. Cells
were then trypsinized and analyzed for the percentage of VSV-infected cells (RFP-positive
cells). In agreement with Figure 8 data, the presence of both VSV-G mutations, E238K and
K174E, in Double Mutants resulted in a dramatic increase in the percentage of VSV-
infected cells in the presence or absence of SLDLR (Fig. 12A and Fig. 12B). However, we
did not observe statistically-significant differences between viruses in regard to the
inhibiting effect of sSLDLR on viral infectivity (Fig. 12C). These data suggest that VSV is
still able to attach to and infect SUIT-2 cells through an interaction with LDLR.

3.2.11 Treatment with DEAE-dextran does not improve SUIT-2 adapted viruses
replication in SUIT-2 cells

We have previously shown that infectivity of VSV-AMS51 in several resistant
PDAC cell lines, including SUIT-2, was dramatically improved when cells were treated
with the polycations DEAE-dextran or polybrene (Felt et al., 2017). Although the exact
mechanism of polycation-mediated improvement of virion attachment is not clear and
several alternative mechanisms, including charge shielding and virus aggregation, have
been proposed (Davis et al., 2004), it is believed that polycations facilitate the initial non-
specific anchoring of virus particles to cell surface, which facilitates their further
association with specific receptors (such as LDLR and LDLR family members for VSV)
(Denning et al., 2013; Pizzato et al., 1999; Reiser et al., 1996; Sharma et al., 2000; Yee et

al., 1994). As our data suggest that the VSV-G mutations E238K and K174E did not
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dramatically change VSV-G affinity for LDLR, we decided to test a hypothesis that E238K
and K174E mutations improve the efficacy of this initial non-specific VSV binding to
target cells. In such case, the efficient infection of evolved viruses would be less dependent
on polycation treatment, compared to the founder viruses. To test this hypothesis, we
infected BHK-21, MIA PaCa-2, and SUIT-2 with the founder viruses and the SUIT-2-
passaged viruses at various MOIs (calculated based on titration of viruses on BHK-21 cells)
in the presence or absence of DEAE-dextran, and analyzed virus replication kinetics by
measuring VSV-encoded RFP fluorescence over time. In agreement with our previous
study using VSV-AMS51 (Felt et al., 2017), we did not observe any significant positive
effect of DEAE-dextran on replication of any tested viruses in highly permissive BHK-21
and MIA PaCa-2 cell lines (Fig. 13). On the other hand, in agreement with the same study
(Felt et al., 2017), DEAE-dextran treatment strongly improved infectivity of VSV-p53
(Founder) at all tested MOIs in SUIT-2 cells (Fig. 13). In contrast, DEAE-dextran
treatment had a rather small positive effect on VSV-p53 (SUIT-2) infection only at the
lowest MOI tested (MOI 0.01), and no effect was observed at MOI 0.1. Moreover, DEAE-
dextran treatment actually inhibited VSV-p53 (SUIT-2) at MOI 1 (Fig. 13). In general,
these data indicate that VSV G mutations K174E and E238K make the evolved viruses less
dependent on polycations for efficient infection of resistant cell lines, such as SUIT-2,
suggesting that the evolved viruses have an improved nonspecific attachment to target
cells.
3.2.12 E238K and K174E location analysis in pre and post-fusion states

The location of VSV-G E238K and K174E mutations on crystallographic structures

of pre-fusion and post-fusion states of the glycoprotein G were analyzed. The exact
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location of the mutated residues within the VSV-G peptide sequence are located in figure
14. While no obvious alterations in interactions with VSVs known receptor, LDLR are
apparent, E238 is surrounded by positively charged residues. Both E238 and K174 are
positioned away from the binding region of VSV-G and LDLR CR2 region. Representation
of low-pH, post-fusion conformation of VSV-G trimer (left) and VSV-G monomer (right)
(Fig.15B). Both E238 and K174 are positioned away from the intermonomer interface in
the protein VSV-G trimer (left). Histidine H226 is sandwiched by E238 and K174 (right).
The E238K and K174E mutations are located near the region that undergoes the major
conformational rearrangement during the transition from prefusion to postfusion state.
They are about 24 A apart in the prefusion conformation, but only about 10 A apart in the
postfusion conformation. Interestingly, in all passages, we found that the E238K mutation
occurs first and the K174E mutation occurs within several passages after. E238 is located
on the central beta-strand of the DIII (pleckstrin homology, PH) domain and is surrounded
by positively charged residues including K44, K220, K225, H226, and K242 (Figure 15).
The substitution of E238 for lysine would disturb the balance of positive and negative
charge in this region, which could potentially lead to a conformational rearrangement.
Furthermore, in a postfusion conformation, a histidine residue H226 is positioned between
E238 and K174 residues, with the distance of 4 A and 7 A between the sidechains of H226
and of E238 and K174, respectively. Therefore, it is plausible to assume that the K174
mutation is a “rescue” mutation that re-establishes the balance of positive and negative
charge around the histidine, which could be important for the conformational transition

from prefusion to postfusion state.
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Figure 2. Scheme of viral passaging.

