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ABSTRACT

SEBASTIEN ALEXANDRE FELT. Molecular mechanisms of resistance of pancreatic ductal
adenocarcinoma cells to oncolytic vesicular stomatitis virus. (Under the direction of DR.
VALERY Z. GRDZELISHVILI)

Oncolytic virus (OV) therapy is an anticancer therapy using replication-competent viruses
selectively infecting, replicating in and killing cancer cells. Human pancreatic ductal
adenocarcinoma (PDAC) cell lines are highly heterogeneous in their permissiveness to
oncolytic vesicular stomatitis virus (VSV), in part due to differences in antiviral interferon
(IFN) signaling. VSV-resistant PDACs were shown to constitutively express high levels of
several IFN-stimulated genes (ISGs). This work identified two additional defects in VSV-
resistant PDACs, apoptosis (Chapter 2) and cell attachment (Chapter 3). In Chapter 2, we
discovered that three cell lines constitutively expressing high levels of several ISGs were also
resistant to VSV-mediated apoptosis under most experimental conditions, even when VSV
replication was improved by JAK Inhibitor I treatment. Two of these cell lines also poorly
activated apoptosis when treated with Fas activating antibody, suggesting a general defect in
apoptosis. In Chapter 3, we showed a dramatically weaker attachment of VSV in the most
resistant PDAC cell line, HPAF-II. Although sequence analysis of the VSV receptor, low
density lipoprotein receptor (LDLR), did not reveal any amino acid substitutions, HPAF-II
cells displayed the lowest level of LDLR expression and LDLR activity. Treatment of cells
with statins (HMG-CoA reductase inhibitors) strongly increased LDLR expression levels, but
did not improve VSV attachment. However, LDLR-independent attachment of VSV to
HPAF-II cells was dramatically improved by treating cells with polycations like polybrene or

DEAE-dextran. Moreover, we successfully used a novel triple combination treatment to break
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the resistance of HPAF-II in vitro to VSV by combining VSV with polybrene or DEAE-
dextran and ruxolitinib (JAK 1/2 inhibitor), thus simultaneously improving VSV attachment

and replication.
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CHAPTER 1: INTRODUCTION

Viruses are submicroscopic, obligate intracellular parasites, which consist of a nucleic
acid genome packaged in a protein coat. They are very prevalent in the environment and
have been shown to infect all life forms (e.g. humans, other vertebrates, invertebrates,
plants, fungi and bacteria). Viruses are important disease-causing agents (e.g. AIDS,
cervical carcinoma, hemorrhagic fevers). However, viruses are also beneficial to us as
studying them has led to numerous discoveries in molecular and cell biology and viruses
are also used today as therapeutic agents for vaccines, gene therapy and cancer therapy
(Draper and Heeney, 2010; Russell et al., 2012; Verma and Weitzman, 2005).

Many naturally occurring viruses preferentially infect, replicate in and kill cancer
cells without causing harm to normal cells. Cancer cells are generally more permissive to
viruses due to their defects in type I interferon (IFN)-mediated antiviral responses
compared to non-malignant cells (Russell et al., 2012). Viruses can also be engineered to
exploit these and other unique cancer-specific features (Naik and Russell, 2009). These
naturally occurring and engineered viruses used in cancer therapy have been named
oncolytic viruses (OVs). OVs have been of interest in cancer therapy for a long time. In
the 19" century, naturally acquired virus infections have been described to cause tumor
regression. Later, in the 1950s and 1960s, many viruses were tested but with limited
success. This led to many scientists to leave the field. It is the ability of engineering

viruses by reverse genetics to improve oncoselectivity and oncotoxicity that revived the



field and in the past 15 years almost every major group of animal viruses has been tested
as a potential OV (Hammill et al., 2010; Kelly and Russell, 2007). Numerous preclinical
and clinical successes have already been reported (Aghi and Martuza, 2005; Liu TC et
al., 2007; Russell et al., 2012). Currently, three OVs are approved for clinical use: herpes
simplex virus 1 based T-VEC for melanoma, approved in the U.S. (Orloff, 2016) and
later in the European Union (Rehman et al., 2016), enteric cytopathic human orphan virus
7 based RIGVIR for melanoma, approved in Latvia, Georgia and Armenia (Donina et al.,
2015), and adenovirus type 5 based Gendicine and Oncorine for head and neck squamous

cell carcinoma in China (Garber, 2006).
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Figurel: VSV virion structure and genome organization. The genome of VSV is
encapsidated with the N protein to form a nuclease resistant helical N-RNA complex. The
N-RNA complex is tightly associated with the viral RNA-dependent RNA polymerase
(RdRp), which consists of the L protein and P protein. Together, this structure is called
the viral ribonucleoprotein (RNP) complex. The RNP complex is surrounded by the M
protein and the transmembrane G protein is anchored in the viral envelope. Adapted from
Jianrong Li and Yu Zhang (2012).



Based on the type of viral genetic material (DNA or RNA) and its replication
mechanism, viruses are classified into seven groups according to a system designed by
David Baltimore (Baltimore, 1971). The groups are group I (double-stranded (ds) DNA
genome), group II (single-stranded (ss) DNA genome), group III (dsRNA genome),
group IV (ssRNA positive-strand genome), group V (ssRNA negative-strand genome),
group VI (ssRNA positive-strand genome; reverse transcriptase) and group VII (dsDNA;
reverse transcriptase) (Baltimore, 1971). This work focuses on one of the promising OVs,
vesicular stomatitis virus (VSV). VSV has a non-segmented negative-strand ssRNA
genome (Baltimore group V, order Mononegavirales, family Rhabdoviridae). A small
11-kb VSV genome encodes 5 genes (Fig. 1): nucleocapsid protein (N), phosphoprotein
(P), matrix protein (M), glycoprotein (G), and large polymerase (L). The steps of VSV
life cycle are (Fig. 2): attachment, endocytosis, uncoating, mRNA transcription, viral
protein translation, genome replication, viral assembly, and budding. Natural hosts of
VSV include horses, cattle, pigs, and a range of other mammals and their insect vectors
(Hastie et al., 2013b; Hastie and Grdzelishvili, 2012). Wild type (WT) VSV infections in
livestock are non-lethal and cause fever and blister-like lesions on the oral cavity, feet,
and teats. WT VSV infection in humans is generally asymptomatic and is limited to
agricultural and laboratory workers (Hastie et al., 2013b; Hastie and Grdzelishvili, 2012).
Only one case of WT VSV-mediated encephalitis has been reported in a 3-year-old
Panamanian boy (Quiroz E et al., 1988).

VSV is a prototypic member of the order Mononegavirales, which includes many
important human, animal, and plant pathogens such as rabies virus, Ebola and Marburg

viruses, measles, mumps and respiratory syncytial virus. Most of our current



understanding of the biology of Mononegavirales derives from studying VSV. There are
several advantages of using VSV as a research model for the members of this order
including: 1) the ability to safely study it in the laboratory; ii) its simple genome structure;
ii1) its ability to replicate in a wide range of cell types; and iv) available reverse genetic
systems (Lyles DS, 2007). Furthermore, VSV has shown promise in many therapeutical
applications including oncolytic virotherapy, vaccine development and gene therapy
(Bukreyev et al., 2006; Finke and Conzelmann, 2005; von Messling V and Cattaneo,

2004).
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Figure 2: Overview diagram of VSV life cycle. The VSV life cycle starts with attachment
and entrance via receptor mediated endocytosis. Decrease in pH triggers uncoating,
which leads to the release of the RNP complex into the cytoplasm. Primary transcription
then occurs, which involves RARP transcribing the N-RNA template. The mature
mRNAs are then translated to yield viral proteins that are required for viral genome
replication. During viral genome replication RdRp synthesizes a full-length
complementary antigenome that is then used as a template for synthesis of full length
progeny genomes. The latter can then be utilized as templates for secondary transcription,
or assembled into infectious particles, which then exit the cell. Adapted from Jianrong Li
and Yu Zhang (2012).



The oncoselectivity of VSV is generally based on the type I IFN associated antiviral
potential of a target cell. Although VSV cannot distinguish non-malignant (“normal’)
cells from cancer cells based on their receptor profile or cell cycle, there is a big
difference between normal and cancer cells in their abilities to sense and respond to viral
infection (Hastie et al., 2013b). When normal cells are infected with VSV, viral infection
is sensed by normal cells and production of type I IFNs is triggered to impede viral
replication and spread via the induction of antiviral state in the infected cells as well as
the non-infected tissue surrounding the IFN-producing cells. In contrast to normal cells, it
is observed that a majority of tumors have defective or inhibited type I IFN signaling
(Barber, 2004; Lichty BD et al., 2004; Stojdl DF et al., 2003; Stojdl et al., 2000), likely
because many IFN responses are anti-proliferative, anti-angiogenic, and pro-apoptotic
(Wang et al., 2011). As VSV is highly sensitive to type I IFN responses, it preferentially
replicates in cancer cells. The oncoselectivity of WT VSV is not sufficient, as it is able to
inhibit type I IFN signaling through one of the functions of the VSV M protein, which
localizes to the nuclear envelope and inhibits nucleocytoplasmic trafficking of cellular
mRNAs, thus impeding antiviral gene expression not only in cancer, but also normal cells
(Petersen et al., 2000). As a result, WT VSV exhibits unacceptable toxicity, most notably
neurotoxicity (Hastie et al., 2013b). Thus, an intranasal administration of VSV in rodents
can result in fatal infection of the CNS (Clarke DK, 2007), and in non-human primates an
intrathalamic administration results in severe neurological disease (Johnson JE et al.,
2007). To address this safety issue, various recombinant VSVs have been generated with
a dramatically improved safety and oncoselectivity profile (Hastie and Grdzelishvili,

2012). VSV recombinants have been shown in several studies in vitro and in vivo to be



promising OV agents against a variety of cancers (Hastie and Grdzelishvili, 2012). A
recent study tested a VSV recombinant, VSV-IFNP, on rhesus macaques via intrahepatic
injection and no neurological signs were observed at any time point (Johnson JE et al.,
2007). As a result, VSV-IFNJ is currently in a phase I clinical trial against refractory
solid tumors (ClinicalTrials.gov Identifier: NCT02923466).

Several factors make VSV a promising OV for clinical use: a small and easily
manipulated genome, cytoplasmic replication without risk of host cell transformation,
relative independence of cell cycle, and lack of pre-existing human immunity against
VSV (Hastie and Grdzelishvili, 2012). Furthermore, one of the distinctive features of
VSV as an OV is its pantropism (Hastie et al., 2013b), with several ubiquitously
expressed cell-surface molecules, such as the low-density lipoprotein receptor (LDLR)
(Finkelshtein et al., 2013b), phosphatidylserine (Carneiro et al., 2006; Coil and Miller,
2004; Schlegel et al., 1983) and sialoglycolipids (Schloemer and Wagner, 1975) and
heparan sulfate (Guibinga et al., 2002) suggested to play a role in VSV attachment to host
cells. While such pantropism does not allow VSV to distinguish normal cells from cancer
cells based on their differential receptor expression profiles, the relative independence of
VSV from one single receptor can be an advantage, allowing VSV-based OVs to target a
wide range of tumor types. In contrast, other OVs could be limited by the expression of
their receptor, such as the coxsackievirus and adenovirus receptor, required for efficient
entry of the widely used adenovirus 5 based OVs (Pearson et al., 1999).

This work focuses mainly on VSV-AMS1, which is one of the best performing
oncolytic VSVs with replacement or deletion of the methionine at amino acid position 51

(M51) of the VSV M protein. The AMS51 mutation ablates WT M protein's ability to



inhibit cellular antiviral gene expression (Ahmed et al., 2003; Kopecky et al., 2001;
Stojdl DF et al., 2003), while still allowing VSV to replicate in and kill cancer cells, as
many cancers have defective type I IFN antiviral responses. Importantly, the AMS51
mutation also strongly inhibits neurotoxicity associated with WT VSV, and VSVs with
different AM51 mutations have been explored extensively (Bell and McFadden, 2014;
Hastie and Grdzelishvili, 2012; Turnbull et al., 2015).

Pancreatic cancer is the fourth leading cause of cancer-related deaths worldwide
(Kamisawa et al., 2016) and expected to become the second leading cause of cancer-
related death in the U.S. by the year 2030 (Rahib et al., 2014). Pancreatic ductal
adenocarcinoma (PDAC) is the most common pancreatic neoplasm, which comprise
about 95% of pancreatic cancers (Stathis A and Moore, 2010). Lack of early detection,
aggressive local metastases, and limited treatment options means PDAC diagnosis
closely mirrors mortality. Surgical removal of tumors is possible in less than 20 percent
of patients and current chemo or radiation-based therapies fail to significantly extend life
expectancy (Lowery and O'Reilly, 2015). Various OVs have been tested against PDAC in
vitro and in vivo with limited efficacy (Wennier et al., 2011). An understanding of the
cellular factors that prevent or allow success is lacking.

Our recent studies demonstrated that VSV-AMS5I is effective against the majority of
human PDAC cell lines, both in vitro and in vivo (Murphy et al., 2012). However, while
VSV-AMSI kills a majority of human PDAC cell lines in vitro, resistance of some cell
lines to this virus needs to be addressed (Moerdyk-Schauwecker et al., 2013; Murphy et
al., 2012). Cellular factors that inhibit infection, replication, or oncolysis can lead to

resistance against VSV therapy. Our previous studies showed that not only resistant but



many permissive PDAC cell lines are able to mount type I IFN responses, producing type
I IFNs and IFN-stimulated genes (ISGs) in response to VSV-AMS5I1 infection (Moerdyk-
Schauwecker et al., 2013; Murphy et al., 2012). However, only resistant cell lines showed
high-level constitutive expression of several ISGs, including MX Dynamin-Like GTPase
1 (MX1) and 2'-5'-Oligoadenylate Synthetase 2 (OAS2) (Cataldi et al., 2015; Hastie et
al., 2016; Moerdyk-Schauwecker et al., 2013). We also demonstrated that resistance of
PDAC cell lines to VSV-AMS51 replication can be overcome by combining virus with
IFN signaling inhibitors such as JAK Inhibitor I and ruxolitinib (Cataldi et al., 2015;
Moerdyk-Schauwecker et al., 2013). In addition, we showed a similar effect for TPCA-1
(Cataldi et al., 2015), which had previously been described as a direct inhibitor of IKK-3
(Birrell et al., 2005; Birrell et al., 2006; Podolin et al., 2005). Our study (Cataldi et al.,
2015) demonstrated pleiotropy for TPCA-1, which inhibited not only IKK-B (Birrell et
al., 2005; Birrell et al., 2006; Podolin et al., 2005), but also JAK1 kinase activity (Cataldi
et al., 2015). Taken together, upregulated type I IFN signaling plays a major role in
resistance of pancreatic cancer cells to oncolytic viruses.

This dissertation examined whether resistant PDAC cell lines, in addition to
inhibiting VSV replication, also inhibit VSV-mediated apoptosis (Chapter 2) and VSV
attachment in vitro (Chapter 3). To define PDAC cellular factors that impact the success
of VSV therapy is critical. This knowledge will further our understanding of basic
mechanisms of controlling viral infection, enhance the efficacy of VSV, and broaden the
spectrum of PDAC successfully treated. Moreover, these cellular factors may be used as

prognostic biomarkers to select patients for VSV-based virotherapy. While this work



focused on VSV and PDAC, it likely defined cellular factors affecting other OVs and

tumor systems as well.