(A) Viruses VSV-p53wt (Founder) and VSV-p53-CC (Founder) (“Passage 07, amplified
in BHK-21 cells) were serial passaged independently 32 times on the PDAC cell lines MIA
PaCa-2 or SUIT-2. VSV-p53wt (Founder) and VSV-p53-CC (Founder) was added at an

MOI of 0.1 (MOI calculated based on virus titration on BHK-21) to fresh cells for each



34

passage. Cells were incubated with virus for 1 h after which the virus was removed and

fresh media was added. Virus containing supernatant was collected 24 h p.i., which was

used for each subsequent viral passage (MOI of 0.1 infection). Each virus had a final

passage on BHK-21 cells resulting in the following Passage 33 viruses used throughout

this study: VSV-p53wt (MIA PaCa-2), VSV-p53-CC (MIA PaCa-2), VSV-p53wt (SUIT-

2), and VSV-p53-CC (SUIT-2). (B) Characteristics of PDAC cell lines used in viral

passaging, MIA PaCa-2 and SUIT-2. The information is based on the previously published

studies (Bressy et al., 2019; Hastie et al., 2015; Moerdyk-Schauwecker et al., 2013).

Table 1: Primers used for VSV PCR amplification and sequencing.

N/A - not applicable

PCR (+) Primer (-) Primer Expected PCR Region Amplified
Product size
No.
1 VG380: acgaagacaaacaaaccattattatcat | VG381: caacaaacctgctgtagtaagag 1062 Genome end to N
2 VG72: ccctgecttccacttctg VGT75: tgggttggaaagtcatggat 1079 Nto P
3 VG74: cgattaaagcagtcgtgcaa VG382: agaagggacgtttccctgee 743 PtoM
4 VG31: cccaatccattcatcatgagttce VG32: cacttcatagtgacgcgtaaacag 848 M
5 VG383: gagagaaggccttaatgtttggcc VG384: cctgaattagacttacatccactgagg 1092 Mto G
6 VG385: agactcccatcaggtgtctggtt VG386: gtggtggccgttcacggtgecc 932 G to eqFP650
7 VG245: ctecgagttggtatccatctttge VG387: gggacggcaagggggacagaac 966 G to p53
8 VG294: ggaaagaatcaaggaggcc VG388: gccaacctcaggceggctcataggg 781 eqFP650 to p53
9 VG294: ggaaagaatcaaggaggcc VG246: caagtacgtcatgcgctcatcggg 1522 eqFP650 to L
10 VG245: ctccgagttggtatccatctttge VG246: caagtacgtcatgcgctcatcggg 2273 GtolL
1 VG389: ccaaatcaacttgtgataccatgctc VG390: gtcttgctctgagaacaggttgtc 864 L
12 VG391: gaaacttgatattctaatggaccg VG392: cgatgggtctagtaagtcgggta 727 L
13 VG393: tggagataaatggcatgaacttcc VG394: aagtcctaacttccctgteect 961 L
14 VG395: ggtgctctcaatcaaatggtttc VG396: cccgtgaactaaagacgtcatg 1237 L
15 VG397: gaaaagagactccttgtgcaccatg VG398: gggaatcgtttctaattcgtctc 1055 L
16 VG399: cagtgtacggaggtttgatttacttg VG400: gcceccaagcectgctttgagteg 969 L
17 VG401: ctectgageccecccagtgecct VG402: gttcggaggtatcggtcctactc 746 L
18 VG403: gcggetgccttaaaatcatctgat VG404: acgaagaccacaaaaccagat 687 L to genome end
N/A VG405: ggaattggtccgaaaccaagttcg N/A Used to sequence PCR
Product 1, in addition to
VG 380 and VG381
N/A VG406: cggatgtcctttaatgctccatac N/A Used to sequence PCR
Product 18, in addition
to VG 403 and VG404
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Figure 3. Examination of transgene stability and sequencing of viral genomes.

(A) Analysis of transgene containing sequence between VSV-G and VSV-L to examine
the stability of VSV-encoded transgenes. Supernatants containing viral particles for the

founder and passaged viruses were used to isolate viral genomic RNA that was reversed
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transcribed into cDNA using random hexamers. This cDNA was then amplified by PCR
using primers described in Table 1. Red arrows show an approximate position of annealing
sites for VSV specific primers (described in Table 1) located in VSV-G and VSV-L
regions. As controls, we used a plasmid containing full-length copy of viral genome of
VSV-p53wt and cDNA generated from VSV-eq-FP650 virus that encodes a shorter
transgene (RFP only, no p53 sequences). (B) Comparison of the ratios of viral titers
calculated by FFUs divided by PFUs indicates no loss of RFP transgene sequences from
the viral genome after 33 passages. Results shown are representative of 2 independent
repeats. Data shown represent the means and SEM of the means. Results were analyzed to
determine significance using One-way ANOVA with a Tukey posttest at a 95% confidence
interval for comparison between each condition, all conditions tested were statistically
insignificant with no p-value <0.05. (C) The entire genomes for all founder and passage
33 viruses were sequenced using Sanger sequencing. Supernatants containing viral
particles for the founder and passaged viruses were used to isolate viral genomic RNA that
was reversed transcribed into cDNA using random hexamers. This cDNA was then
amplified by PCR using primers described in Table 1. All identified mutations are listed in
the table above. Silent mutations are denoted in black font whereas missense mutations are
denoted in bolded black font and highlighted in grey if only present in one virus or
highlighted in yellow if present in two viruses. The region of the viral genome where the

mutations were identified is located at the top of the table. “NM” — no mutations found.
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Figure 4. The chronological order of the appearance of VSV-G mutations E238K and

K174E during passaging of viruses on SUIT-2 cells.