CHAPTER 2: INDUCTION OF APOPTOSIS IN PANCREATIC CANCER CELLS BY
VESICULAR STOMATITIS VIRUS

2.1 Introduction

Effective oncolytic virus (OV) therapy depends not only on the ability of OVs to
infect and replicate in cancer cells, but also to kill them. In our previous publication we
have shown that some pancreatic ductal adenocarcinoma (PDAC) cell lines are resistant
to vesicular stomatitis virus (VSV)-mediated cell death (Murphy et al., 2012). VSV kills
infected cells primarily via induction of apoptosis (Balachandran et al., 2001;
Balachandran et al., 2000; Cary et al., 2011; Gadaleta et al., 2005; Gaddy DF and and
Lyles, 2005; Gaddy DF, 2007; Kopecky and Lyles, 2003; Kopecky et al., 2001). The
specific mechanism of apoptosis in response to VSV infection depends on both virus and
cell type, and apoptosis induction has never been studied in any pancreatic cancer cells in
response to VSV. Thus, the goals of the first study (Chapter 2) were (1) to investigate the
mechanism of apoptosis induction in PDAC cell lines in vitro by three different viruses:
wild type (WT)-like VSV (VSV-GFP) and VSV attenuated by M dependent and
independent mechanisms (VSV-AMS51-GFP and VSV-P1-GFP respectively); and (2) to
examine whether dysregulation of apoptosis, a hallmark of PDACs as well as other
cancers (Hamacher et al., 2008; Neesse et al., 2012; Roder et al., 2011), contributes to the

resistance of some PDACs to VSV-mediated oncolysis. The use of a VSV recombinant
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with the MS51 deletion in the M protein (unable to evade type I interferon (IFN)
responses), and two VSV recombinants with WT M protein revealed possible links
between apoptosis and type I IFN signaling in PDAC cell lines. Moreover, the ability of
PDAC cells to undergo apoptosis following non-viral stimuli was also examined. Finally,
as apoptosis activation may reduce viral replication (and potentially reduce oncolytic
virus efficiency), as has been reported for many viruses (Galluzzi et al., 2008; O'Brien,
1998) including, in some instances, VSV (Chattopadhyay et al., 2011; Desforges et al.,
2002; Sharif-Askari et al., 2007), the effect of apoptosis activation on VSV replication in
PDAC cells was examined. Revealing mechanisms of VSV-mediated apoptosis in PDAC
cells is important for understanding virus-host interactions in cancer cells.
2.2 Materials and Methods
Viruses

VSV-AMS51-GFP and VSV-p1-GFP viruses were kindly provided by Jack Rose (Yale
University), and VSV-GFP virus was kindly provided by Asit Pattnaik (University of
Nebraska). All 3 VSV recombinants are based on the same full-length VSV (Indiana
serotype) cDNA clone (Lawson et al., 1995), which contains the L gene and the N-
terminal 49 residues of the N gene from the Mudd-Summers strain, the remainder of the
genome from the San Juan strain (both belonging to the Indiana serotype). VSV-AMS51-
GFP has a deletion of methionine at amino acid position 51 of the M protein and the
green fluorescent protein (GFP) ORF inserted at position 5 of the viral genome
(Wollmann G et al., 2010). VSV-GFP is similar to VSV-AMS51-GFP, but has WT M (Das
et al., 2006). VSV-p1-GFP also has WT M but GFP is inserted in position 1 (Wollmann

G et al., 2010). Viruses were grown in BHK-21. Viral titers were determined by a
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standard plaque assay on BHK-21 cells and expressed as plaque forming units (PFU) per
ml.
Cell lines

The human PDAC cell lines used in this study were kindly provided by the following
individuals in Fall 2010: David McConkey (M. D. Anderson Cancer Center): CFPAC-1
and Hs766T cells; Randall Kimple (UNC-Chapel Hill): Capan-2 and T3M4 cells;
Timothy Wang (Columbia University): AsPC-1 cells; Andrei Ivanov (University of
Rochester Medical School): HPAF-II cells; Michael Hollingsworth (University of
Nebraska Medical Center): Suit2 cells; Emmanuel Zervos (Tampa General Hospital):
HPAC cells; Pinku Mukherjee (University of North Carolina at Charlotte): Capan-1, MIA
PaCa-2 and Panc-1 cells. Cells were maintained as previously described (Moerdyk-
Schauwecker et al., 2013). After receipt, the human origin of all cell lines was confirmed
by partial sequencing of KRAS and actin. As expected, all PDAC cell lines had a
mutation in KRAS, as is typical for PDACs (Hastie et al., 2016).

Drugs

The following drugs were used in this study: recombinant carrier-free human TNF-a
(R&D Systems); recombinant human TNF-related apoptosis-inducing ligand (TRAIL)
(Millipore); Fas activating antibody (Millipore, clone CH11); caspase-8 inhibitor Z-
IETD-FMK (R&D Systems); pan-caspase inhibitor Z-VAD-FMK (R&D Systems) and
JAK Inhibitor I (“InSolution”, Calbiochem).

Western Blot
Cellular lysates and western blots were prepared as previously described (Moerdyk-

Schauwecker et al., 2013). Cell lysates were collected at 17 hours (h) post infection (p.i.)
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following infection at multiplicity of infection (MOI) 15 (based on BHK-21 titer). Due to
a limited amount of total protein isolated from T3M4 and HPAC cells, the following
exceptions were made: for PKR T3M4 sample, no protein was loaded for uninfected
T3M4 cells; for caspase 3 and FADD in HPAC cells 15 pg (half the amount) was loaded.
The following primary antibodies were used in TBS-T with 5% BSA or milk and 0.02%
sodium azide: 1:10,000 rabbit polyclonal anti-VSV antibodies (raised against VSV virion
proteins), 1:1000 anti-MxA (clone 631-645) antibodies from Sigma, and the following
antibodies from Cell Signaling Technology (1:1000 or 1:500): caspase 3, caspase 8
(clone 1C12), caspase 9, Bak, Bax (clone D2E11), BID, Bcl-2 (clone 50E3), Bcl-xL
(clone 54H6), Daxx (clone 25C12), FADD, Fas (clone 4C3), Mcl-1 (clone D35A5). The
following horseradish peroxidase-conjugated secondary antibodies were used: 1:2000
goat anti-mouse and 1:2000 goat anti-rabbit (Jackson-ImmunoResearch). The Amersham
ECL Western Blotting Detection Kit (GE Healthcare) or Pierce SuperSignal West Pico
Detection Kit (Thermo Scientific) was used for detection. Membranes were (Moyer et al.,
1986) Coomassie blue stained to verify sample loading. When JAK Inhibitor I treatment
was used, 6-well plates were seeded such that they were approximately 80% confluent at
the time of inhibitor treatment. Cells were treated with 2.5 uM JAK Inhibitor I or vehicle
(DMSO) only in cell culture media with 5% FBS for 48 h prior to infection (media was
removed and replaced with fresh drug/vehicle containing media after the first 24 h). Cells
were then mock infected or infected with VSV-AMS51-GFP in DMEM without FBS at an
MOI of 15 (based on BHK-21 titer). Following a 1h absorption period, the virus

containing media was aspirated and replaced with growth media with 5% FBS containing
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either 2.5 uM JAK Inhibitor I or vehicle. At 17 h p.i., cells were collected and used to
prepare cellular lysates for western blotting as described above.
Cell based apoptosis detection

For detection of apoptosis induction following virus infection, cells were seeded in
96-well plates such that they were approximately 80% confluent at the time of treatment.
Cells were then mock- or virus-infected at an MOI of 15 (based on BHK-21 titer).
Following a 1 h absorption period, the virus containing media was aspirated and replaced
with growth media containing 5% FBS. At 24 h p.i., apoptosis activation was assessed
using the Caspase Glow 3/7 assay (Promega) in accordance with manufacturer
instructions. When inhibitors of apoptosis were used, cells were pretreated with 100 uM
caspase-8 inhibitor Z-IETD-FMK, 100 puM pan-caspase inhibitor Z-VAD-FMK or
vehicle only (DMSO diluted in PBS) in growth media for 1 h prior to infection. Cells
were then mock infected or infected with VSV-AMS51-GFP at an MOI of 15 (based on
BHK-21 titer), or treated with 1ug/ml Fas activating antibody, 1ug/ml TRAIL, or
25ng/ml TNF-a in the continued presence of either inhibitor or vehicle. Following a 1 h
absorption period, the virus containing media was aspirated and replaced with growth
media with 5% FBS (experiments using only virus) or no FBS (experiments also utilizing
other drugs) containing either inhibitor or vehicle. At 17 h p.i., apoptosis activation was
assessed using the Cleaved Caspase-3 In-Cell ELISA (Thermo Scientific), in accordance
with manufacturer instructions. Alternatively, cells were infected at a cell line specific
MOI of 2 to ensure one-step growth kinetics, and then treated with inhibitors of apoptosis
as above. At the indicated time points, virus replication was monitored by measuring

virus-directed GFP fluorescence in live cells [CytoFluor Series 4000 (Perseptive
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Biosystems), with excitation filter of 485/20 nm, emission filter of 530/25 nm and
gain=50] and by collecting virus containing media for titration on BHK-21 cells.
Statistical analysis

All statistical analyses were performed using GraphPad Prism, version 5.03 for
Windows (GraphPad Software, San Diego, California). Caspase 3/7 activity and caspase
3 cleavage within a cell line were analyzed by one-way ANOVA with Bonferroni post-
test for comparison to the control. Virus driven GFP expression and virus replication
following caspase inhibitor treatment was analyzed by repeated measures two-way
ANOVA with Bonferroni post-test, following log transformation of replication values to
normalize data.
2.3 Results

Human PDAC cells are highly heterogeneous in their abilities to activate apoptosis
following VSV infection

Effective OV therapy is dependent on the ability of a replication-competent virus to
kill infected cancer cells. Although VSV mediated apoptosis was studied in other systems
(Balachandran et al., 2001; Balachandran et al., 2000; Cary et al., 2011; Gadaleta et al.,
2005; Gaddy DF and and Lyles, 2005; Gaddy DF, 2007; Sharif-Askari et al., 2007), the
mechanism of apoptosis induction by VSV in pancreatic cancer cells has never been
examined.

Our major focus is the commonly used VSV recombinant with the AMS51 mutation in
the M gene (Brown et al., 2009; Ebert O et al., 2005; Stojdl DF et al., 2003; Wollmann G
et al., 2010). The recombinant VSV-AMS51-GFP used in this study also contains the GFP
OREF at position 5 of the viral genome (between G and L) (Fig. 3), which only marginally

affects VSV replication, but allows for monitoring of VSV infection, replication, and
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spread, based on virus-driven GFP expression (Wollmann G et al., 2010). Several
experiments also utilized two VSV recombinants encoding the WT M gene: VSV-GFP
and VSV-p1-GFP (Fig. 3). VSV-GFP has the same GFP insertion as VSV-AMS51-GFP
but WT M gene, allowing study of the role of M protein in apoptosis induction. VSV-p1-
GFP, also has the WT M gene, but insertion of the GFP ORF at position 1 of the VSV
genome results in slower viral replication kinetics (Ramsburg et al., 2005; Wollmann G
et al., 2010), allowing for examination of the role of M protein independent virus
attenuation in apoptosis induction(Ramsburg et al., 2005; Wollmann G et al., 2010).

To examine the ability of VSV recombinants to induce apoptosis in PDAC cells, a
panel of 10 clinically relevant human PDAC cell lines was used (Table 1). These cells
have been characterized in our previous studies for their permissiveness to VSV as well
as their type I IFN signaling status (Moerdyk-Schauwecker et al., 2013; Murphy et al.,
2012) (summarized in Table 1). Importantly, two of these PDAC cell lines (MIA PaCa-2
and Capan-1, indicated in all figures using green font) are highly permissive to VSV and
defective in antiviral signaling in response to VSV infection; four cell lines (Capan-2,
AsPC-1, Suit2, and T3M4, black font) are permissive to VSV but have VSV-inducible
IFN signaling; two cell lines (CFPAC-1 and HPAC, blue font) are moderately permissive
to VSV (resistant only at low MOIs) and have VSV-inducible IFN signaling and
constitutive expression of MxA and OAS; and two cell lines (HPAF-II and Hs766T, red
font) are highly resistant to VSV (at all tested MOIs) and have VSV-inducible IFN
signaling and constitutive expression of MxA and OAS.

Cells were mock-treated or infected at an MOI of 15 (based on virus titration on

BHK-21 cells) with VSV-AM51-GFP, VSV-p1-GFP or VSV-GFP. Protein was isolated
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at 17 h p.i. and western blotting performed to examine VSV replication, IFN-stimulated
gene (ISG) expression and the presence or absence of cleaved caspases and other
apoptosis related factors. Figure 4 outlines the different apoptotic pathways PDAC cell
lines can undergo once infected and important proteins that regulate them.

In agreement with our previous studies (Moerdyk-Schauwecker et al., 2013; Murphy
et al.,, 2012), most cell lines supported good VSV replication (Fig. 5A), with the
exception of Hs766T and HPAF-II which are resistant to VSV even at high MOI
infection. Also, in agreement with our previous study (Moerdyk-Schauwecker et al.,
2013), CFPAC-1, HPAC, HPAF-II and Hs766T constitutively expressed MxA, while
VSV-induced expression of this ISG was observed in most other PDACs. Although basal
levels of another ISG, PKR, did not differ in most cell lines [as previously shown
(Moerdyk-Schauwecker et al., 2013)], PKR protein levels were increased following VSV
infection in most cell lines with VSV-inducible type IFN signaling.

In most PDAC cell lines, all 3 VSV recombinants induced caspase 3 cleavage
following infection (Fig. 5B; cleaved products appear as a double band at pl17/p19).
However, all 3 viruses induced similar (and the highest) levels of caspase 3 cleavage only
in Capanl and MIA PaCa-2. Both cell lines are unable to induce Type I IFN responses to
VSV (Moerdyk-Schauwecker et al., 2013; Murphy et al., 2012). In all cell lines with
VSV-inducible Type I IFN responses, despite similar replication levels for the 3 tested
VSVs, VSV-AMS51-GFP induced more caspase 3 cleavage. This indicates a positive role
for the AM51 mutation, and therefore host responses, in apoptosis induction, and is
unlikely to be simply a result of virus attenuation as VSV-pl-GFP induced caspase

cleavage similarly to VSV-GFP. In agreement with their general resistance to VSV
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infection and replication (Moerdyk-Schauwecker et al., 2013; Murphy et al., 2012),
Hs766T and HPAF-II showed the lowest levels of VSV protein accumulation in infected
cells (Fig. 5A). However, while Hs766T had no detectable cleaved caspase 3, HPAF-II
showed low but easily detectable caspase 3 cleavage in cells infected with VSV-AMS51-
GFP and VSV-GFP (Fig. 5B.). Surprisingly, HPAC cells, while supporting good levels of
replication for all 3 tested VSVs, had no detectable cleaved caspase 3. This result shows
that VSV replication is likely an important determinant of apoptosis, but it is not
sufficient for apoptosis induction in PDAC cells.

The ability of VSV recombinants to induce apoptosis in PDAC cells was also
analyzed by measuring the activity of effector caspases 3 and 7 (Fig. 6). Hs766T and
HPAC, which showed no detectable cleaved caspase 3 (Fig. 5B), also showed the lowest
caspase 3/7 activity (Fig. 6), again indicating a possible block(s) in apoptosis upstream of
caspase 3/7. Also consistent with Figure 5B, only 2 PDAC cell lines (Capan-1 and MIA
PaCa-2) showed similar caspase 3/7 activity when infected with any of the three VSV
recombinants, while all other cell lines showed greater induction of apoptosis by VSV-
AMS51-GFP (Fig. 6).

Apoptosis activation mechanism depends on both VSV M protein and
PDAC cell line

Previous studies in other cell types demonstrated that VSV M51 mutants typically
activate apoptosis via the caspase 8 dependent extrinsic pathway (Cary et al., 2011;
Gaddy DF and and Lyles, 2005; Gaddy DF, 2007), with the Fas receptor appearing to
play a key role (Gaddy DF, 2007). The extrinsic apoptotic pathway can be either type I,
where caspase-8 cleavage is sufficient to activate effector caspases, or type II where the

signal must be amplified through the intrinsic pathway via caspase-8 cleavage of Bid
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(Barnhart et al., 2003; Scaffidi et al., 1998). In contrast to VSV M51 mutants, VSV
encoding WT M protein typically activates apoptosis through the caspase 9 dependent
intrinsic (mitochondrial) pathway (Balachandran et al., 2001; Balachandran et al., 2000;
Gaddy DF and and Lyles, 2005). VSV WT M protein likely plays an important role in
apoptosis induction by inhibiting host gene expression (Kopecky and Lyles, 2003;
Kopecky et al., 2001). However, the specific mechanism of apoptosis in response to VSV
infection depends on both virus and cell type (Balachandran et al., 2001; Balachandran et
al., 2000; Cary et al., 2011; Gaddy DF and and Lyles, 2005), and the mechanism of
apoptosis induction by VSV has never been studied in PDAC cells.

As seen in Figure 5B for VSV-AMS51-GFP infected cells, where cleavage of caspase
3 took place, cleavage of both caspase 8 and 9 was also detectable in all PDACs cell
lines, except for HPAF-II, indicating that this virus induces both the extrinsic and
intrinsic apoptosis pathways in most PDACs. Interestingly, in HPAF-II cells, VSV-
AMS51-GFP induced caspase 9 but not caspase 8 cleavage, suggesting that only the
intrinsic pathway was induced.

For VSV-GFP and VSV-p1-GFP, a predominance of caspase 9 cleavage to caspase 8
cleavage was seen in Capan-2, AsPC-1 and HPAF-II compared to other PDACs:,
suggesting induction of apoptosis primarily through the intrinsic pathway as previously
reported for WT M. However, in all other cell lines cleavage of both caspase 8 and
caspase 9 was seen even upon infection with VSV expressing WT M (Fig. 5B).

Having demonstrated heterogeneity in the ability of PDAC cell lines to undergo
apoptosis depending on both virus and cell, we examined whether expression of major

apoptosis regulator(s) could account for these differences. Signaling through the Fas
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death receptor has been shown to be required for VSV-MS51R induced apoptosis (Gaddy
DF, 2007). Interestingly, two PDAC cell lines, Hs766T and HPAF-II, most resistant to
VSV replication and displaying no or low apoptosis induction in response to VSV, both
showed low levels of Fas receptor (Fig. 5C) compared to most other PDAC cell lines,
suggesting that low Fas levels could play a role in resistance of these cell lines to VSV-
mediated apoptosis. However, two other PDAC cell lines (Capan-1 and Capan-2), also
showed low levels of Fas expression despite the lack of resistance to VSV-mediated
apoptosis. Another apoptosis-resistant PDAC cell line, HPAC, showed good levels of Fas
receptor. FADD and Daxx have both been shown to play important roles in Fas signaling
(Balachandran et al., 2000; Gaddy DF, 2007); however there were no major differences
between PDAC cell lines.

Bcl-2 family members have been shown to be altered in PDACs, as well as other
cancers, and to have predictive value for prognosis and treatment response to
chemotherapy and radiotherapy (Frenzel et al., 2009; Westphal and Kalthoff, 2003). This
family is part of the intrinsic pathway (and thus also the type II extrinsic pathway) and
contains both pro- and anti-apoptotic members. As shown in Figure 5D, Mcl-1, an anti-
apoptotic protein, was consistently expressed in all uninfected cell lines. However, Mcl-1
levels decreased in most VSV-sensitive cell lines in response to infection with one or
more VSV recombinants, likely as part of the apoptosis initiation process (Schache et al.,
2009). Production of Bcl-2, an anti-apoptotic protein, was highly variable and
undetectable in a number of cell lines. Hs766T was the only apoptosis-resistant PDAC
cell line where Bcl-2 was detectable, possibly explaining why it is more resistant to VSV

mediated apoptosis than other cell lines. However, Capan-1 and MIA PaCa-2 cells, which
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efficiently activate apoptosis in response to VSV infection, expressed Bcl-2 at equal or
greater levels to Hs766T. The anti-apoptotic protein Bel-xL was expressed evenly among
all cell lines, indicating that this protein is probably not a key player in resistance to VSV
induced apoptosis, as were the pro-apoptotic proteins Bak, Bax and Bid. Apoptosis-
sensitive PDAC cell lines showed Bid cleavage when infected with VSV-AMS51-GFP.
While a potential biomarker of apoptosis resistance was not identified, it is known that
the ratio rather than the absolute quantity of these pro- and anti-apoptotic proteins is
important in the regulation of cell death (Wong, 2011). Further studies are needed to
determine a role of these apoptotic regulators in the resistance of some PDACs to VSV
induced apoptosis.
VSV-AMS51 induces apoptosis in PDACs via the type II extrinsic pathway.

The major focus of this study was VSV-AMS51-GFP. Therefore, the mechanism of
apoptosis induction during VSV-AMS5I1-GFP infection was studied in more detail. As
shown in Figure 5B, where cleavage of caspase 3 took place, cleavage of both caspase 8
and 9 was also detectable in all VSV-AMS51-GFP infected cells (except for HPAF-II).
Cleavage of both caspases 8 and 9 can result from either activation of the type Il extrinsic
pathway (where caspase 8 is essential for the activation of caspases 9 and 3), independent
activation of intrinsic and extrinsic pathways, or death receptor-independent activation of
caspase 8 as part of a positive feedback loop following cleavage of caspase 3 after initial
activation of the intrinsic pathway (Liu et al., 2011). As VSVs with M51 mutations
frequently induce apoptosis via the extrinsic pathway (Gaddy DF and and Lyles, 2005;

Gaddy DF, 2007) and pancreatic cells have been shown to utilize the type Il extrinsic
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pathway (Hinz et al., 2000), we hypothesized that VSV-AMS51-GFP induced apoptosis in
PDAC cells via this mechanism.

To test this hypothesis, infections with VSV-AMS51-GFP at MOI 15 (based on BHK-
21 titer) were conducted in the presence of Z-VAD-FMK, a pan-caspase inhibitor, or Z-
IETD-FMK, a caspase 8 specific inhibitor. Following treatment, cleavage of caspase 3
was measured by ELISA at 17 h p.i. As shown in Figure 7, most PDAC cell lines showed
a strong increase in caspase 3 cleavage following VSV-AMS51-GFP infection in
agreement with the western blot analysis (Fig. 5B) and the caspase activity assay (Fig. 6).
The two PDAC cell lines (HPAC and Hs766T), which showed minimal caspase 3 activity
and cleavage in the previous assays again showed low levels of cleaved caspase 3.
Importantly, treatment with Z-IETD-FMK returned cleaved caspase 3 levels to near
baseline in all cell lines, indicating caspase 8 is critical to apoptosis induction following
VSV-AMS51-GFP infection. As caspase 9 cleavage was also seen in all these PDAC cell
lines (Fig. 5B), we concluded that apoptosis occurred through the type II extrinsic
pathway. This mechanism is also consistent with the detection of cleaved Bid in many
PDAC:s cell lines infected with VSV-AMS51-GFP (Fig. 5D).

Role of virus replication levels and type I interferon in apoptosis induction
in PDAC cell lines

Under the experimental conditions shown in Figure 8 (MOI 15 infection), VSV
replication was severely inhibited in HPAF-II and Hs766T. No (Hs766T) or low (HPAF-
IT) caspase 3 cleavage (Fig. 5B) could potentially be attributed to very low levels of virus
replication in these two cell lines. However, HPAC cells, while supporting good levels of
VSV replication, showed no detectable cleaved caspase 3, indicating that good VSV

replication levels are not sufficient for apoptosis induction at least in some PDAC cells.
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All three cell lines (HPAC, HPAF-II and Hs766T) as well as CFPAC-1 constitutively
express some [SGs, including MxA [Fig. 8 and (Moerdyk-Schauwecker et al., 2013)].
Therefore, we conducted an experiment to test the hypothesis that resistance of PDAC
cells to VSV-mediated apoptosis is the result of upregulated type I IFN signaling leading
to low-level VSV replication and/or expression of one or more anti-apoptotic factors. As
controls, we used MIA PaCa-2 cells, which are defective in type I IFN signaling, as well
as CFPAC-1 cells, which are similar to HPAC cells in their constitutive expression of
ISGs, but, unlike HPAC, undergo apoptosis following VSV infection.

Inhibition of type I IFN signaling and subsequent increase in VSV-AMS51-GFP
replication levels were achieved by treatment of cells with JAK Inh. I as in our previous
study (Moerdyk-Schauwecker et al., 2013). Cell lines were mock-infected or infected at
MOI 15 (based on BHK-21 titer) with VSV-AMS51-GFP and protein was isolated at 17 h
p.i. MxA protein was downregulated in all treated cell lines, confirming JAK Inh. I
treatment was effective. Importantly, although JAK Inh. I treatment increased VSV-
AMS1-GFP replication in PDAC cell lines with constitutive ISG expression, it did not
result in increased caspase 3 cleavage (Fig. 8). These results demonstrate that even when
viral replication is increased and type I IFN signaling inhibited, HPAC and Hs766T
cannot efficiently activate apoptosis. Therefore, there is no clear correlation between
VSV-AMS51-GFP replication levels or type I IFN signaling and apoptosis in these two
cell lines. To not miss effects of JAK Inh. I treatment upstream of caspase 3, we looked
also for changes in cleavage of caspases 8 and 9 and expression of extrinsic/intrinsic

regulators and did not see any major changes (Fig. 8).
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Activation of apoptosis by non-viral stimulators.

Since VSV-AMS51-GFP was unable to effectively induce apoptosis in Hs766T and
HPAC and weakly and variably induced apoptosis in HPAF-II, we wanted to know
whether these cell lines resist only virus mediated apoptosis or if they have a more
general defect in apoptosis. Therefore, we tested if the extrinsic apoptosis pathway could
be induced using a virus independent method. Hs766T, HPAC, HPAF-II and MIA PaCa-
2 were treated with Fas activating antibody CH11, TNF-a, TRAIL or VSV-AMS51-GFP
and tested for caspase-3 cleavage at 17 h p.i. All stimulators induced caspase 3 cleavage
in MIA PaCa-2 but VSV-AMS51-GFP appeared to do so most effectively (Fig. 9). TNF-a
did not induce apoptosis in any of the PDAC cell lines resistant to VSV mediated
apoptosis. Fas activating antibody CH11 more strongly induced caspase 3 cleavage in
HPAC than in Hs766T and HPAF-II, consistent with Fas receptor levels (Fig. 5C and 8).
Finally, consistent with previous data, VSV-AMS51-GFP did not induce caspase 3
cleavage in HPAC, Hs766T and HPAF-II cells. Together, the data suggest that at least
two of the three PDAC cell lines resistant to VSV mediated apoptosis have a more
general defect in apoptosis.

Impact of apoptosis on VSV-AMS51-GFP replication.

While strong inhibition of apoptosis in response to VSV-AMS51-GFP infection can
prevent oncolysis, rapid induction of apoptosis can potentially have an antiviral effect by
destroying the infected cell before the virus reaches its maximum replication potential.
As this could limit the effectiveness of VSV as an oncolytic virus, we examined the
possible effects of apoptosis induction on VSV-AMS51-GFP replication in PDAC cells.

Two cell lines (VSV-permissive MIA PaCa-2 and VSV-resistant HPAF-II) were infected
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with VSV-AMS51-GFP in the presence or absence of Z-VAD-FMK (a pan-caspase
inhibitor) or Z-IETD-FMK (a caspase 8 specific inhibitor). Cells were infected at a cell
line specific MOI of 2 to ensure one-step growth kinetics, and virus replication was
monitored by measuring virus-directed GFP fluorescence in live cells (Fig. 10A) and
measuring new particle production by titration of media on BHK-21 cells (Fig. 10B).
GFP expression only modestly (although statistically significant at most time points)
increased in inhibitor-treated cells (Fig. 10A). However, no statistically significant
increase in new particle production was seen in MIA PaCa-2 cells at any time point, and
an increase was only seen in HPAF-II at 120 h p.i. (Fig. 10B). The tolerance of VSV
replication to apoptosis in MIA PaCa-2 and HPAF-II is most likely due to VSV’s
relatively fast replication cycle, allowing it to outpace the apoptotic response (Koyama,
1995; Timm and Yin, 2012).
2.4 Conclusions

VSV-AMS51-GFP primarily activated the type Il extrinsic pathway in PDACs.
Three of the tested cell lines that constitutively expressed high levels of IFN-stimulated
genes (HPAF-II, Hs766T and HPAC) were resistant to apoptosis under most
experimental conditions, even when VSV replication was restored by JAK Inh. I
treatment. Two of these cell lines also poorly activated apoptosis when treated with Fas
activating antibody, suggesting a general defect in apoptosis. These results will be further

discussed in the dissertation summary (Chapter 4).
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Figure 3: Viruses used in this study. The viruses used in this study were VSV-AMS51-
GFP, VSV-p1-GFP and VSV-GFP. VSV-AM51-GFP has a deletion of methionine at
amino acid position 51 of the M protein and the green fluorescent protein (GFP) ORF
inserted at position 5 of the viral genome. VSV-GFP is similar to VSV-AM51-GFP, but
has WT M. VSV-p1-GFP also has WT M but GFP is inserted in position 1.
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Figure 5: Protein levels of apoptosis related genes in PDAC cells following VSV-AMS51-
GFP infection. Cells were mock-infected or infected with VSV-AM51-GFP, VSV-pl-
GFP or VSV-GFP at an MOI of 15 (based on BHK-21 titer). At 17 h p.i, cell lysates were
prepared and analyzed by western blot for the indicated proteins associated with (A) virus
replication and antiviral response, (B) caspase cleavage, (C) the extrinsic apoptosis
pathway, (D) the intrinsic apoptosis pathway and (E) total protein staining. Protein (kDa)
product sizes are indicated on the right. Due to a limited amount of total protein isolated
from T3M4 and HPAC cells, the following exceptions were made: for PKR T3M4
sample, no protein was loaded for uninfected T3M4 cells; for caspase 3 and FADD in
HPAC cells 15 pg (half the amount) was loaded.



29

40+
[ Uninfected T
T vsv-avs1-GFP

301 @ vsvpi-GFP
B VSV-GFP

20 - .

Hkx P

Fold increase in
caspase 3/7 activity (24 h p.i.)

nl'.lnll.n

Capan-1 CFPAC-1 Hs766T MIA HPAC Suit2 Capan-2 T3M4 AsPC-1 HPAF-I
PaCa-2

Figure 6: Caspase 3/7 activation in PDAC cells following VSV-AMS51-GFP infection.
Cells were mock- or virus-infected at an MOI of 15 (based on BHK-21 titer). At 24 h p.i.,
apoptosis activation was assessed using the Caspase Glow 3/7 assay. Caspase 3/7
activation is expressed as fold increase over mock treated, with the mock treated activity
indicated as 1. Assay was done in triplicate and data represent the mean =+ standard error
of mean. Treatments were compared using a 1-way ANOVA followed by the Bonferroni
posttest for comparison to the control. *, p<0.05; **, p<0.01; *** p<0.001.
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Figure 7: Effect of caspase inhibitors on caspase 3 cleavage. Cells were pretreated with
100 uM caspase-8 inhibitor Z-IETD-FMK, 100 pM general caspase inhibitor Z-VAD-
FMK or vehicle only (DMSO) in growth media for 1 h prior to infection. Cells were then
mock infected or infected with VSV-AMS51-GFP at an MOI of 15 PFU/cell (based on
BHK-21 titer) in the continued presence of either inhibitor or vehicle. At 17 h p.i.,
cleaved caspase 3 was analyzed by ELISA. Caspase 3 cleavage is expressed as fold
increase over mock treated, with the mock treated level indicated as 1. Assay was done in
triplicate and data represent the mean + standard error of mean. Treatments were
compared using a 1-way ANOVA followed by the Bonferroni posttest for comparison to
the control. *, p<0.05; **, P<0.01; ***, p<0.001.
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Figure 8: Effect of type I IFN signaling inhibition and increased VSV-AMS51-GFP
replication. Cells were mock (DMSO) treated or treated with 2.5 pM JAK Inh. I for 48 h
prior to infection with VSV-AMS51-GFP at MOI 15 PFU/cell. Cells were harvested at 17
h p.i. and cell lysates were prepared and analyzed by western blot for the indicated
proteins. Protein (kDa) product sizes are indicated on the right.
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Figure 9: Effect of Fas antibody/TNF-alfa/TRAIL on caspase 3 cleavage. Cells were
pretreated with 100 uM caspase-8 inhibitor Z-IETD-FMK or vehicle only (DMSO) in
growth media for 1 h prior to treatment. Cells were then mock treated, treated with
Ipug/ml Fas activating antibody, 1pg/ml TRAIL, or 25ng/ml TNF-a or infected with
VSV-AMS51-GFP at an MOI of 15 PFU/cell (based on BHK-21 titer) in the continued
presence of either inhibitor or vehicle. At 17 h p.i., cleaved caspase 3 was analyzed by
ELISA. Caspase 3 cleavage is expressed as fold increase over mock treated, with the
mock treated level indicated as 1. Assays were done in triplicate and data represent the
mean * standard error of mean. Treatments were compared using a 1-way ANOVA
followed by the Bonferroni posttest for comparison to the control. *, p<0.05; **, p<0.01;

5% p<0.001.



33

A MIA PaCa-2 HPAF-I

8 6001

C

(]

7

$ 400

(@]

5

L 200-

o

L

o : : : : : 0 : , : : :
0 24 48 72 96 120 24 48 72 96 120

B MIA PaCa-2 HPAF-II

~ 10°7 10°1

€ 10% 10°1

S 1071 1071

B 10°% 10°

— 10°] 10°1

2 10™ 10*

l_ 103- 103-

102 r r r T ) 102 r ; : . .
0 24 48 72 96 120 0 24 48 72 96 120
hours p.i. hours p.i.