Supernatants containing viral particles for the shown passages were used to isolate viral

genomic RNA that was reversed transcribed into cDNA using random hexamers. cDNA

was PCR amplified using the primers VG383 and VG384 (described in Table 1) and the

VSV-G regions containing aa positions 238 and 174 were sequenced with the same
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primers. The nucleotide substitutions are highlighted in orange boxes and the presence of

either mutation is indicated by a red arrow above the sequences.
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Figure 5. Chronological appearance of M184I mutation in VSV-p53-CC (SUIT-2).

The chronological order of the appearance of VSV-G mutation M 1841, which was found
in VSV-p53-CC (SUIT-2), but not in VSV-p53wt (SUIT-2). Supernatants containing viral
particles for the shown passages were used to isolate viral genomic RNA that was reversed
transcribed into cDNA using random hexamers. This cDNA was PCR amplified using the
primers VG383 and VG384 (described in Table 1) and the VSV-G region containing aa
position 200 was sequenced using primers VG383 and VG384. The nucleotide
substitutions are highlighted in orange boxes and the presence of M1841 mutation is

indicated by a red arrow above the sequences.
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Figure 6. Viral replication kinetics of the founder and Passage 33 viruses.

Cell lines were either mock treated or infected with a virus at an MOI of 0.1 PFU/cell (MOI

calculated based on virus titration on BHK-21). The level of VSV-encoded RFP

fluorescence was measured over time from 1 h p.i. to 72 h p.i. The figure presents data

representative of results from 2 independent experiments. Data points and error bars shown

represent the means and SD of the means, respectively. *, P<0.05; ** P<0.01; ***,

P<0.001; **** P<0.0001; ns, nonsignificant. Results were analyzed to determine

significance using two-way ANOVA with a Tukey posttest at a 95% confidence interval

for comparison between each condition. If no error bars appear, the error is too small to

appear on the graph.
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The first well (on the left of each plate) was infected at MOI 0.15 (PFUs calculated based

on virus titration on BHK-21), and then 6-fold serial dilutions were used to infect different

cell lines in a 96-well format. Each cell line was also mock treated (control). Cells were

stained with crystal violet solution (2% crystal violet in methanol) at 72 h p.i. to detect

cytotoxicity caused by viruses, and unstained wells represent those in which total cell lysis

had occurred. Figure shown is representative of results from at least two independent

experiments.
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Figure 8. Generation and replication of single and double mutant plaque isolated viruses.

(A) Generation of VSV-p53wt viruses with WT G, Single Mutant (E238K) G and Double

Mutant (K174E/E238K) G. Eight independent plaque-isolated VSV-p53wt viruses were

obtained by serial dilution of Passage 20 (4 WT G and 4 Single Mutant E238K) as well as
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4 passage 33 (Double Mutant K174E/E238K) plaque isolated viruses were generated from
virus stocks until only 1 FFU was microscopically observed, then each virus originated
from a single FFU was amplified in BHK-21 cells. Supernatants containing viral particles
for the shown passages were used to isolate viral genomic RNA that was reversed
transcribed into cDNA using random hexamers. This cDNA was PCR amplified using the
primers VG383 and V(G384 (described in Table 1) and the VSV-G regions containing aa
positions 238 and 174 were sequenced. The nucleotide substitutions are highlighted in
yellow boxes and the presence of either mutation is indicated by a red arrow above the
sequences. (B) BHK-21 and SUIT-2 cell monolayers were incubated with each virus at an
MOI of 0.1 (MOI calculated based on virus titration on BHK-21). Protein isolates were
analyzed at 8, 13, 18, and 24 h p.i., and analyzed by western blotting for expression of VSV
proteins (G, N/P, and M). Lane number indicated above membranes. Equal loading

indicated by Coomassie Blue. Protein sizes are indicated on the side in kilodaltons (kDa).
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Figure 9. Replication of the founder and passage 33 viruses in different cell lines.

Cell monolayers of different cell lines were incubated with VSV-p53wt (Founder), VSV-
p53-CC (Founder), VSV-p53wt (MIA PaCa-2), VSV-p53-CC (MIA PaCa-2), VSV-p53wt
(SUIT-2) and, VSV-p53-CC (SUIT-2) at an MOI of 0.1 (MOI calculated based on virus
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titration on BHK-21). Protein isolate was analyzed at 13 h p.i., were analyzed by western

blotting for total STAT-1, phospho-STAT1 (STAT1-P), endogenous p53 (cell-encoded),

exogenous p53 (virus-encoded RFP-p53 fusion), and VSV proteins (N, P, M and G). Equal

loading indicated by Coomassie Blue. Protein sizes are indicated on the side in kilodaltons

(kDa).
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Figure 10. Replication of single and double mutant plaque isolated viruses in different cell

lines to

examine oncoselectivity.

Comparing replication of VSV-p53wt (Founder), VSV-p53wt (SUIT-2) and plaque

isolated VSV with WT VSV-G, Single Mutant (E238K) VSV-G and Double Mutant
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(K174E/E238K) VSV-G. Cell monolayers of different cell lines were incubated with either
the original founder virus (PO) or passage 33 virus (P33) or the plaque isolated viruses at
an MOI of 0.1 (MOI calculated based on virus titration on BHK-21). Protein isolates were
analyzed at 13 h p.i., and analyzed by western blotting for VSV proteins (N, P, M and G).
Equal loading indicated by Coomassie Blue. Protein sizes are indicated on the side in

kilodaltons (kDa).
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Figure 11. Comparing VSV attachment and replication in BHK-21 and SUIT-2 cells.

(A) For VSV attachment to cells in monolayers, cells were incubated with purified VSV-
p53wt (Founder) or VSV-p53wt (SUIT-2). Cell monolayers were incubated with either
virus at different MOI (calculated based on virus titration on BHK-21) for 1 h at 4°C

(Attachment assay) only or for 1 h at 4°C and then additional 7 h at 37°C (Replication
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assay). Protein was isolated and analyzed by western blotting. Coomassie Blue stain was
used to indicate equal loading of samples. Protein sizes are indicated on the side in
kilodaltons (kDa). (B) Virus titers on both SUIT-2 and BHK-21 cells compared for VSV-
p53wt (Founder) compared to VSV-p53wt (SUIT-2) as well as VSV-p53-CC (Founder)
compared to VSV-p53-CC (SUIT-2). Data bars and error bars represent the means and SD
of the means, respectively. Data represent the means and SD of the means. Conditions were
compared using unpaired t-tests of at least 3 repeated experiments. *, P<0.05; **,

P<0.01; *** P<0.001; **** P <0.0001; ns, nonsignificant.
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Figure 12. Effect of SLDLR on infectivity of VSV-p53wt viruses with WT G, Single
Mutant (E238K) G and Double Mutant (K174E/E238K) G.

Four independent plaque-isolated VSV-p53wt viruses were obtained by serially diluting

passage 20 (WT G and Single Mutant E238K) or passage 33 (Double Mutant

K174E/E238K) virus stocks until only 1 FFU was microscopically observed, then each
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virus originated from a single FFU was amplified in BHK-21 cells. MOI 0.1 virus dilutions
were incubated without SLDLR (A) or with 1 pg/mL sLDLR (B) for 30 min at 37°C before
being used in SUIT-2 infection (calculated based on virus titration on BHK-21). After a 30
min infection, virus containing media was removed and fresh media was added. 13 h p.i.
RFP positive cells were counted using a Nexcelom Vision Image Cytometer. The data
presented is representative of two independent experiments. Data points and error bars
shown represent the means and SD of the means, respectively. Results were analyzed to
determine significance using one-way ANOVA with a Tukey posttest at a 95% confidence
interval for comparison between each condition. *, P <0.05; **, P<0.01; *** P<0.001;
*ask P <0.0001; ns, nonsignificant. (C) Percent of RFP infected cells in the presence of
sLDLR divided by percent of RFP infected cells without SLDLR compared to determine

the relative inhibition SLDLR has on WT, Single Mutant and Double Mutant VSVs.
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Cells were pretreated with 10 pg/ml DEAE-dextran or mock treated for 30 min, and then

infected with indicated virus at an MOI of either 1, 0.1 or 0.01 (MOI calculated based on

virus titration on BHK-21) for 1 h at 37°C. Virus + DEAE-dextran containing media were

removed after the 1 h infection period and fresh DMEM with 5% FBS was added to the

cells. The level of VSV-encoded RFP fluorescence was measured over the course of 68.

The figure presents data representative of results from 3 independent experiments. Data

points and error bars shown represent the means and SD of the means, respectively. Results
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were analyzed to determine significance using two-way ANOVA with a Tukey posttest at
a 95% confidence interval for comparison between each condition. *, P<0.05; **,
P<0.01; *** P<0.001; **** P<0.0001; ns, nonsignificant. If no error bars appear, the

error is too small to appear on the graph.
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Figure 14. Sequence comparison of WT VSV-G and mutant VSV-G.

Sequence comparison of VSV WT VSV-G (NCBI GenBank Sequence ID: FJ478454.1)
and Double Mutant VSV-G. The aa numbering is starting from the first aa of the mature
VSV-G and does not include 16-aa N-terminal signal peptide. The positions of the
identified mutations, as well as known VSV-G N-glycosylation and palmitoylation are

indicated.
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A VSV-G pre-fusion conformation

CR2 domain
of LDLR

Figure 15. Location of VSV-G E238K and K174E mutations on crystallographic structures
of pre-fusion and post-fusion states of the glycoprotein G.

(A) Representation of the prefusion conformation of protein G bound to the cysteine-rich
domain of LDL receptor. Positively and negatively charged residues are shown by blue
and red color, respectively. E238 and K174 are shown using sticks and spheres. E238 is

surrounded by positively charged residues. Both E238 and K174 are positioned away from
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the binding interface of VSV-G and LDLR CR2 region. (B) Representation of low-pH,
post-fusion conformation of VSV-G trimer (left) and VSV-G monomer (right). Color-
coding is the same as in panel A. Both E238 and K174 are positioned away from the
intermonomer interface in the protein VSV-G trimer (left). Histidine H226 is sandwiched
by E238 and K174 (right).
3.4 Discussion

These experimental evolution experiments employed two different oncolytic VSV
recombinants, VSV-p53wt and VSV-p53-CC, previously generated in our laboratory
(Hastie et al., 2015) (Fig. 2A). Both viruses have a AM51 mutation in VSV-M, and the N
terminus of p53 (pS3wt or p53-CC) fused to the C terminus of RFP (Shcherbo et al., 2007).
One important advantage of using p53 transgenes in this study is that this protein functions
normally as a powerful tumor suppressor (and this is why p53 is often added to other
therapies, including OV therapy, to augment their antitumor activity), however, when
mutated, p5S3 can acquire devastating gain-of-function oncogenic activities, promoting cell
survival, proliferation, invasion, migration, chemoresistance, tissue remodeling and
chronic inflammation (Bressy et al., 2017). Therefore, our experimental design also
allowed us to monitor if VSV-encoded p53 transgenes could acquire such mutations during
extensive passaging on cancer cells. Passaging two different VSV recombinants that have
the same AMS51 attenuation and RFP transgene but different p53 variants allowed us to
ensure there was no viral cross-contamination over the course of the parallel viral
passaging, as the differences between p53wt and p53-CC served as “molecular barcodes”
for each recombinant virus while still offering a type of biological repeat since the viruses

have been shown to function very similarly (Hastie et al., 2015).