-~ VSV-AM51-GFP
= VSV-AM51-GFP + Z-IETD-FMK (Caspase-8 Inhibitor)
-+ VSV-AM51-GFP + Z-VAD-FMK (Pan-caspase Inhibitor)

Figure 10: Effect of apoptosis inhibition on VSV-AMS51-GFP replication. Cells were
pretreated with 100 uM caspase-8 inhibitor Z-IETD-FMK, 100 uM general caspase
inhibitor Z-VAD-FMK or vehicle only (DMSO diluted in PBS) in growth media for 1 h
prior to infection. Cells were then mock infected or infected with VSV-AMS51-GFP at an
MOI of 2 PFU/cell (cell line specific titer) for the study of 1-step replication kinetics
based on (A) virus driven GFP expression or (B) infectious particle production (limit of
detection=2x102 PFU/ml) as determined at the indicated time points. Assays were
performed in triplicate and values represent mean + standard error of mean. Treatments
were compared by two-way ANOVA with Bonferroni posttest for comparison of
treatments to control. *, p<0.05; **, p<0.01; *** p<0.001.
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CHAPTER 3: MULTIPLE MECHANISMS DETERMINE RESISTANCE OF
PANCREATIC CANCER CELLS TO ONCOLYTIC VESICULAR STOMATITIS
VIRUS

3.1 Introduction

Although vesicular stomatitis virus (VSV) is effective against a majority of pancreatic
ductal adenocarcinoma (PDAC) cell lines, some PDAC cell lines are highly resistant to
VSV, and the mechanisms of the resistance are still unclear. We have previously shown
that treating resistant PDAC cell lines with type I interferon inhibitors, such as JAK
Inhibitor I (a pan-JAK inhibitor) or ruxolitinib (a specific JAK1/2 inhibitor), significantly
improved permissiveness of the cells to VSV (Cataldi et al., 2015; Hastie et al., 2016;
Moerdyk-Schauwecker et al., 2013). However, this approach only moderately improved
susceptibility of resistant cells to VSV initial infection, and overall VSV replication never
reached the level of VSV-permissive PDAC cell lines (Cataldi et al., 2015; Hastie et al.,
2016; Moerdyk-Schauwecker et al., 2013). In agreement with this observation, pre-
treatment of cells with ruxolitinib (compared to post-treatment only) did not change the
kinetics of VSV replication, with a significant increase in VSV replication that could be
seen only 48 hours (h) post infection (p.i) even in cells pretreated with ruxolitinib for up
to 48 h, suggesting that ruxolitinib did not improve the rate of initial infection but rather
facilitated secondary infection via inhibition of antiviral signaling in PDAC cells (Cataldi
et al., 2015; Hastie et al., 2016). Together, our previous studies suggest that resistant

PDAC cell lines may have an additional block at an early stage of VSV infection that
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could not be removed via JAK inhibition. In this study, we examined the role of VSV
attachment in resistance of PDAC cells to VSV, as it is the first critical stage for a
successful VSV infection. We showed that inefficient VSV attachment can contribute to
resistance of PDACs to VSV. Moreover, we successfully used a novel approach to break
the multiple mechanisms of resistance of PDAC cells in vitro to VSV by combining the
virus with polycations and ruxolitinib to simultaneously improve VSV attachment and
virus replication.
3.2 Materials and Methods
Viruses and cell lines

The recombinant VSV-AMS51-eqFP650 (Hastie et al., 2015) or VSV-AMS51-GFP
(Wollmann G et al., 2010) have been described previously. VSV-AMS51 has a deletion of
the methionine at amino acid position 51 of the matrix (M) protein. In addition, VSV-
AMS51-eqFP650 has the near-infrared fluorescent protein open reading frame (ORF)
(Hastie et al., 2015) and VSV-AMS51-GFP has the green fluorescent protein (GFP) ORF
(Wollmann G et al., 2010) inserted between the VSV G and L genes. For attachment
assay, viruses were ultra-purified exactly as previously described (Moerdyk-Schauwecker
et al., 2014). The following human PDAC cell lines were used in this study: HPAF-II
(ATCC CRL-1997), Hs766T (ATCC HTB-134), MIA PaCa-2 (ATCC CRL-1420), and
Suit2 (Iwamura T et al., 1987). The human origin of all these PDAC cell lines was
confirmed by partial sequencing of KRAS and actin. As expected, all PDAC cell lines
had a mutation in KRAS, as is typical for PDACs (Cataldi et al., 2015; Hastie et al.,
2016). The baby hamster kidney BHK-21 fibroblast cell line (ATCC CCL-10) was used

to grow viruses and determine their titers. MIA PaCa-2, Hs766T, and Suit2 cells were



37

maintained in Dulbecco's modified Eagle's medium (DMEM, Cellgro, 10-013-CV), while
HPAF-II and BHK-21 in modified Eagle's medium (MEM, Cellgro, 10-010-CV). All cell
growth media were supplemented with 9% fetal bovine serum (FBS, Gibco), 3.4 mM L-
glutamine, 900 U/ml penicillin and 900 pg/ml streptomycin (HyClone). MEM was
additionally supplemented with 0.3% glucose (w/v). Cells were kept in a 5% CO,
atmosphere at 37°C. For all experiments, PDAC cell lines were passaged no more than
15 times.
VSV attachment assay

VSV-AM51-eqFP650 was used for all attachment assays. To assay for VSV
attachment to cells in suspension, adherent cells were washed one time with PBS and
then treated with PBS with 0.2% EDTA or 0.05% trypsin for 30 minutes (min) to detach
them from the surface. DMEM with 10% FBS was then added for trypsin neutralization,
and cells then were washed one time with PBS. 400,000 cells in 100 ul DMEM (without
FBS) were then incubated for 1 h at 4 °C (the rest of the procedure is done at 4 °C) for
VSV attachment. After the incubation, cells were washed 3 times with PBS to remove
any unbound virus. Cells were resuspended in PBS with 2% BSA and blocked for 10
min, followed by a 1 h incubation with 1:1000 VSV-G antibody [Kerafast, 8G5F11] and
a 30 min incubation with 1:10 Mouse F(ab)2 IgG (H+L) APC-conjugated antibody
(R&D, FO0101B). Cells were collected using the LSR Fortessa cell analyser (BD
Bioscience), and were analyzed using FlowJo software (Treestar). To assay for VSV
attachment to the cell monolayer, cells were seeded in a 6-well or 12-well plate such that
confluency was at 80% the next day. Media was then removed, and cells were washed

one time with PBS. Virus in DMEM (without FBS) then was added, and cells were
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incubated on a rocker for 1 h at 4°C. After incubation, wells were washed 3 times with
PBS to remove any unbound virus. Protein isolation buffer was added and western blot
analysis was performed (as described below).
Protein Isolation and western blot analysis

Cells were seeded in a 6-well or 12-well plate and treated as described above. Media
was removed and cells were lysed in non-reducing conditions with lysis buffer containing
0.0625 M Tris-HCI (pH 6.8), 10% glycerol, 2% SDS and 0.02% (w/v) bromophenol blue.
We used non-reducing conditions, as reduction of disulfide bridges in the low-density
lipoprotein receptor (LDLR) from the medium has been reported to prevent the binding
of both LDL and the well-characterized LDLR antibodies (Beisiegel et al., 1982; Nguyen
et al., 2006; van Driel et al., 1987). Total protein was separated by electrophoresis on
SDS-PAGE gels and electroblotted to polyvinylidene difluoride membranes. Membranes
were blocked using 5% non-fat powdered milk in TBS-T [0.5 M NaCl, 20 mM Tris (pH
7.5), 0.1% Tween20]. Membranes were incubated with 1:5000 rabbit polyclonal anti-
VSV antibodies (raised against VSV wvirions), 1:2000 anti-LDLR (R&D Systems,
AF2148) or 1:1000 anti-MX1 (Sigma-Aldrich, 631-645) in TBS-T with 5% BSA or 5%
milk with 0.02% sodium azide. The goat anti-mouse or goat anti-rabbit or chicken anti-
goat  horseradish  peroxidase-conjugated  secondary  antibodies  (Jackson-
ImmunoResearch) were used. The Amersham ECL Western Blotting Detection Kit (GE
Healthcare) was used for detection. To verify total protein in each loaded sample,
membranes were re-probed with rabbit 1:1000 anti-GAPDH antibody (Santa Cruz, sc-

25778) or stained with Coomassie blue R-250.
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ELISA

Cells were seeded in a 96-well plate with appropriate media (9% FBS) so that they
were 80% confluent the next day. The wells were then aspirated, washed one time with
PBS and replaced with appropriate media (0% FBS) and treatment. The treatments
consisted of DMSO only, IFN (Calbiochem 407294-5MU) (5000 U/ml), ruxolitinib
(INCB018424, trade names Jakafi and Jakavi) (2.5 puM) and IFN (5000 U/ml) /
ruxolitinib (2.5 uM) mixture in appropriate media with 0% FBS. All conditions contained
0.1% DMSO. Cell culture lysates and supernates were isolated 24 h later and analyzed by
ELISA for cellular LDLR and soluble LDLR (sLDLR), respectively, according to
manufacturer’s instructions (Human LDL R Quantikine ELISA kit, R&D Systems).

Fluorescence-activated cell sorting (FACS) analysis
of LDLR cell surface expression

For the LDLR cell surface expression experiment, cells were washed one time with
PBS and then incubated with 0.2% EDTA in PBS (to retain LDLR on the cell surface).
When the adherent cells detached, cells were counted with hemocytometer, and 1 million
cells were used per condition. Three conditions were used for each cell line: cells alone,
cells with secondary antibody (indicated as “control” in the figures) and cells with
primary and secondary antibody (indicated as “LDLR” in the figures). Cells were first
blocked in 2% BSA for 10 min, then incubated with 1:10 primary antibody against
human LDLR (R&D Systems, AF2148) for 30 min and then incubated with 1:10
secondary antibody (Goat IgG (H+L) APC-conjugated antibody; R&D Systems, F0108)
for 15 min. Cells were washed with PBS one time after incubation with the primary

antibody and six times after secondary antibody. Cells were analyzed on a LSR Fortessa
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cell analyser (BD Bioscience), and the data were analyzed with FlowJo software
(Treestar).
LDL uptake assay

For the LDL uptake assay, cells were seeded in 6-well plates so that they were 80%
confluent the next day. Media was then aspirated, wells were washed one time with PBS,
and then DMEM with 0% FBS was added. Fluorescently labeled LDL from human
plasma (Molecular Probes, .3482) was then added at the concentration of 3 pg/ml to the
media for 4 h at 37°C. Media was then aspirated and cells were washed 3 times with PBS
to remove unbound LDL. Cells were then incubated with 0.05% trypsin in PBS to
eliminate LDL that bound but did not enter into the cells. Cells were analyzed using the
LSR Fortessa cell analyser (BD Bioscience), and the data were analyzed with FlowJo
software (Treestar).

VSV infection inhibition by soluble LDLR

To analyze the effect of soluble SLDLR on VSV infectivity, cells were seeded in 12-
well plates so that they were 80% confluent the next day. Media was then aspirated, wells
were washed one time with PBS and then DMEM with 0% FBS was added. First, sSLDLR
(R&D Systems, 2148-1L.D-025) was added at a concentration of 1 pg/ml and then VSV-
AMS51-eqFP650 was added. Cells were incubated with the mixture for 30 min at 37°C.
Then cells were washed 3 times with PBS, and overlaid with 0.5% agar containing
DMEM (5% FBS). Plaques were counted 16 h later to determine the titer.

Effect of statins and PCSK9 antagonist on VSV attachment and LDL uptake
Atorvastatin Calcium (S2077), Fluvastatin Sodium (S1909), Rosuvastatin Calcium

(S2169), Simvastatin (S1792) and SBC-115076 (S7976, a PCSK9 antagonist) were
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purchased from Selleck Chemicals. Cells were seeded in 12-well plate so that they were
80% confluent the next day. Media was then aspirated, washed one time with PBS and
then statins or a SBC-115076 were added at appropriate concentration in DMEM with
5% FBS for 24 hours. VSV attachment (monolayer) or LDL uptake assays were
performed as described above.
RNA RT-PCR analysis

Cells were seeded in 12-well plates so that they reached approximately 80%
confluence at 24 h. Cellular RNA was extracted with TRIzol (Life Technologies) per the
manufacturer protocol. 0.5 ug of total RNA per reverse transcription (RT) reaction using
random hexamer primers and SMART-Scribe reverse transcriptase (Clontech) was used
for the cDNA synthesis as per manufacturer’s protocol. PCR was carried out on cDNA
using the following conditions: denaturation at 95°C for 30 seconds (s), annealing at
60°C for 30 s, and extension at 72°C for 60s for 40 cycles. Human LDLR specific
primers were previously described (Tveten et al., 2006). The following primers were used
to amplify cDNA using PCR: GGGCCCTGGGGCTGGAAATT (forward primer, LDLR
Exon 1) and CTGGCTGCAGGTGTCGGGAT (reverse primer, LDLR Exon 8);
ACCTGCAAATCCGGGGACTT  (forward  primer, LDLR Exon 3) and
GTCATAGGAAGAGACGCCGT (reverse primer, LDLR Exon 10);
GCTGTTCCCACGTCTGCAAT  (forward primer, LDLR Exon 7) and
AGATACTGGCAGCCGCCATT (reverse primer, LDLR Exon 14);
GATGGGGAACTCCCGCCAA  (forward primer, LDLR Exon 11) and
GACCCCCAGGCAAAGGAAGA (reverse primer, LDLR Exon 17);

TCAGTGCCAACCGCCTCACA  (forward primer, LDLR Exon 13) and
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GCCACGTCATCCTCCAGACT (reverse primer, LDLR Exon 18). PCR products were
electrophoresed on a 1% agarose gel with ethidium bromide, PCR bands were isolated
and DNA was analyzed by Sanger sequencing from both directions (Eurofins Genomics).
DNA sequence analysis was conducted using SnapGene software (GSL Biotech) by
comparing cDNA sequences of PDAC cells to the “WT” LDLR ORF (NCBI Reference
Sequence: NM_000527.3). To identify possible alternatively spliced variants of LDLR
mRNA, PCR products were analyzed using a high-resolution Criterion 5% TBE gels
(BIO-RAD) electrophoresis, as described previously (Tveten et al., 2006). The Quick-
Load 2-Log DNA Ladder (0.1-10.0 kb, New England Biolabs) was used.
Effect of polycations and pH on VSV infectivity and cell viability

HPAF-II cells were seeded in a 96-well plate such that they were approximately 90%
confluent at the time of treatment. Cells were washed once with PBS. For each test
condition, 35 pL of various concentrations of DEAE-dextran (Alfa Aesar J63781) or
polybrene (Millipore TR-1003-G) and protons in MEM without FBS was added to cells.
For control wells, 35 pL of MEM without FBS was added. The plate was incubated at
37°C for 30 min during which it was rocked every 5 min. 15 pL of VSV-AMS51-GFP in
MEM without FBS at multiplicity of infection (MOI) 0.1 based on HPAF-II cells was
added and incubated for 1 h with rocking every 10 min. The 50 pL mixture was
aspirated, wells washed 3 times with PBS, MEM with 5% FBS was added to wells, and
cells were incubated at 37°C. GFP fluorescence was measured at regular intervals
(CytoFluor Series 4000, excitation filter of 485/20 nm, emission 530/25 nm, gain=63;
Applied Biosystems). 5 days post infection, cell viability was determined by

methylthiazolydiphenyl-tetrazolium (MTT) cell viability assay (Biotium).