54

We serially passaged 2 founder viruses VSV-p53wt (Founder) and VSV-p53-CC
(Founder), which were produced by BHK-21 cells (a highly permissive baby hamster
kidney cell line widely used for VSV amplification), in parallel on two different human
PDAC cell lines, SUIT-2 and MIA PaCa-2 (Fig. 2A). The cell lines SUIT-2 and MIA PaCa-
2 were chosen because of their differential permissiveness to VSV and other differences
(Fig. 2B). SUIT-2 cells are more resistant to VSV infection in part because of residual
type I IFN responses, yet permissive enough to support sufficient viral replication to
produce enough viral progeny for continued viral passaging, while MIA PaCa-2 cells are
very permissive to VSV infection in part due to their inactive type I IFN signaling (Bressy
et al., 2019; Hastie et al., 2015; Moerdyk-Schauwecker et al., 2013). Also, we showed that
SUIT-2 cells showed lower levels of VSV attachment, compared to MIA PaCa-2 (Felt et
al., 2017). Each virus has a large transgene (about 17% of WT VSV genome) encoding a
different version of p53 fused to RFP. Regarding p53, a previous study from our lab
showed that VSV-encoding p53 could stimulate VSV replication in cancer cells with active
type I IFN signaling, such as SUIT-2 cells, but had no effect on VSV replication in MIA
PaCa-2 cells that are defective in type I IFN signaling (Hastie et al., 2015). This was at
least in part because p53 was able to inhibit type I IFN signaling in SUIT-2 cells thus
facilitating viral replication (Hastie et al., 2015). The RFP reporter sequences are
presumably dispensable for VSV replication in both cell lines, and previous studies suggest
that the addition of a reporter transgene to VSV genome slightly attenuates viral replication
(Wertz et al., 2002). However, nucleotide (nt) substitutions or deletions in the RFP coding
region could negatively affect p53 expression or function as the N terminus of p53 (pS3wt

or p53-CC) fused to the C terminus of RFP in both viruses (Shcherbo et al., 2007). In
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general, while we expected stronger selective pressures in SUIT-2 cells, both viruses could
improve viral replication by losing at least some transgenic sequences due to random
mutations as it would reduce the time it takes to replicate the viral genome and assemble

virions.

Over the course of 33 viral passages all viruses retained both the p53 (p53wt or
p53-CC) and RFP sequences of the virus-encoded transgenes. No transgenes in any of the
viruses obtained any mutations demonstrating long-term genomic stability of complex
VSV recombinants encoding large transgenes even after replicating over an extended
period of time (more than 768 h of continuous viral replication). The result is surprising
considering that neither p53 nor RFP expression would presumably benefit VSV-AMS51
replication in MIA PaCa-2 cells, although p53 expression stimulates VSV-AMS51

replication in SUIT-2 cells via inhibition of antiviral signaling (Hastie et al., 2015).

RNA viruses are known to have high mutation rates due to a lack of proofreading
activities by viral RNA-dependent RNA polymerase (Lauring et al., 2013; Steinhauer et
al., 1992). This lack of proofreading can result in the introduction of mutations in the form
of nucleotide changes or frameshift mutations in the viral genome or transgenic regions.
Such mutations can have a detrimental effect on the expression of viral or recombinant
proteins. For instance, in a study where VSV expressed recombinant CD4 protein, a single
deletion resulting in a frameshift mutation caused the loss of expression of the transgene
that was seemingly stable after 26 passages (Quinones-Kochs et al., 2001/9/1). Another
VSV recombinant from the same study carrying measles virus F protein lost the transgene
after 1 passage. Several different factors may have contributed to the surprising transgenic

stability of our tested viruses. First, while NNS RNA viruses, as any RNA viruses, are
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associated with a high mutation rate (Lauring et al., 2013; Steinhauer et al., 1992), they
show lower incidence of genetic recombination caused by polymerase slippage compared
to positive-strand RNA viruses, because the viral genome in NNS RNA viruses is
encapsidated at all times, as opposed to naked RNA genomes of positive-strand RNA
viruses where polymerase can disassociate with one strand of RNA and re-associate on
another strand (Collins et al., 2008; Pfaller et al., 2015). Second, the helical nucleocapsid
and overall bullet shape of VSV can accommodate extra transgenes by adding length to the
virus rather than being geometrically limited in icosahedral virions of some other viruses
(Schnell et al., 1996a). Third, our transgene sequences were not fused to viral proteins,
which could increase selective pressures to lose the transgene. Previously, an in-frame
fusion of eGFP to VSV-P, an essential viral protein, resulted in the loss of transgene
expression within 20 passages assumedly because the reporter gene resulted in reduced
viral fitness (Dinh et al., 2012). Fourth, our viruses had transgene sequences located
between VSV G and L genes. Although placing a transgene closer to the 3’-end of viral
genome can increase its expression, it also results in greater virus attenuation (Pfaller et
al., 2015; Roberts et al., 2004; van den Pol and Davis, 2013; Wertz et al., 2002), which
increases the selective pressures to lose the transgene sequences. On the other hand, several
studies have successfully inserted transgenes between the G and L proteins of both VSV
and RABV without diminishing viral replication or activity (Hudacek et al., 2014;
Mebatsion et al., 1996; Schnell et al., 1996b; Wertz et al., 2002). Finally, the observed
stability of the RFP-p53 transgenes is likely due to the selective pressures associated with
beneficial effect of p53 expression on VSV replication in PDAC cells. As mentioned