43

Effects of combination of polycations and ruxolitinib on VSV infectivity, replication
and cell viability

HPAF-II cells were seeded in a 96-well plate such that they were approximately 80%
confluent at the time of treatment. Cells were washed once with PBS. For each test
condition, 35 puL of polybrene or DEAE-dextran in MEM without FBS was added to
cells. For control and ruxolitinib wells, 35 uL of MEM without FBS was added. The
plate was incubated at 37°C for 30 min during which it was rocked every 5 min. 15 pL of
VSV-AMS51-GFP in MEM without FBS at MOI 0.001 based on HPAF-II cells was added
and the plate was incubated for 1 h with rocking every 10 min. The 50 pL. mixture was
aspirated and wells washed 3 times with PBS. For ruxolitinib-treated wells, 100 pL of
MEM with 5% FBS, 0.1% DMSO and 2.5 pM ruxolitinib was added. For wells without
ruxolitinib treatment, 100 uL. of MEM with 5% FBS and 0.1% DMSO was added. The
plate was incubated at 37°C. GFP fluorescence was measured at regular intervals
(CytoFluor Series 4000, excitation filter of 485/20 nm, emission 530/25 nm, gain=63;
Applied Biosystems). Cell viability assay (MTT) was performed 3 days p.i. To examine
the effects of polycations on VSV infectivity by FACS analysis, HPAF-II cells were
seeded in a 6-well plate such that they were approximately 80% confluent at the time of
treatment. Cells were washed once with PBS. For each test condition, 350 uL. of DEAE-
dextran or polybrene in MEM without FBS was dispensed appropriately. For control and
ruxolitinib wells, 350 uL. of MEM without FBS was added. The plate was incubated at 37
°C for 30 min during which it was rocked every 5 min. 150 pL of VSV-AMS51-GFP in
MEM without FBS at MOI 0.001 was added and incubated for 1 h with rocking every 10
min. The 500 pL mixture was aspirated and wells were washed 3 times with PBS. For

ruxolitinib-treated wells, 2000 pL of MEM with 5% FBS, 0.1% DMSO and 2.5 uM
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ruxolitinib was added. For wells without ruxolitinib treatment, 2000 pL. of MEM with 5%
FBS and 0.1% DMSO was added. Wells were incubated at 37 °C. At 18 h p.i., cells were
washed once with PBS, then trypsinized and resuspended in MEM with 10% FBS. The
mixture was transferred to flow cytometry tubes and spun at 2000 rpm for 2 min. The
supernatant was aspirated and pellet was washed with PBS, then spun again at 2000 rpm
for 2 min. The pellet was fixed with 500 pL of 4% paraformaldehyde and kept on ice for
15 min. After another round of centrifugation, the pellet was re-suspended in PBS and
kept on ice. Cells were analyzed on a LSR Fortessa cell analyser (BD Bioscience), and
the data were analyzed with FlowJo software (Treestar).
Statistical analysis

All statistical analyses were performed using GraphPad Prism, version 7.0a for Mac
OS X (GraphPad Software, San Diego, CA).
3.3 Results

VSV attachment to HPAF-II is impaired

The human PDAC cell line HPAF-II, which showed the highest level of resistance to
VSV in our previous studies, was the main focus of this study (Cataldi et al., 2015; Felt et
al., 2015; Hastie et al., 2016; Moerdyk-Schauwecker et al., 2013; Murphy et al., 2012). In
addition, many experiments included Hs766T, another VSV-resistant human PDAC cell
line, as well as two VSV-permissive human PDAC cell lines, MIA PaCa-2 and Suit2.
This work focuses on one of the most commonly used VSV-based oncolytic
recombinants, VSV-AMS51 (hereafter called VSV; Figure legends and Materials and
Methods indicate the specific VSV recombinant used in each experiment), which has a

deletion of a methionine at position 51 in the M protein (Wollmann G et al., 2010). This
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mutation causes ablation of wild type (WT) M protein’s ability to inhibit cellular antiviral
gene expression. As many cancers have defective type I interferon antiviral signaling,
VSV-AMS1 can still replicate in and kill cancer cells (Ahmed et al., 2003; Kopecky et al.,
2001). In addition, to facilitate visualization of viral infection, VSV recombinants used in
this study encode either the near-infrared RFP (Hastie et al., 2015) or GFP (Wollmann G
et al., 2010) ORF inserted between the VSV G and L genes.

We used two different approaches to examine the efficacy of VSV attachment to
PDAC cells. For FACS analysis, virus attachment was examined using cells in
suspension (Fig. 11). Adherent cells were treated with EDTA to detach them from plastic
surfaces, incubated with different amounts of VSV (MOI 1.25, 12.5, or 125 based on
VSV titer on MIA PaCa-2 cells) for 1 h at 4°C, washed to remove any unbound virus,
and analyzed for cell-bound VSV using VSV-G antibody and FACS analysis. EDTA,
rather than trypsin, was used to retain protein receptors of VSV (such as LDLR) on the
cell surface. We also assayed VSV attachment using an alternative approach, where VSV
attachment to cell monolayers was examined. Cells were incubated with different
amounts of VSV (MOI 0.1 to 250 based on MIA PaCa-2) for 1 h at 4°C, then washed to
remove any unbound virus, and analyzed for cell-bound VSV using western blot analysis
of the total cell lysates (Fig. 12). As our study focuses on attachment, in both approaches
virus-cell incubations were conducted at 4°C to prevent virus entry. To confirm that VSV
did not penetrate cells under these conditions, cells were incubated with VSV for 1 h at
4°C, trypsinized to remove all surface proteins, and analyzed for the presence of VSV. As
expected, no VSV products could be detected after trypsinization, indicating that VSV

was only bound to the cell surface (Fig. 13).
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As shown in Fig. 11 for VSV attachment to cells in suspension, the lowest level of
VSV attachment was observed in HPAF-II under all tested conditions (MOIs). For
example, at MOI 12.5, only 10% of HPAF-II were VSV-positive, compared to 57.4% of
Hs766T, 31.9% of MIA PaCa-2 and 46.5% of Suit2. And even at MOI 125, only 57.4%
of HPAF-II were VSV-positive, while all other cell lines were close to 100%. In
agreement with these data, we also observed lower VSV attachment to HPAF-II cell
monolayers (Fig. 12, “Attachment”). Based on the serial dilutions of virus and comparing
VSV protein bands of similar intensity for each cell line, VSV was attaching to HPAF-II
cells at least 12-fold less efficiently than to MIA PaCa-2 and Hs766T cells, and 3.5-fold
less efficiently compared to Suit2 cells (Fig. 12, “Attachment”). While examining VSV
attachment to cell monolayers, a duplicate set of samples was incubated for an extra 8 h
at 37°C to determine relative VSV replication levels and confirm the status of PDAC cell
lines in regard to their resistance/permissiveness to VSV. As shown in Fig. 1B
(“Replication”), MIA PaCa-2 and Suit2 are highly permissive to VSV, illustrated by high
levels of VSV replication at 8 h p.i., and that HPAF-II and Hs766T are resistant, with
HPAF-II showing the highest level of resistance (Fig. 12, “Replication”). Interestingly,
even though Hs766T had a similar level of VSV attachment as MIA PaCa-2 and even
higher level than Suit2 (about 3.5-fold higher based on serial dilution of virus in Fig. 12),
Hs766T showed dramatically lower levels of VSV replication, compared to both MIA
PaCa-2 and Suit2. This result suggests that Hs766T is not defective in VSV attachment.
In contrast, HPAF-II showed not only the lowest levels of VSV replication, but also the
lowest levels of VSV attachment, suggesting that the impaired VSV attachment

contributes to the resistance of HPAF-II to VSV.
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In the experiments shown in Fig. 11 and 12, VSV was incubated with cells for 1 h. To
examine relative kinetics of VSV attachment to different PDAC cell lines, we performed
the VSV monolayer attachment assay at 4°C for 15 min, 30 min, and 60 min (Fig. 14).
VSV attachment kinetics pattern was very similar in PDAC cell lines with most virus
particles already attaching in the first 30 min p.i. Again, HPAF-II showed the lowest
VSV attachment levels at all three time points.

LDLR expression and LDL uptake are lower in HPAF-II cells

Recently, LDLR has been proposed as one of the receptors for VSV (Amirache et al.,
2014; Ammayappan et al., 2013; Finkelshtein et al., 2013a). As a high variation in LDLR
expression was shown between different cell lines of pancreatic origin (Guillaumond et
al., 2015), we hypothesized that HPAF-II could have a defect in LDLR expression, which
could explain ineffective VSV attachment.

Three different approaches, ELISA, western blot, and FACS analysis were used to
determine relative levels of LDLR expression in the four PDAC cell lines. First, using an
LDLR ELISA assay, cell lysates were examined for cell-associated total LDLR levels in
PDAC cell lines. As shown in Fig. 15, although all four tested cell lines showed
detectable levels of LDLR, the lowest level was in HPAF-II cells, with somewhat higher
levels in MIA PaCa-2 and Suit2, and the highest level in Hs766T. When cell lysates were
analyzed by western blot, Hs766T also showed the highest levels of LDLR (Fig. 16).
Interestingly, although this analysis showed similar levels of LDLR in HPAF-II, MIA
PaCa-2, and Suit2 cells, HPAF-II was the only cell line with an extra band underneath the
main LDLR band (Fig. 16). This band generally represents an unglycosylated inactive

form of LDLR, and is often indicative of an abnormal LDLR processing in the cells
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(Maxwell et al., 2005; Tolleshaug et al., 1982; Tolleshaug et al., 1983). Because only cell
surface LDLR could be utilized by virus for attachment, LDLR cell surface expression
was examined by FACS analysis using a primary antibody against LDLR. Again, EDTA,
rather than trypsin, was used to retain LDLR on the cell surface. Importantly, cells were
not fixed or permeabilized, and were incubated at 4°C during the entire procedure to
ensure that only cell surface LDLR expression is detected. As shown in Fig. 17, although
all 4 cell lines expressed LDLR at the cell surface, the lowest levels were in HPAF-II.
This could be due to HPAF-II expressing the unglycosylated inactive form of LDLR (Fig.
16) that is not expressed on the cell surface (Maxwell et al., 2005; Tolleshaug et al.,
1982; Tolleshaug et al., 1983).

Next, we wanted to examine LDLR functionality, which is normally done by
examining the uptake of low density lipoprotein (LDL), the ligand of LDLR. Importantly,
LDL has been previously shown to compete with VSV for LDLR (Finkelshtein et al.,
2013b). Therefore, the ability of LDLR to uptake LDL could be used not only to examine
LDLR functionality as an LDL receptor, but also as a VSV receptor. To assay for LDLR
functionality, PDAC cell lines were compared for their abilities to uptake an exogenous
fluorescently-labeled LDL. PDAC cells were incubated with Dil-LDL (3,3'-
dioctadecylindocarbocyanine-LDL) for 4 h, and then analyzed for the levels of the
internalized LDL by FACS. As shown in Fig. 18, LDL uptake was dramatically lower in
HPAF-II compared to all other tested cell lines.

PDAC cell lines express wild-type LDLR
Currently, more than a thousand different types of mutations have been found in the

LDLR protein (Marais, 2004). Many damaging LDLR mutations affect LDLR total



49

expression level, maturation, surface localization and LDL uptake (Marais, 2004). If
present, such mutations could be responsible for the observed lower levels of LDLR
expression, LDL uptake and/or VSV attachment in HPAF-II cells. To directly examine
this possibility, total RNA was isolated from HPAF-II, Hs766T, MIA PaCa-2, and Suit2
cells, cDNA was synthesized, PCR-amplified by five pairs of LDLR specific primers,
and the overlapping PCR products, covering the entire LDLR ORF, were sequenced.
Although several silent mutations were detected (Fig. 19), the sequence analysis did not
detect a single mutation affecting LDLR amino acid sequence in HPAF-II or any other
tested PDAC cell line. Therefore, all tested PDAC cell lines produce WT LDLR. In
addition, PCR fragments were analyzed by high-resolution gel electrophoresis to detect
alternatively spliced variants of LDLR, exactly as this method was previously described
(Tveten et al., 2006). As shown in Figure 20, we did not observe any unusual PCR
products, which would suggest the presence of alternatively spliced variants of LDLR in
HPAF-II cells. Together, our data show that the lower LDLR expression and LDL uptake
in HPAF-II cells were not due to LDLR mutations.

LDLR upregulation does not improve LDL uptake or
VSV attachment in HPAF-II cells

The ELISA (Fig. 15), western blot (Fig. 16) and FACS (Fig. 17) analyses suggested
potential abnormalities in the level of LDLR expression, which could explain lower LDL
uptake and VSV attachment. Thus, we next examined whether an upregulation of LDLR
expression would improve VSV attachment and/or LDL uptake in HPAF-II.

Two different drug types were tested to increase LDLR expression levels, statins and
a proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitor. Statins are competitive

inhibitors of hydroxymethylglutaryl-CoA (HMG-CoA) reductase, which is the key rate-
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limiting enzyme of cholesterol synthesis. Statins inhibit cholesterol synthesis in the liver
and some other cell types, including cancer cells (Pahan, 2006). One consequence of the
decreased cholesterol production is that cells compensate for it by upregulating
expression of LDLR to increase cholesterol uptake from the medium (Vaziri and Liang,
2004). PCSK9 is a secretory serine protease that binds surface LDLR, induces its
internalization and lysosomal degradation, thus inhibiting LDLR recycling to the surface
(Santos and Watts, 2015). PCSK9 inhibitors bind to PCSK9 and increase LDLR receptor
cycling, thus increasing surface LDLR levels and improving LDL uptake (Santos and
Watts, 2015). Therefore, we decided to use various statins and a PCSK9 inhibitor to
increase LDLR expression and test whether this approach could improve VSV
attachment and LDL uptake in HPAF-II cells.

To increase LDLR levels prior to VSV attachment assay, HPAF-II cells were
pretreated for 24 h with 4 widely used FDA-approved statins, atorvastatin (“Lipitor”),
rosuvastatin (“Crestor”), simvastatin (“Zocor”), or fluvastatin (“Lescol”), or with a
PCSK?9 antagonist SBC-110576 (McNutt et al., 2009). Other tested conditions were cell
starvation (0% FBS medium), which could increase LDLR levels (Wu et al., 2012), and
unlabeled LDL addition that could decrease LDLR levels (Chen et al., 2007; Russell et
al., 1983; Ye et al., 2014). After 24 h treatment, cell monolayers were incubated with
VSV for 1 h at 4°C to examine VSV attachment using western blotting. As shown in
Figure 21, LDLR expression (including the upper mature LDLR band) was strongly
improved by each of the tested statins, however VSV attachment levels were not
improved. SBC-110576 and addition of LDL did not have an effect on LDLR expression

(the upper mature LDLR band) or VSV attachment. However, disappearance of the lower
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LDLR band can be observed after SBC-110576 treatment, suggesting expected
improvement in LDLR maturation (Fig. 21). Interestingly, starvation did improve VSV
attachment, however this was likely not due to LDLR, as LDLR level were not affected
by starvation (Fig. 21). Overall, our data demonstrate that increasing LDLR expression
does not improve VSV attachment in HPAF-II cells, suggesting that lower LDLR
expression was not a main factor determining inefficient VSV attachment to HPAF-II.

As VSV attachment was not improved by statins, we determined whether the statin-
mediated increase in LDLR expression could improve LDL uptake in HPAF-II. Cells
were pretreated for 24 hours with the same statins as in the previous experiment and then
incubated with LDL for 4 h and then analyzed by FACS analysis. Our data show only
marginal increase in LDL uptake after statin treatment (Fig. 22), especially when
compared to untreated Suit2 cells, indicating that the lower levels of both VSV
attachment and LDL uptake in HPAF-II cells were independent of low LDLR expression
in this cell line.

Type I IFN signaling and soluble LDLR do not play a role in
the inefficient attachment of VSV to HPAF-II cells

Our previous studies demonstrated that upregulated type I IFN signaling plays an
important role in resistance of PDAC cell lines to VSV (Cataldi et al., 2015; Hastie et al.,
2016; Moerdyk-Schauwecker et al., 2013; Murphy et al., 2012) and that the treatment of
resistant PDAC cell lines with ruxolitinib (a specific JAK1/2 inhibitor) dramatically
inhibits antiviral signaling and improves VSV replication in all resistant PDAC cell lines
(Cataldi et al., 2015; Hastie et al., 2016). To examine whether the observed inefficient
binding of VSV to HPAF-II cells is a result of the type I IFN pathway upregulation,

HPAF-II and Suit2 (as a negative control) cells were pretreated with ruxolitinib for 24 h
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before performing VSV attachment to cell monolayer assay. In agreement with our
previous studies (Cataldi et al., 2015; Hastie et al., 2016), ruxolitinib treatment
downregulated IFN-stimulated gene (ISG) Mx1 in HPAF-II cells (Fig. 23). However, the
treatment did not improve VSV attachment (Fig. 23). This suggests that the defect of
HPAF-II in VSV attachment is type I IFN independent, and that the inefficient
attachment and upregulated antiviral signaling independently contribute to resistance of
HPAF-II to VSV. In agreement with this, another resistant PDAC cell line, Hs766T, does
not display a defect in VSV attachment, although it has the same upregulation of type I
IFN signaling as HPAF-II (Cataldi et al., 2015; Hastie et al., 2016; Moerdyk-
Schauwecker et al., 2013; Murphy et al., 2012).

Previous studies have shown that soluble LDLR (sLDLR) secretion by cells can be
type I IFN induced, and that SLDLR can inhibit VSV infection in WISH cells (this cell
line has been recently shown to be misidentified and identical to HeLa cells) (Fischer et
al., 1994; Fischer et al., 1993; Kniss and Summerfield, 2014). Here, we wanted to test a
hypothesis that HPAF-II cells secrete an excessive amount of sLDLR, which could
inhibit VSV attachment. First, to test whether sSLDLR can inhibit VSV infectivity in
PDACs, sLDLR and VSV or VSV alone were added to the cells and incubated for 30 min
at 37°C [the assay was conducted as described previously (Fischer et al., 1994; Fischer et
al., 1993; Kniss and Summerfield, 2014). Cells were then washed to remove any unbound
virus and overlaid with agar to prevent secondary infections. VSV plaques were counted
to determine the effect of SLDLR on VSV infectivity. As shown in Fig. 24, the presence
of the exogenous sLDLR led to a 10-fold decrease in VSV infectivity, confirming that

sLDLR secretion can inhibit VSV attachment in PDAC cell lines. To examine the levels



53

of secreted sSLDLR produced by different PDAC cell lines, cells were incubated for 24 h
in a medium without FBS, the medium then was collected and analyzed by ELISA for
sLDLR. As shown in Figure 25, the tested PDAC cell lines produced different amount of
sLDLR, but no association between VSV attachment efficiency and sSLDLR levels in the
media could be observed. In addition, the effects of type I IFN on sLDLR secretion or
total LDLR levels in PDAC cells were examined. PDAC cell lines were treated either
with IFN-a (to stimulate type I IFN signaling) or ruxolitinib (to inhibit it) or both, and
sLDLR (Fig. 26) and cell-associated LDLR (Fig. 27) levels were analyzed using ELISA
assay. In contrast to previous studies with WISH cells (Fischer et al., 1994; Fischer et al.,
1993), the treatments had either no or negligible effects on SLDLR production and cell-
associated LDLR. Furthermore, when HPAF-II were treated with ruxolitinib (to inhibit
type I IFN signaling), LDL uptake was not improved (Fig. 28). Together, our data
demonstrate that SLDLR secretion is not responsible for the inefficient attachment of
VSV to HPAF-II cells, and that LDLR expression, LDL uptake and VSV attachment in
PDAC cells are controlled independently of type I IFN signaling.
Polycations improve VSV attachment to HPAF-II cells

Our data show that inefficient VSV attachment to HPAF-II cells, as well as defective
LDL uptake, could not be improved in HPAF-II cells even when LDLR expression was
markedly increased by treating cells with statins (Fig. 21 and 22). While future studies
are needed to identify specific defects of LDLR in VSV attachment and LDL uptake,
here we decided to use an alternative approach to improve VSV attachment by targeting
LDLR-independent VSV attachment. Previous studies have suggested that

phosphatidylserine (Carneiro et al., 2006; Coil and Miller, 2004; Schlegel et al., 1983),
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sialoglycolipids (Schloemer and Wagner, 1975), heparan sulfate (Guibinga et al., 2002),
or electrostatic interactions between VSV and cell membrane (Bailey et al., 1984; Conti
et al.,, 1991) could play an important role in VSV attachment. As none of these studies
examined PDAC cell lines, we want to conform that LDLR-independent attachment also
occurs in PDAC cell lines. Cells were treated with 0.05% trypsin in PBS for 30 min at
37°C to digest surface LDLR, then used for FACS analysis of VSV attachment to cells in
suspension (Fig. 29). To confirm successful digestion of LDLR by trypsin, total protein
was isolated from trypsin-treated cells and analyzed by western blotting for LDLR (Fig.
30). Despite the lack of any detectable LDLR in trypsin-treated HPAF-II, MIA PaCa-2,
and Suit2 cell lines, and a significant decrease of the mature LDLR (upper band) in
Hs766T cells (Fig. 30), VSV attachment occurred in all cell lines (Fig. 29). Again,
HPAF-II showed the lowest level of VSV attachment, as they are defective in VSV
attachment even in the presence of LDLR, when the analyzed cells were detached using
EDTA (Fig. 11). These data suggest that VSV particles can attach to PDAC cells in an
LDLR-independent manner.

There are several approaches to improve LDLR-independent VSV attachment to
cells. Several early studies demonstrated that different pH conditions or the addition of
positively-charged polycations, such as polybrene or DEAE-dextran, can significantly
improve VSV attachment to various cell membrane components via nonspecific
electrostatic interactions (Bailey et al., 1984; Conti et al., 1991; Matlin et al., 1982).
Moreover, polybrene and other polycations are routinely used to improve transduction of
target cells with replication-defective lentiviral particles that are pseudotyped with VSV-

G (Denning et al., 2013; Reiser et al., 1996; Yee et al., 1994). To examine whether pH or
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polycations can improve VSV infection of HPAF-II cells, cells were pretreated for 30
min with various concentrations of protons (pH levels), polybrene or DEAE-dextran, then
incubated with VSV for 1 h at 37°C in the presence of each test condition (Fig. 31). Virus
and chemical reagents then were removed and cells were placed back at 37°C for 46 h,
and VSV infection driven GFP fluorescence was measured. As different pH conditions or
polycations were present only for 1 h 30 min and removed after virus incubation, the
differences in VSV-associated GFP fluorescence identified in this original screening were
likely reflecting the efficacy of VSV initial infection. None of the pH conditions
improved VSV infection in HPAF-II (Fig. 31, each condition is compared to GFP
fluorescence in HPAF-II cells treated with VSV only). However, among all tested
conditions, the two highest tested concentrations (10 pg/ml and 50 pg/ml) of polybrene
and DEAE-dextran showed a clear increase in VSV infectivity (Fig. 31). To examine
whether the improved VSV infectivity under these treatment conditions results in
increased oncolysis, an MTT cell viability assay was performed 5 days p.i. Compared to
VSV alone, the 2 highest concentrations (10 and 50 pg/ml) of polybrene and all 3
concentrations of DEAE-dextran significantly decreased cell viability (Fig. 32).

To examine whether the observed improvement in VSV infectivity was due to an
improvement in VSV attachment, cells were pretreated for 30 min with 10 pg/ml of
polybrene or DEAE-dextran, then incubated with VSV for 1 h at 4°C (to prevent virus
entry) in the presence of these polycations. Cells were washed to remove any unbound
virus, then protein was isolated and analyzed by western blotting. Both polybrene and
DEAE-dextran treatments did show a clear improvement in VSV attachment, even

though the improvement with DEAE-dextran was markedly stronger (Fig. 33).
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We then tested whether the improved VSV attachment to HPAF-II was possibly due
to an increased LDLR expression or functionality as a result of the treatments of cells
with polycations. Pretreatment of cells for 30 min with 10 pg/ml of polybrene or DEAE-
dextran, followed by incubation with VSV for 1 h at 4°C in the presence of these
polycations did not improve LDLR expression (Fig. 33). Furthermore, when cells were
pretreated for 30 min with 10 pg/ml of polybrene or DEAE-dextran then incubated with
LDL for 4 h at 37 °C in the presence of these polycations, no improvement in LDL
uptake was observed when cells were analyzed by FACS analysis (Fig. 34). Taken
together, these data indicate that polybrene and DEAE-dextran improve VSV attachment
to HPAF-II cells via an LDLR-independent mechanism.

Combining polybrene or DEAE-dextran with ruxolitinib
breaks resistance of HPAF-II to VSV

We have shown previously that the treatment of HPAF-II and other resistant PDAC
cell lines with JAK1/2 inhibitors significantly improve their permissiveness to VSV
(Cataldi et al., 2015; Hastie et al., 2016; Moerdyk-Schauwecker et al., 2013). However,
JAK Inhibitor I treatment only moderately improves susceptibility of resistant cells to
VSV initial infection (Moerdyk-Schauwecker et al., 2013), and pre-treatment of cells
with ruxolitinib (compared to post-treatment only) did not change the kinetics of VSV
replication, with a significant increase in VSV replication that could be seen only after 48
h p.i even in cells pretreated with ruxolitinib for up to 48 h, suggesting that ruxolitinib did
not improve the rate of initial infection but rather facilitated secondary infection via
inhibition of antiviral signaling in PDAC cells (Cataldi et al., 2015; Hastie et al., 2016;
Moerdyk-Schauwecker et al., 2013). As polybrene and DEAE-dextran improve VSV

attachment and primary infection and ruxolitinib improves VSV replication, we
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hypothesized that combining these two treatments would improve overall VSV infection
and oncolysis in HPAF-II cells. Cells were pretreated with 10 pg/ml polybrene or DEAE-
dextran or mock-treated for 30 min, then VSV was added in the presence of polycations
(or mock treatment) for 1 h at 37 °C, followed by media removal and washes with PBS,
and then cells were incubated in the presence of 2.5 pM ruxolitinib or mock treatment.
VSV infection-associated GFP fluorescence was monitored for 71 h. In agreement with
our previous study (Cataldi et al., 2015), ruxolitininb alone significantly improved VSV
replication starting at 48 h p.i., however the polycation/ruxolitinib combinations showed
even stronger improvement (Fig. 35). Importantly, the polycation/ruxolitinib
combinations did not only result in higher VSV replication (Fig. 35), but also the
significant increase in VSV replication was already seen at 24 h p.i. versus 48 h p.i. for
ruxolitinib treatment only (Fig. 35), likely due to polybrene and DEAE-dextran
improving the rate of initial infections, as these polycations were present only during 1 h
incubation of HPAF-II cells with VSV. Figure 36 shows representative pictures of the
treated cells at 22 and 48 h p.i., and it confirms that an important improvement in VSV
replication can already be seen at 22 h p.i. for the polycation/ruxolitinib combinations. To
examine whether the improved VSV infectivity under these treatment conditions results
in increased oncolysis, an MTT cell viability assay was performed 71 h p.i. Ruxolitinib
did improve oncolysis significantly, however the polycation/ruxolitinib combinations
induced even more oncolysis (Fig. 37).

To confirm that polybrene and DEAE-dextran improve initial infections, HPAF-II
cells were treated as in the previous experiment, however cells were analyzed by FACS

for the number of infected cells at an earlier time point (18 h p.i.), when for HPAF-II we



58

generally observe only initially infected cells (Fig. 38). Polybrene and DEAE-dextran
treatments resulted in many more GFP-positive cells (55.7% and 55.9%, respectively,
versus 1.1% for VSV only) than the ruxolitinib condition (27%), confirming that these
polycations improved initial infection. When the polycations were combined with
ruxolitinib, almost all cells were infected (90.3% and 83.6% for polybrene/ruxolitinib and
DEAE-dextran /ruxolitinib, respectively), likely because the initial infections were
improved by polybrene or DEAE-dextran, and secondary infections were improved by
ruxolitinib via enhancement of VSV replication in the initially infected cells and
inhibition of antiviral responses in the secondary-infected cells. Taken together,
polycations and ruxolitinib complement each other when combined and break the
multiple mechanisms of resistance of HPAF-II to VSV.
3.4 Conclusion

A dramatically weaker attachment of VSV in the most resistant tested PDAC cell
line, HPAF-II, was shown. Although sequence analysis of the VSV receptor, LDLR, did
not reveal any mutations in PDAC cell lines, HPAF-II cells displayed the lowest level of
LDLR expression and dramatically lower LDLR activity. Treatment of cells with statins
strongly increased LDLR expression levels, but did not improve VSV attachment.
However, LDLR-independent attachment of VSV to HPAF-II cells was dramatically
improved by treating cells with polybrene or DEAE-dextran. Moreover, we successfully
used a novel triple combination treatment to break the resistance of HPAF-II to VSV by
combining the virus with ruxolitinib and polybrene or DEAE-dextran, thus
simultaneously improving VSV attachment and replication. These results are summarized

in Figure 39 and will be further discussed in the dissertation summary (Chapter 4).
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3.5 Figures
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Figure 11: VSV attachment in PDAC cell lines (suspension). For VSV attachment to cells
in suspension, cells were detached with PBS with 0.2% EDTA and incubated for 1h at
4°C with VSV-AMS51-eqFP650. After incubation with VSV-G primary antibody and
APC-conjugated secondary antibody, cells were analyzed by FACS. “Control” cells were
mock-treated (without VSV), and primary and secondary antibodies were used. “VSV
attachment” cells were incubated with various amounts of VSV (the indicated MOIs are
based on virus titration on MiaPaCa-2). Gated populations are positive for VSV
attachment (% of VSV-positive cells is indicated above the gate line). MFI stands for
“Mean Fluorescent Intensity” of each population and was calculated by FlowJo software

(Treestar).
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Figure 12: VSV attachment in PDAC cell lines (monolayer). For VSV attachment to cells
in monolayer, cell monolayers were incubated for lh at 4°C (“Attachment”) or for
additional 8h at 37°C (“Replication”) with VSV-AM51-eqFP650. Protein was isolated
and analyzed by western blotting. MOI is indicated on top and is based on MiaPaCa-2

Protein (kDa) product sizes are indicated on the right. Coomassie blue stain was used to
indicate equal loading.
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Figure 13: Trypsin treatment after VSV attachment. For VSV attachment to cells in
monolayer, cell monolayers were incubated for 1h at 4°C (“VSV”) with VSV-AMS51-
eqFP650. To confirm that VSV only attached to cells at 4°C and did not enter, cells were
treated with 0.05% trypsin for 15 minutes after VSV-AMS51-eqFP650 was incubated for
1h at 4°C (“VSV+trypsin”). Protein was isolated and analyzed by western blotting. This
experiment was done on Suit2 at an MOI of 50 (based on MIA PaCa-2). Protein (kDa)
product sizes are indicated on the right. GAPDH was used to indicate equal loading.
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Figure 14: VSV attachment kinetics in PDAC cell lines. Cells in monolayer were
incubated for lh at 4°C (“Attachment”) with VSV-AM51-eqFP650 or mock-treated
(“Mock”). MOI used is 50 based on MiaPaCa-2. Protein (kDa) product sizes are
indicated on the right. GAPDH and Coomassie blue stain were used to confirm equal
loading.
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Figure 15: Analysis of LDLR protein expression in PDAC cell lines by ELISA. Total
protein lysates were isolated from untreated cells and analyzed by ELISA for LDLR
levels. LDLR levels were normalized to total protein levels. Assay was done in triplicate
and data represent the mean + standard error of mean. Cell lines were compared using a
I-way ANOVA followed by the Dunnett posttest for comparison to HPAF-II. **, P<0.01;
otk p<0.0001.
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Figure 16: Analysis of LDLR protein expression in PDAC cell lines by western blot. Cell
monolayers were incubated for 1h at 4°C with various amounts of VSV-AMS51-eqFP650
(the indicated MOIs are based on virus titration on MiaPaCa-2). Protein lysates were
analyzed for LDLR and VSV proteins by western blot. Protein (kDa) product sizes are

indicated on the right. GAPDH and Coomassie blue stain were used to confirm equal
loading.
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Figure 17: LDLR cell surface expression in PDAC cell lines. For LDLR cell surface
expression, cells were kept on ice and not permeabilized and not fixed. After incubation
with anti-LDLR primary antibody and APC-conjugated secondary antibody cells were
analyzed by FACS using the APC-A channel. “Control” - cells were incubated with
secondary antibody only. “LDLR” - cells were incubated with primary and secondary
antibody. Gated populations are positive for LDLR (% of LDLR-positive cells is
indicated above the gate line). MFI stands for “Mean Fluorescent Intensity” of each
population and was calculated by FlowJo software (Treestar). Data are representative of 3
independent experiments.
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Figure 18: LDL uptake in PDAC cell lines. For the LDL uptake assay, cells were
incubated for 4 h with fluorescently labeled LDL and then analyzed by FACS using the
PE-A channel. “Control”: fluorescently labeled LDL was not added; “LDL”:
fluorescently labeled LDL was added. Gated populations are positive for LDL uptake (%
of LDL-positive cells is indicated above the gate line). MFI stands for “Mean Fluorescent
Intensity” for each population and was calculated by FlowJo software (Treestar). Data are
representative of 3 independent experiments.
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HPAF-II ACTGCAGTGGGCGACAGATGTGAAAGAA AGCAGGGACATCCAGGCCCCCGACGGGC
Hs766T ACTGCAGTGGGCGACAGATGCGAAAGAA AGCAGGGACATCCAGGCCCCCGACGGGC
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Figure 19: Sequence alignment of LDLR ¢cDNA sequences for four tested human PDAC
cell lines. Only selected regions are shown where nucleotide substitutions were detected
when compared to the “WT” LDLR ORF (NCBI Reference Sequence: NM_000527.3).
All other not shown LDLR cDNA sequences are identical between cell lines and the
reference LDLR sequence.
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Figure 20: LDLR RNA analysis in PDAC cell lines. Total RNA was isolated from PDAC
cells lines, cDNA was synthesized using random hexamer primers, and PCR was carried
out on cDNA using human LDLR specific primers. DNA samples were analyzed on