above, our previous study showed that these VSV-encoded p53 transgenes enhanced VSV
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anti-cancer abilities through the introduction of functional p53 into cancer cells with
defective tumor suppression activity and through the downregulation of antiviral signaling
in cancer cells, while stimulating it in normal cells (Hastie et al., 2015). Although this
positive effect was observed only in SUIT-2 cells, but not in MIA PaCa-2 cells that have
an overall defective antiviral signaling (Hastie et al., 2015), the fact that p53 transgene was
stable in both cell lines after 33 passages suggest that p53 has at least a minor positive
effect on VSV replication even in MIA PaCa-2 cells or that MIA PaCa-2 offer no
significant selective pressure to remove or mutate these transgenes resulting in their

retention at least for 33 passages.

Both of the SUIT-2 passaged viruses acquired more mutations than the Mia PaCa-
2 passaged viruses, likely because of the stronger selective pressures in SUIT-2
(compared to Mia PaCa-2) cells. Most of the mutations found in the SUIT-2 passaged
viruses were in VSV-G, a trend that has been observed in other VSV evolution studies
(Alto et al., 2013). Interestingly 2 identical missense mutations were identified in both
VSV-p53wt (SUIT-2) and VSV-p53-CC (SUIT-2) in the VSV-G gene at positions
E238K and K174E. We confirmed these mutations were in fact independently generated
in each lineage by sequencing the p53 region of multiple different passages of the viruses
which showed no contamination of the p53 regions. VSV-p53-CC (SUIT-2) also showed
a third missense mutation in VSV-G, M184I, but only in a portion of the passage 33
VSV-p53-CC population. Although it will be interesting to examine the role of this
mutation in VSV replication in the future studies, it is unlikely that this particular
mutation plays a critical role in the improved ability of this virus to replicate in SUIT-2

cells, as VSV-p53wt (SUIT-2) and VSV-p53-CC (SUIT-2) exhibited very similar
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phenotypes. Therefore, our studies focused on E238K and K174E mutations. Only the
viruses passaged on VSV-resistant SUIT-2 cells obtained the mutations E238K and
K174E in VSV-G, indicating SUIT-2 but not MIA PaCa-2 cells provided the selective
pressure required for complete fixation of these two mutations within VSV populations.
This could indicate that more permissive cell lines may not be conducive for a directed
evolution approach to further improve OV therapy.

Interestingly, both viruses first obtained the E238K mutation around passage 10,
well before acquiring the K174E mutation (around passage 26). We observed rapid fixation
of E238K after detection of K174E in viral populations, and both VSV-p53wt (SUIT-2)
and VSV-p53-CC (SUIT-2) completely switched to the mutant genotype by passage 32.
When several independent plaque-purified “clones” of VSV-p53wt with no G mutations,
a single E238K mutation and both K174E and E238K mutations were isolated and
compared, we observed that the improved replication phenotype required the presence of
the E238K and K174E mutation. It is likely that the first mutations, E238K, provided a
minor fitness benefit to both, VSV-p53wt and VSV-p53-CC, founder viruses, but the
observed major shift in virus replication required both mutations. It should be noted that
the second mutation, K174E, was never identified alone in any of the viral passages and
thus was not individually. While it is beyond the scope of this study, it will be interesting

to generate and examine such virus in the future studies.

Although the double VSV-G mutant E238K/K 174E has never been described in the
past, a previous study described VSV-G mutants E238G (VSV mutants “Gs™ and “Ger*)
and E238Q (VSV mutants “Gs* and “Gsr*) (Janelle et al., 2011). Most of these previously

described VSV mutants had additional mutations in VSV-G, although one of the mutants,
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VSV Ger, had only the single aa substitution E238G in VSV-G (Janelle et al., 2011). The
study showed that VSV Ger infection of L929 cells (mouse fibroblasts) produced higher
levels of IFN-B, compared to WT VSV, and those levels were similar to or even higher
than that with the VSV-MS51R mutant. Based on that result, the authors proposed that
E238G mutation in VSV-G enhances type I interferon secretion and responses via some
unclear mechanism not involving VSV-M (Janelle et al., 2011). However, we propose
another explanation for their observations, that E238G mutation may have resulted in an
improved replication of VSV Ger virus in L929 cells, and the observed overall increase in
IFN- was due to the increase in the number of infected cells rather than the increased IFN-
B production by each infected cell. In agreement with this hypothesis, the previous study
did not detect any attenuation of VSV Ger replication in L929 cells expected for a mutant,
which replication enhances antiviral response (Janelle et al., 2011). Our data also show the
increased antiviral response for viruses with the acquired G mutations, but perhaps that
stronger IFN response was due to higher levels of VSV replication which we observed
throughout this study. In general, we observed a proportional increase in STATI
phosphorylation as viral replication increased in cell lines with active antiviral signaling
indicating that VSV-p53wt (SUIT-2) and VSV-p53-CC (SUIT-2) are not modulating
antiviral signaling in each cell, but the higher number of infected cells produce collectively

a stronger antiviral response.