Criterion 5% TBE gels (BIO-RAD), which were stained with ethidium bromide. The
Quick-Load® 2-Log DNA Ladder (0.1-10.0 kb) was used.
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Figure 21: Effect of statins on LDLR expression and VSV attachment in PDAC cell lines.
Cells were pretreated with statins (10 uM) or SBC-115076 (10 pM) or LDL (25 pg/ml)
for 24 h and were then incubated for 1h at 4°C with VSV-AMS51-eqFP650. MOI was 250
based on MiaPaCa-2. Protein isolates were used for western blot analyzes. Protein (kDa)
product sizes are indicated on the right. GAPDH and Coomassie blue stain were used to
indicate equal loading.
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Figure 22: Effect of statins on LDL uptake in PDAC cell lines. Cells were pretreated with
statins (10 uM) or SBC-115076 (10 uM) or LDL (25 pg/ml) for 24 h and then incubated
for 4 h at 37°C with fluorescently labeled LDL. Samples were analyzed by FACS using
the PE-A channel. “Control”: fluorescently labeled LDL was not added; “LDL”:
fluorescently labeled LDL was added. Treatments are indicated on top of each histogram.
Gated populations are positive for LDL uptake (% of LDL-positive cells is indicated
above the gate line). MFI stands for “Mean Fluorescent Intensity” for each population
and was calculated by FlowJo software (Treestar).
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Figure 23: Effect of type I IFN on VSV attachment in PDAC cell lines. Cells were
pretreated with ruxolitinib (2.5 pM) for 24h and then incubated for 1h at 4°C with VSV-
AMS51-eqFP650. MOI used was 20 based on MiaPaCa-2. Protein was isolated and

analyzed by western blot. Protein (kDa) product sizes are indicated on the right. GAPDH
was used to indicate equal loading.
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Figure 24: Effect of sSLDLR on VSV infectivity in PDAC cell lines. VSV-AMS51-
eqFP650 alone or VSV-AMS51-eqFP650 with soluble LDLR (1 pg/ml) was added on
PDAC cell line and plaques were counted the next day to determine effect on infectivity.
Data are representative of 3 independent experiments and shows the mean + standard
error of mean. Conditions were compared using an unpaired t-test. **** p<0.0001.
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Figure 25: sLDLR secretion in PDAC cell lines. Cells were grown in culture for 24 h and
then media were used to determine sLDLR levels by ELISA. Soluble LDLR levels were
normalized by total protein. Assay was done in triplicate and data represent the mean +
standard error of mean. Conditions were compared using a 1-way ANOVA followed by
the Dunnett posttest for comparison to HPAF-II. **, P<0.01; ***, p<0.001.
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Figure 26: Effect of type I IFN on sLDLR in PDAC cell lines. Cells were treated with
IFN (5000 U/ml), ruxolitinib (2.5 uM) or IFN (5000 U/ml)/ruxolitinib (2.5 uM) for 24 h.
Medium isolates were then used to determine effect on sSLDLR levels by ELISA. sLDLR
levels were normalized by total protein. Assay was done in triplicate and data represent
the mean + standard error of mean. Conditions were compared using a 1-way ANOVA
followed by the Dunnett posttest for comparison to the control.
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Figure 27: Effect of type I IFN on LDLR in PDAC cell lines. Cells were treated with [FN
(5000 U/ml), ruxolitinib (2.5 pM) or IFN (5000 U/ml)/ruxolitinib (2.5 uM) for 24 h.
Protein isolates were then used to determine effect on LDLR levels by ELISA. LDLR
levels were normalized by total protein. Assay was done in triplicate and data represent
the mean + standard error of mean. Conditions were compared using a 1-way ANOVA
followed by the Dunnett posttest for comparison to the control. *, p<0.05; ***, p<0.001;

##4% 0<0.0001.
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Figure 28: Effect of type I IFN on LDL uptake in HPAF-II. Cells were pretreated with
ruxolitininb (2.5 uM) for 24h and then incubated for 4 h at 37°C with fluorescently
labeled LDL. Samples were analyzed by FACS using the PE-A channel. “Control”:
fluorescently labeled LDL was not added; “LDL”: fluorescently labeled LDL was added.
Treatments are indicated on top of each histogram. The “Mock” sample is the same as in
Fig. 22. Gated populations are positive for LDL uptake (% of LDL-positive cells is
indicated above the gate line). MFI stands for “Mean Fluorescent Intensity” for each
population and was calculated by FlowJo software (Treestar).
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Figure 29: Effect of LDLR digestion on VSV attachment in PDAC cell lines. Cells were
treated with PBS with 0.05% trypsin and then were used for VSV-AMS51-eqFP650
attachment analysis. For the attachment assay, after a 1 h incubation at 4°C with VSV-
AMS51-eqFP650 (MOI 125 based on MiaPaC-2), cells were incubated with anti-VSV-G
antibody and APC-conjugated secondary antibody and analyzed by FACS using the
APC-A channel. “Control” - cells were mock-treated (without VSV-AMS51-eqFP650),
and primary and secondary antibodies were used. “VSV attachment” - cells were
incubated with VSV-AMS51-eqFP650. Gated populations are positive for VSV attachment
(% of VSV-positive cells is indicated above the gate line). MFI stands for ‘“Mean

Fluorescent Intensity” of each population and was calculated by FlowJo software
(Treestar).
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Figure 30: LDLR digestion by trypsin in PDAC cell lines. Cells were treated with PBS
with 0.05% trypsin and then protein was isolated to confirm LDLR digestion. Protein was
isolated and analyzed by western blot. Protein (kDa) product sizes are indicated on the
right. GAPDH and Coomassie blue stain were used to indicate equal loading.
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Figure 31: Effect of polycation treatment on VSV infectivity (GFP fluorescence) in
HPAF-II. Cells were treated with polybrene, DEAE dextran or different pH at the
indicated concentrations and then incubated for 1 h at 37°C with VSV-AMS51-GFP at the
indicated MOI (based on HPAF-II). GFP fluorescence was analyzed at 46 h p.i. Assay
was done in triplicate and data represent the mean + standard error of mean. Conditions
were compared using a 1-way ANOVA followed by the Dunnett posttest for comparison
to “+VSV Control”. *, p<0.05; **, P<0.01; *** p<0.001; **** p<0.0001.



80

120, 120 h p.i.

*kkk

100

% cell viability
o o
o o

AN
o

N
o

Figure 32: Effect of polycation treatment on VSV-mediated oncolysis in HPAF-II. Cells
were treated with polybrene, DEAE dextran or different pH at the indicated
concentrations and then incubated for 1 h at 37°C with VSV-AMS51-GFP at the indicated
MOI (based on HPAF-II). 5 days p.i. cells were analyzed for viability by MTT. Assay
was done in triplicate and data represent the mean + standard error of mean. Conditions
were compared using a 1-way ANOVA followed by the Dunnett posttest for comparison
to “+VSV Control”. *, p<0.05; **, P<0.01; *** p<0.001; **** p<0.0001.
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Figure 33: Effect of polycation treatment on LDLR expression and VSV attachment in
HPAF-II. Cells were pretreated with polybrene (10 pg/ml) and DEAE-dextran (10 pg/ml)
and were then incubated for 1h at 4°C with VSV-AMS51-eqFP650. MOI was 250 based
on MiaPaCa-2. Protein isolates were used for western blot analyzes. Protein (kDa)
product sizes are indicated on the right. GAPDH and Coomassie blue stain were used to
indicate equal loading.
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Figure 34: Effect of polycation treatment on LDL uptake in HPAF-II. Cells were
pretreated with polybrene (10 pg/ml) and DEAE-dextran (10 pg/ml) and then incubated
for 4 h at 37°C with fluorescently labeled LDL. Samples were analyzed by FACS using
the PE-A channel. “Control”: fluorescently labeled LDL was not added; “LDL”:
fluorescently labeled LDL was added. Treatments are indicated on top of each histogram.
The “Mock” samples are the same than in Fig. 22. Gated populations are positive for
LDL uptake (% of LDL-positive cells is indicated above the gate line). MFI stands for
“Mean Fluorescent Intensity” for each population and was calculated by FlowJo software
(Treestar).
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Figure 35: Effect of combining polycations with ruxolitinib on VSV infectivity (GFP
fluorescence) in HPAF-II. Cells were pretreated with 10 pg/ml polybrene or DEAE-
dextran or mock-treated for 30 min, then VSV-AMS51-GFP at the indicate MOI (based on
HPAF-II) was added in the presence of polycations (or mock treated) for 1 h at 37 °C,
followed by media removal and washes with PBS, and then cells were incubated in the
presence of 2.5 pM ruxolitinib or mock treatment. VSV infection-associated GFP
fluorescence was monitored for 71 h. Assay was done in triplicate and data represent the
mean + standard error of mean. For GFP fluorescence conditions were compared using a
2-way ANOVA followed by the Dunnett posttest for comparison to Mock. ****,
p<0.0001.
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Figure 36: Effect of combining polycations with ruxolitinib on VSV infectivity
(microscopy pictures) in HPAF-II. Cells were pretreated with 10 pg/ml polybrene or
DEAE-dextran or mock-treated for 30 min, then VSV-AMS51-GFP at the indicate MOI
(based on HPAF-II) was added in the presence of polycations (or mock treated) for 1 h at
37 °C, followed by media removal and washes with PBS, and then cells were incubated
in the presence of 2.5 uM ruxolitinib or mock treatment. Pictures were taken at 22 and 48
hp.i.
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Figure 37: Effect of combining polycations with ruxolitinib on VSV-mediated oncolysis
in HPAF-II. Cells were pretreated with 10 pg/ml polybrene or DEAE-dextran or mock-
treated for 30 min, then VSV-AMS51-GFP at the indicate MOI (based on HPAF-II) was
added in the presence of polycations (or mock treated) for 1 h at 37 °C, followed by
media removal and washes with PBS, and then cells were incubated in the presence of
2.5 pM ruxolitinib or mock treatment. MTT assay was performed at 71 h to determine
cell viability. Assay was done in triplicate and data represent the mean + standard error of
mean. Conditions were compared using a 1-way ANOVA followed by the Dunnett

posttest for comparison to Mock. *, p<0.05; *** p<0.001; **** p<0.0001.
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Figure 38: Effect of combining polycations with ruxolitinib on initial infection in HPAF-
II. Cells were pretreated with 10 pg/ml polybrene or DEAE-dextran or mock-treated for
30 min, then VSV-AMS51-GFP (cell specific MOI 0.001 on HPAF-II) was added in the
presence of polycations (or mock treated) for 1 h at 37 °C, followed by media removal
and washes with PBS, and then cells were incubated in the presence of 2.5 uM ruxolitinib
or mock treatment for 18 h. Percentage of GFP positive cells was determined by flow
cytometry at 18 h p.i using the FITC-A channel. Gated populations are positive for GFP.
“Control” represents cells alone and “GFP” represents GFP positive cells in which VSV
replication occurred. Gated populations are positive for VSV replication. MFI stands for
“Mean Fluorescent Intensity” for each population and was calculated by FlowJo software

(Treestar).
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Figure 39: Summary figure of treatment groups and their effect on VSV characteristics.
Treatment conditions are indicated underneath each well (on the left). Green cells
represent infected cancer cells. On the right, the effect of these treatments on VSV
characteristics (attachment, replication and production) is represented. This illustration
was created by Sébastien Alexandre Felt.



CHAPTER 4: DISSERTATION SUMMARY

In chapter 2, we investigated apoptosis activation in human PDAC cells in response
to three different VSV recombinants expressing AM51 or wild type M protein. We
demonstrated that VSV-AMS1 is a more potent inducer of apoptosis in the majority of
PDAC cells than VSV with WT M, and that it activates apoptosis mainly via the type II
extrinsic pathway. We also showed that resistance of some PDAC cell lines to VSV-
mediated oncolysis is not due only to type I IFN responses that limit virus replication
(Moerdyk-Schauwecker et al., 2013; Murphy et al., 2012), but also to cellular defects in
apoptosis.

Our study examined VSV-mediated apoptosis in pancreatic cancer cells for the first
time. Previous studies in other systems showed VSV-MS51R mutation activated apoptosis
mainly via the caspase 8 dependent extrinsic pathway (Cary et al., 2011; Gaddy DF and
and Lyles, 2005; Gaddy DF, 2007), while VSV encoding WT M protein typically
activated apoptosis through the caspase 9 dependent intrinsic pathway (Balachandran et
al., 2001; Balachandran et al., 2000; Gaddy DF and and Lyles, 2005). However, this
distinction is not absolute as either or both pathways can be activated during infection
with either variant (Balachandran et al., 2001; Cary et al., 2011). Our data show a similar
situation in PDAC cells. Despite similar levels of replication in most cell lines (except for
Hs766T and HPAF-II which are highly resistant to VSV), VSV-GFP virus induced both

intrinsic and extrinsic pathways in most PDAC cell lines, but only the intrinsic pathway
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in Capan-2 and AsPC-1 cell lines. This suggests that cellular factors can determine the
mechanism of apoptosis mediated by the same virus. However, viral factors can also
determine the mechanism of apoptosis. For example, compared to VSV-GFP, VSV-
AMS51-GFP caused significantly stronger apoptosis in Suit2, Capan-2, T3M4 and AsPC-1
cells, even though both viruses replicated to similar levels in these 4 cell lines.

The role of type I IFN signaling and ISGs in apoptosis induction in PDAC cells is not
well understood. Consistent with the anti-proliferative and pro-apoptotic effects generally
associated with type I IFN responses, treatment with exogenous type I IFN has been
shown to induce apoptosis in at least some PDAC cell lines, although induction
efficiency varied considerably across cell lines (Booy et al., 2014). Many ISGs including
Fas ligand, TRAIL and several IRFs, have known pro-apoptotic effects (Chawla-Sarkar
et al., 2003; Cheon et al., 2014). Some antiviral ISGs, including OAS-RNase L and PKR,
have also been shown to have pro-apoptotic roles (Clemens, 2003). However, other ISGs
(for example, IFI6, also known as G1P3 or ISG6-16) are known to be anti-apoptotic
(Cheriyath et al., 2007; Cheriyath et al., 2011).

The role of ISGs in VSV-mediated apoptosis is also complex. PKR in particular has
been shown to be important for efficient induction of apoptosis by VSV-M51R mutation
in mouse fibrosarcoma cells (Gaddy DF, 2007). In contrast, PKR does not appear to be
important for induction of apoptosis by VSV with WT M protein (Balachandran et al.,
2000). Moreover, cellular PKR expression was associated with resistance to WT VSV
infection, apoptosis induction and killing (Balachandran et al., 2000). Together, these

studies suggest that ISG expression is beneficial for apoptosis induction by VSV-M51
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mutants (due to PKR and other factors), but negatively impacts apoptosis induction by
VSV expressing WT M due to inhibitory effects on viral replication.

Our results are consistent with induction/enhancement of apoptosis by ISGs in PDAC
cell lines permissive to VSV and showing VSV inducible type I IFN signaling (Figure 5
and Table 1) (Moerdyk-Schauwecker et al., 2013). In these cell lines, VSV-AM51-GFP
was a more effective apoptosis inducer than VSV recombinants expressing WT M.
Unlike WT M protein, M protein with an M51 mutation is unable to block type I IFN
mediated antiviral responses in infected cells (Stojdl DF et al., 2003) and allows for
expression of ISGs, including pro-apoptotic ISGs, in response to infection.

In contrast to PDACs with VSV inducible ISG expression, it is likely that constitutive
high-level expression of ISGs in VSV-resistant PDAC cell lines negatively impacts VSV-
mediated apoptosis by dramatically inhibiting virus replication (regardless of M protein
variant). Furthermore, the pattern of ISG expression differs in response to acute virus
infection or IFN treatment as compared to chronic virus infection (Li et al., 2014; Wilson
et al., 2013) or diseases involving chronic type I IFN production, including some cancers
(Cheon et al., 2014). Thus, the role of ISGs in apoptosis induction in response to VSV
infection may be different in cancers with constitutive versus inducible expression of
ISGs.

Importantly, our data also show that type I IFN responses are not required for robust
VSV induced apoptosis in PDAC cells. Two PDAC cell lines defective in type I IFN
signaling in response to VSV, MIA PaCa-2 and Capan-1, supported the highest levels of

caspase cleavage in response to VSV infection regardless of M protein status. In this
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instance, the absence of the pro-apoptotic effect of type I IFN responses is likely
compensated for by the uninhibited replication of virus.

Overall, VSV-AMS51-GFP is a potent inducer of apoptosis in the majority of PDAC
cell lines. This is significant, as PDACs are known to be highly resistant to a variety of
chemotherapies in part because of defects in apoptosis (Hamacher et al., 2008; Neesse et
al., 2012; Roder et al., 2011). This result not only speaks to the potential of VSV-AMS51-
GFP as an oncolytic agent but also suggests it may also be useful as a sensitizer to
chemotherapy. In several cancers, VSV-M51R infection improved doxorubicin treatment
by facilitating degradation of the anti-apoptotic protein Mcl-1 (Schache et al., 2009),
while another study showed that WT VSV in combination with gemcitabine increased
apoptosis and increased killing of lung cancer cell lines in vitro and in vivo (Li et al.,
2004). If successful, such combination therapies could allow for equal or greater efficacy
at lower doses of chemotherapeutic drug, reducing side effects in patients.