Although we cannot exclude additional mechanisms of the improved VSV
replication in the presence of E238K and K174E mutations in VSV-G, our data show that
these mutations result in an improved VSV attachment to SUIT-2 cells. Interestingly, our

previous study showed that SUIT-2 cells show lower levels of attachment for VSV,
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compared to MIA PaCa-2 (Felt et al., 2017). Therefore, we presume that during VSV
passaging, when a virus passage was incubated with fresh cells for 1 h period (after which
the incubation media containing unbound virus was aspirated and cells washed with PBS),
there was a selective pressure for VSV mutants capable for more efficient attachment to
SUIT-2 cells.

It is unclear how the E238K and K174E mutations in VSV-G improve VSV
attachment to PDAC cells. We analyzed the position of E238K and K174E mutations using
the crystallographic structures of prefusion conformations of VSV-G with and without
LDLR (pdb codes Soyl, 50y9, 5i2s) and low-pH, post-fusion conformations of VSV-G
without LDLR (pdb code 2cmz) (Nikolic et al., 2018; Roche et al., 2006; Roche et al.,
2007) (Fig. 14 and 15). As shown in Figure 15, both mutations are located away from the
interaction interface between VSV-G and the CR2 or CR3 (cysteine-rich) domains of
LDLR. Both mutations are also located on the side of the protein opposite to the
intermonomer interface in the post-fusion trimer. Therefore, it is unlikely that they affect
the trimerization of the glycoprotein G or its interaction with LDLR, at least with the CR2
or CR3 domains for which x-ray structures have been solved. In agreement with that, we
did not detect any significant differences between WT and mutant G viruses in regard to
the inhibiting effect of SLDLR on viral infectivity (Fig. 12C). Also, our previous study
showed that, despite lower levels of VSV attachment to SUIT-2 cells, SUIT-2 expressed
high levels of LDLR, suggesting no limitation of the surface receptor for VSV in this cell
line (Felt et al.,, 2017). Together, these data suggest that VSV-G mutations did not
dramatically alter the abilities of mutant VSV-G proteins to attach to and infect SUIT-2

cells through an interaction with LDLR.
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Interestingly, our data indicate that the VSV G mutations E238K and K174E make
the evolved viruses less dependent on polycations for efficient infection of SUIT-2.
Previous studies have suggested that efficient cell attachment of virions of many viruses,
including VSV and VSV-G-pseudotyped viruses (Akkina et al., 1996; Burns et al., 1993),
requires an initial non-specific binding of virus particles to cell surface, followed by
attachment of virus particles to their specific receptors, which is required for virus
internalization (Denning et al., 2013; Pizzato et al., 1999; Reiser et al., 1996; Sharma et al.,
2000; Yee et al., 1994). The initial non-specific binding step can be dramatically enhanced
by treating cells with polycations, such as DEAE-dextran or polybrene (Bailey et al., 1984;
Conti et al., 1991; Matlin et al., 1982). Importantly, we have previously shown that
infectivity of VSV-AMS5I1 in several resistant PDAC cell lines, including SUIT-2, was
dramatically improved when cells were treated with the polycations DEAE-dextran or
polybrene (Felt et al., 2017). Although the exact mechanism of polycation-mediated
improvement of virion attachment is not clear and several alternative mechanisms,
including charge shielding and virus aggregation, have been proposed (Davis et al., 2004),
the most widely-accepted hypothesis is that polycations decrease electrostatic repulsion
between negatively charged molecules on the surface of cells and many viruses, including
VSV, and thus facilitate nonspecific binding of virus particles to cell surface (Bailey et al.,
1984; Conti et al., 1991; Davis et al., 2002). Our data indicate that the VSV G mutations
E238K and K174E make the evolved viruses less dependent on polycations possibly by
decreasing dissociation of virions at the initial step of attachment due to electrostatic
repulsion between cell surface molecules and VSV. One possibility is that these mutations

change the overall structure of VSV-G that would significantly change charge distribution
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on the surface of VSV particles. Alternatively, these mutations could change post-
translational modifications (PTMs) of VSV-G. Both glutamic acid (E238) and especially
lysine (K174) could be potentially modified by PTM, and, in addition, K174E or E238K
mutations could alter the PTMs of other VSV-G aa residues. At least two types of PTMs
have been identified in VSV-G: N-glycosylation through N163 and N320 positions and
palmitoylation through a cysteine residue C473 in the cytoplasmic tail domain (Rose et al.,
1984; Scheiffele et al., 1999; Whitt and Rose, 1991) (Fig. 13). Although the biological role
of VGV-G palmitoylation is still unclear, VSV GP (G) contains two well conserved N-
glycosylation sites, N163 and N320 (Fig. 13), which make up to approximately 10% of the
VSV-G mass (Etchison and Holland, 1974; Farley et al., 2007; Ortega et al., 2019; Puri et
al., 1992; Reading et al., 1978; Robertson et al., 1978; Rose and Gallione, 1981; Stanley et
al., 1984). The VGV-G N-glycosylation can dramatically affect viral infectivity, although
the effect strongly depends on target cell type and specific mode of VSV-G N-
glycosylation (Farley et al., 2007; Marozin et al., 2012; Ortega et al., 2019). It is believed
that one of the major mechanisms of DEAE-dextran-mediated improvement of VSV
infection is removal of repulsion between negatively-charged molecules on the cell surface
(such as anionic phospholipids sialic acid residues) and terminal sialic acid residues
associated with those N-glycosylated VSV-G (Ortega et al., 2019). It is possible that
E238K and KI174E or mutations could alter VSV-G N-glycosylation pattern or
juxtaposition of sialic acid residues and thus decrease repulsion, thus making mutant

viruses less dependent on DEAE-dextran for virus infection.

We cannot rule out that E238K and K174E VSV-G mutations also affect other steps

of virus replication cycle. VSV-G is responsible for both viral attachment and entry into
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host cells and it is possible one or both of these mutations not only improved attachment,
but also virus entry into the infected cells. Interestingly, E238K and K174E mutations are
located near the region that undergoes the major conformational rearrangement during the
transition from pre-fusion to post-fusion state. It is possible that these mutations play a role
in this transition. E238 and K174 are about 24 A apart in the prefusion conformation, but
only about 10 A apart in the post-fusion conformation. As mentioned before, in all
passages, we found that the E238K mutation occurred prior to K174E mutation. E238 is
located on the central beta-strand of the DIII (pleckstrin homology, PH) domain and is
surrounded by positively charged residues including K44, K220, K225, H226, and K242
(Figure 14). The substitution of E238 for lysine would disturb the balance of positive and
negative charge in this region, which could potentially lead to a conformational
rearrangement. Furthermore, in a post-fusion conformation, a histidine residue H226 is
positioned between E238 and K174 residues, with the distance of 4 A and 7 A between the
sidechains of H226 and of E238 and K174, respectively. Therefore, it is plausible to assume
that the K174 mutation is a “rescue” mutation that re-establishes the balance of positive
and negative charge around the histidine, which could be important for the conformational

transition from prefusion to post-fusion state. Future studies will test these possibilities.



64

CHAPTER 4: CONCLUSION

After serially passaging 2 VSV recombinants, VSV-p53wt and VSV-p53-CC to
investigate if VSV can be directionally evolved to better kill PDAC cell lines, clear
phenotypic differences were identified as the viruses passaged on SUIT-2 cells 33 times
exhibited an improved ability to replicate in and kill SUIT-2 cells. Evidence for this
includes viral kinetics where VSV-p53wt (SUIT-2) and VSV-p53-CC (SUIT-2) were
able to replicate more quickly and to a higher level in SUIT-2 cells than the original
founder viruses as well as through western blot analysis comparing viral protein
accumulation over the course of multiple time points with the same trend identified. End
point dilutions were also utilized to determine cell cytotoxicity of the founder and
passage 33 viruses which also indicate that the viruses passaged on SUIT-2 cells have an
improved ability to kill SUIT-2 cells compared to the founder viruses or the viruses
passaged 33 times on MIA PaCa-2 cells. Taken together, this is evidence that both VSV-
pS3wt and VSV-p53-CC can be directionally evolved to replicate in and kill semi-
resistant cancer cell lines such as SUIT-2. VSV-p53wt (SUIT-2) and VSV-p53-CC
(SUIT-2) exhibited similar phenotypes on the PDAC cell lines AsPC-1, another semi-
resistant PDAC with similar characteristics to SUIT-2, such as residual type [ [IFN
signaling. This further indicates VSVs ability to be adapted to resistant PDAC cell lines
to improve their therapeutical abilities for the treatment of cancer.

This work supports further research and development of OVs carrying transgenes
as all passaged viruses showed complete retention of both a p5S3wt or p53-CC transgene
after extensive viral passaging in 2 different malignant cell lines. While it is not known

how other selective pressures such as a patients adaptive immune response or the
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complexities of a tumor microenvironment might alter transgene stability of OVs, this
work supports future studies which might examine these other factors. In the future, it
would be interesting to examine the efficacy of VSV-p53wt (SUIT-2) and VSV-p53-CC
(SUIT-2) in vivo. This is currently limited by a lack of an appropriate PDAC mouse
model as human PDAC cell lines cannot be used in an immunocompetent mouse. /n vivo
studies are further complicated because the p53 transgenes incorporated into our viruses
are human derived which have different responses than murine p53 (Horvath et al.,
2007).

Both identical missense mutations being independently acquired by VSV-p53wt
(SUIT-2) and VSV-p53-CC (SUIT-2) in VSV-G, E238K and K174E suggests a strong
benefit to VSV in SUIT-2 cells from the introduction of these mutations. To further
characterize the role these mutations play in improving VSV replication in SUIT-2 and
AsPC-1 cell lines, it would be interesting for future studies to examined each mutation in
both WT VSV and VSV-AMS5I. This would allow for the mutations to be evaluated
separately from any potential influence from the presence of the p53 transgenes.

Due to our experimental design where each viral passage was incubated for a 1 h
incubation period, previous data that indicates VSV attaches less to SUIT-2 cells than other
PDAC cell lines, and our current data on VSV-p53wt (SUIT-2) and VSV-p53-CC (SUIT-
2) improved ability to attach to SUIT-2 cells, we suggest that the E238K and K174E
mutations have altered VSV-G so as to interact with SUIT-2 cells more efficiently at the
level of virus attachment to host cell. While other mechanisms such as virus fusion could

be involved, our current hypothesis is furthered by the lack of improvement from
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polycation treatment which indicates that these mutations result in VSV-G improve VSVs
ability to interact with SUIT-2 cell surface.

In conclusion, from the work presented in this thesis, VSV can be directionally
evolved to specify and target OV treatment to a target PDAC cell line while also widening
the scope of an OV to a specific cancer type to more than one cell line. This has
implications for the improvement and development of more personalized cancer treatment
options especially for chemoresistant and overall difficult to treat cancers such as PDAC.
This work also provides evidence that the use of transgenes in OV therapy appear to be
stably expressed and retained within a viral genome without the accumulatio of mutations

over undergoing at least 66 viral replication cycles.
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