Furthermore, while VSV-AMS51-GFP was a potent inducer of apoptosis in most
PDAC cells, apoptosis had little or no antiviral effect on VSV-AMS51-GFP replication in
PDAC cells. This was also previously demonstrated for VSV in several other systems
(Balachandran et al., 2001; Hobbs et al., 2003; Hobbs et al., 2001; Sharif-Askari et al.,
2007) and is most likely due to VSV’s relatively fast replication cycle in most cells,
allowing the virus to complete its replication cycle prior to cell death. Interestingly, other
studies have shown that inhibition of apoptosis can increase VSV replication
(Chattopadhyay et al., 2011; Desforges et al., 2002; Sharif-Askari et al., 2007), indicating
that small variations in viral replication or apoptosis kinetics likely determine whether or

not an apoptotic response negatively impacts VSV replication. Given this, while cancer



92

related apoptosis defects can be a therapeutic barrier, they may actually benefit VSV
oncolytic therapy in many cases by allowing VSV to “win” the race against this antiviral
mechanism. Apoptosis defects may also be another mechanism increasing VSV
specificity for cancerous versus normal tissue as has been shown for other oncolytic
viruses (Liu and Kirn, 2005). In general, induction of apoptosis does not seriously impact
VSVs ability to replicate in cancer cells, making it a promising oncolytic virus and
suggesting that cotherapy with agents that induce and/or enhance apoptosis should be
feasible.

While VSV-AMS51-GFP was a potent inducer of apoptosis and subsequent cell death
in most PDAC cells, this was not the case in some PDAC cell lines. Three PDAC cell
lines, Hs766T, HPAC and HPAF-II, with the strongest resistance to VSV-AM51-GFP
mediated apoptosis were known from our previous studies to have constitutive expression
of some antiviral IFN-stimulated genes (Moerdyk-Schauwecker et al., 2013; Murphy et
al., 2012). At least in case of HPAC cells, failure to undergo apoptosis was not due to low
VSV replication levels. The inability of Hs766T and HPAF-II cells to undergo apoptosis
could be due to limited VSV-AMSI1-GFP replication. However, increasing viral
replication via inhibition of constitutive type I IFN responses did not improve induction
of apoptosis. It should be noted that we cannot rule out that stimulation of VSV
replication using JAK Inh. I was counteracted by simultaneous inhibition of the
potentially pro-apoptotic effects of type I IFN signaling. In particular, this case is distinct
from that of MIA PaCa-2 and Capan-1, as while JAK Inh. I facilitates virus replication
and spread, initiation of infection in resistant cell lines remains relatively inefficient

(Moerdyk-Schauwecker et al., 2013).
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In addition to resisting apoptosis induction by VSV, Hs766T and HPAF-II were also
resistant to apoptosis when treated with Fas activating antibody. Therefore, our data
indicate two separate mechanisms behind resistance of PDAC cells to VSV-AMS51-GFP
mediated apoptosis: (1) virus-specific defects in apoptosis, as seen with HPAC, where
Fas activating antibody can induce apoptosis but virus-induced apoptosis is significantly
inhibited, or (2) general defects in Fas receptor mediated apoptosis, as seen with the
Hs766T and HPAF-II cells, where apoptosis cannot be induced effectively by virus or
Fas activating antibody.

As PDAC cell lines that evaded VSV-AMS51-GFP mediated apoptosis activation
showed no or low levels of cleaved caspase 8 and 9, it is likely that cellular factors
upstream of these initiator caspases are involved in this resistance (Hanahan and
Weinberg, 2011; Kelly and Strasser, 2011). As TRAIL was relatively effective in
inducing apoptosis in all these cell lines, the defect(s) may primarily impact the Fas
receptor mediated pathway. Fas receptor was expressed at lower levels in Hs766T cells
than in many other cell lines, which may contribute to its apoptosis resistance. Evasion of
apoptosis by PDACs is commonly impacted by overexpression of Fas decoy receptors
(DcR3), Fas associated phosphatase-1 (FAP-1), and/or FLICE-inhibitory protein c-FLIP
(Hamacher et al., 2008; Neesse et al., 2012; Roder et al., 2011), all of which target events
upstream of caspase 8. Our future studies will examine these factors.

Although we did not find a relationship between expression of Bcl-2 proteins and
resistance of PDAC cell lines to VSV-AMS51-mediated oncolysis, further studies are also
needed to determine the influence of these or other regulators downstream of caspase 8

and 9 such as inhibitors of apoptosis (IAPs) (Hamacher et al., 2008). Our future studies
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will also examine the role of other types of cell death in VSV infected PDACsS,
particularly autophagy as VSV has already been reported to induce autophagy in different
types of cancer cells (Schache et al., 2009).

In Chapter 3, we examined a possible role of virus attachment in the resistance of
some human PDAC cell lines to VSV, as it is the first critical stage for a successful viral
infection. We demonstrated that HPAF-II, the most resistant PDAC cell line, in addition
to an upregulated type I IFN signaling and a constitutive expression of ISGs, also shows
impaired VSV attachment. This result was surprising as VSV is known for its pantropism
and the ability to infect virtually any cell line (of vertebrate or invertebrate origin) in the
lab (Hastie et al., 2013b). Pretreating HPAF-II cells with ruxolitinib did not improve
VSV attachment indicating that type I IFN signaling does not play a major role in VSV
attachment. This is consistent with the fact that another VSV-resistant PDAC cell line
Hs766T, which also constitutively expresses a similar subset of ISGs (Hastie et al.,
2016), did not show a defect in VSV attachment. In general, these results suggest that
HPAF-II cells are highly resistant to VSV because they are not only non-permissive to
VSV replication due to their constitutive antiviral state, but also non-susceptible to VSV
due to impaired virus attachment, which is type I IFN independent.

LDLR has been shown to be one of the receptors for VSV (Amirache et al., 2014;
Ammayappan et al., 2013; Finkelshtein et al., 2013a) and other viruses, such as hepatitis
C virus, rhinovirus, and Rous sarcoma virus (Agnello et al., 1999; Bates et al., 1993;
Hofer et al., 1994). Therefore, our study examined if HPAF-II cells have a defect in

LDLR expression or functionality, which could explain ineffective VSV attachment. In
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agreement with our hypothesis, HPAF-II did show lower LDLR expression and
dramatically lower LDL uptake.

As of today, more than a thousand different types of mutations have been found in the
LDLR protein, which were categorized into 6 classes (Marais, 2004). Class 1 mutations
lead to no LDLR expression. Class 2 mutations retard the maturation of the LDL receptor
by glycosylation. Class 3 mutations lead to LDLR not being able to bind its ligand. Class
4 mutations lead to LDLR not being able to internalize. Class 5 mutations lead to LDL
receptor degradation that prevents it from reaching the cell surface and from recycling to
the cell surface. Class 6 mutations lead to the failure of directing LDL receptors to the
basolateral surface of polarized cells (Marais, 2004). With mutations being so common in
LDLR, we hypothesized that HPAF-II could have a mutation in LDLR, which would
explain its defects in LDL uptake and VSV attachment. However, our sequence analysis
of LDLR mRNA showed no mutations affecting LDLR amino acid sequence in HPAF-II
(or other 3 tested PDAC cell lines), suggesting that other factor(s) are responsible for
lower activities of LDLR in HPAF-II cells.

As HPAF-II showed lower LDLR expression and LDL uptake, cells were pretreated
with statins to improve the LDLR expression and LDL uptake. Statins block the pathway
for synthesizing cholesterol in the liver and some other cell types, including cancer cells
(Pahan, 2006). One consequence of the decrease in the produced cholesterol is that cells
compensate for it by increasing expression of LDLR to uptake cholesterol from the
plasma (Vaziri and Liang, 2004). Although all four tested statins strongly increased

LDLR expression, this increase did not improve VSV attachment in HPAF-II. Moreover,
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statins also did not improve LDL uptake. These results indicate that LDLR is
dysfunctional or at least less functional in this cell line.

Taken together, the impaired VSV attachment and defective uptake of LDL in HPAF-
II, were not determined by mutations or a relatively lower LDLR expression levels in this
cell line, but via some other mechanism(s). Dysfunctionality of the LDLR receptor could
be due to the absence or catalytic inactivity of GP96, an important chaperone of LDLR
(Weekes et al., 2012). GP96 is required for normal cell binding of VSV (Bloor et al.,
2010) and human herpesvirus 6A (HHV-6) binding (Prusty et al., 2014), likely because of
its function as an LDLR chaperone. However, our analysis showed that HPAF-II cells
express normal levels of full-length GP96 (Fig. 30), indicating that there must be another
factor determining LDLR dysfunctionality.

Many factors could inhibit LDLR functionality (LDL uptake). HPAF-II cells show a
mature LDLR band on the western blot but also a lower-weight LDLR band that could
indicate an immature LDLR-precursor or LDLR degradation. Overexpression of PCSK9,
a secretory serine protease that interacts with LDLR, has been shown to accelerate the
degradation of LDLR (Maxwell et al., 2005). Interestingly, when HPAF-II was treated
with SBC-115076, a potent PCSK9 antagonist, the lower band in HPAF-II disappeared
indicating that PCSK9 could be overexpressed in HPAF-II. However, this mechanism
cannot explain LDLR dysfunctionality in HPAF-II cells, as the SBC-115076 treatment
did not improve LDL uptake or VSV attachment. It can also cannot be ruled out that the
LDLR functionality could be affected by some abnormalities in posttranslational
modifications of LDLR in HPAF-II cells, which is consistent with the lower LDLR band

seen only in cell lysates from HPAF-II, but not other tested PDAC cell lines. Previous
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studies have shown that O-glycosylation in the stem region of LDLR is important for cell
surface expression and stability of this receptor. Absence of O-glycosylation in the stem
region can lead to proteolytic cleavage and the release into the medium of the bulk of the
N-terminal extracellular domain of the receptor (Kingsley et al., 1986; Kozarsky et al.,
1988). It is possible that HPAF-II is lacking O-glycosylation, however it is important to
note that HPAF-II did not release the most sLDLR into the medium, compared to other
tested PDAC cells. It has also been suggested that the N-terminal segment of LDLR also
has O-glycans (Davis et al., 1986). The same group also demonstrated that O-
glycosylation at the N-terminal segment of LDLR did not affect LDLR cell surface
expression and LDL binding/internalization (Davis et al., 1986). However, another group
has shown in another cell line that N-terminal O-glycosylation is important for LDLR
function as it showed an effect on LDL binding (Yoshimura et al., 1987). They also
determined that the molecular mass of a mature LDLR in SDS-polyacrylamide gels was
reduced about 5000 Daltons when the N-terminal segment of LDLR was not O-
glycosylated (Yoshimura et al., 1987). We did not see such a large shift on our gels,
however we used 10% gel, whereas in that study a 6% gel was used.

It is also possible that a negative factor on the cell surface of HPAF-II interferes with
LDL uptake and VSV attachment, and even with LDLR antibody binding in our FACS
assay. Interestingly, MUC1 mucin overexpression in some PDAC cell lines, including
HPAF-II, have been shown to limit the uptake of anticancer drugs by tumor cells (Kalra
and Campbell, 2007, 2009). It is possible that MUCI1 masks LDLR and prevents both

VSV attachment and LDL uptake. Future studies will examine all these possibilities.
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Finally, previous studies have shown that sSLDLR secretion can inhibit VSV (Fischer
et al., 1994; Fischer et al., 1993) and also HCV (Albecka et al., 2012) infection.
Furthermore, other soluble LDLR family members, like soluble Very-Low-Density
Lipoprotein Receptor, have been shown to inhibit rhinovirus (Marlovits et al., 1998). We
confirmed that sSLDLR has also an inhibitory effect on VSV infection in PDAC cell lines,
however HPAF-II did not secrete higher levels of sLDLR, compared to other tested
PDAC cell lines. Our data did not suggest any link between sLDLR secretion and VSV
attachment levels indicating that SLDLR does not play a major role at inhibiting VSV
attachment.

As statin-mediated increase in LDLR expression did not improve VSV attachment or
LDLR functionality, we evaluated LDLR independent mechanisms to improve VSV
attachment. While LDLR is suggested as one of the receptors for VSV (Finkelshtein et
al., 2013a), previous studies have also suggested that phosphatidylserine (Carneiro et al.,
2006; Coil and Miller, 2004; Schlegel et al., 1983), sialoglycolipids (Schloemer and
Wagner, 1975), heparan sulfate (Guibinga et al., 2002) and virus/cell membrane
electrostatic interactions (Bailey et al., 1984; Conti et al., 1991) may play an important
role in VSV attachment. We employed a cell surface "shaving" technique with trypsin to
remove surface LDLR, and our data showed that VSV can indeed attach to PDAC cells in
an LDLR-independent VSV manner. We then decided to test two commonly used
polycations, polybrene or DEAE-dextran, which previously have shown to improve VSV
attachment (Bailey et al., 1984; Conti et al., 1991), and also used in various application
using VSV-G pseudotyped lentiviruses (Denning et al., 2013; Reiser et al., 1996; Yee et

al., 1994). Adding these polycations strongly improved VSV attachment, VSV infection
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and VSV induced cell death. These improvements in VSV attachment were LDLR
independent as the polycations had no effect on LDL uptake or LDLR expression.

As the cell and virus lipid membrane both possess net-negative charges, it is
suggested that polycations act by counteracting repulsive electrostatic effects and thus
improving attachment. Early studies have shown that treatment of HeLa cells with
polybrene has to be done before the infection and/or during the infection but not after the
infection with VSV (Conti et al., 1991; Matlin et al., 1982). The study concluded that
polybrene must have an effect on VSV binding to cells potentially by improving
virus/receptor interaction. Studies on DEAE-dextran made similar observations and
concluded that alterations in cell surface charge distribution enhance VSV attachment
(Bailey et al., 1984; Conti et al., 1991). More recent studies using retroviruses observed
that polybrene increased their attachment by 10-fold (Davis et al., 2002). Interestingly,
this enhancement was receptor and virus envelope independent, as retrovirus adsorption
occurred equivalently on receptor positive and negative cells, as well as with envelope
positive and negative (“bald”) virus particles. The study concluded that electrostatic
interactions play an important role in mediating early virus-cell interactions (Davis et al.,
2002).

Our data not only show that polycations strongly improve VSV attachment to HPAF-
IT cells, but we also successfully used a novel triple combination treatment to break
multiple mechanisms of resistance of HPAF-II cells to VSV. We have previously shown
that adding pre-treatment of cells with ruxolitinib (compared to post-treatment only) did
not change the kinetics of VSV replication, suggesting that ruxolitinib had a modest

effect on the initial infection but mainly facilitated secondary infection via inhibition of
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antiviral signaling in PDAC cells (Cataldi et al., 2015; Hastie et al., 2016). Here,
combining polycations (improving initial infection) with ruxolitinib (improving viral
replication) did not only improve overall VSV replication and oncolysis but also
accelerated VSV replication kinetics by 24 h, compared to ruxolitinib only treatment.

The primary goal of this study was to determine if VSV attachment could be a
limiting factor in VSV-based oncolytic virotherapy against PDAC. We demonstrated that
VSV attaches significantly less to most resistant PDAC cell line HPAF-II, and this
mechanism contributes to the resistance of HPAF-II to VSV infection. Also, for the first
time, we show that combining a polycation with a JAK inhibitor can improve the
outcome of oncolytic virus treatment in vitro. Future experiments will test at least some
of these combinations in vivo in a clinically-relevant PDAC animal model. Previous
studies examining polycations were done in the context of gene therapy to improve viral
as well as non-viral gene delivery (Tiera et al., 2011), as inefficient gene delivery is often
a major limitation in the success of gene therapy (Aied et al., 2013). The effects of
polycations in vitro and in vivo have been extensively studied for adenovirus-based gene
therapy vectors. Several studies in different mouse models have shown that combining
adenovirus with different polycations (including DEAE-dextran) can improve
adenovirus-mediated gene transfer without any additional toxicity (Gregory et al., 2003;
Kaplan et al., 1998; Kushwah et al., 2007; McKay et al., 2000). As polycations improve
adenovirus-mediated gene transfer, less virus would have to be used, which would
improve the therapeutic index by reducing unwanted responses associated with high
doses of virus. On the other hand, multiple reports indicate that polycations could exhibit

nonspecific cytotoxicity in vivo as well as in vitro (Monnery et al., 2017; Zarogoulidis et
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al., 2013), with some studies demonstrating unacceptable cytotoxicity for DEAE-dextran
(Simmons et al., 1981; Zarogoulidis et al., 2013) and polybrene (Lin et al., 2011; Seitz et
al., 1998), at least under some experimental conditions. Therefore, while our study
conceptually demonstrates the feasibility of the polycation-mediated improvement of
VSV-based OV therapy in vitro, future studies are needed to compare polybrene and
DEAE-dextran to other polycations that could be used safely and effectively in vivo in
combination with VSV and ruxolitinib. For instance, the non-specific cytotoxicity of
polycations is already being addressed currently through development of biodegradable
polycations (Park et al., 2006). We envision that polycations would be particularly useful
during initial infection, especially in context of intratumoral injection, in maximizing the
number of initially infected cells, while ruxolitinib would stimulate replication and spread
of the virus within tumors.

In regard to ruxolitinib, this drug was recently approved by the FDA for the treatment
of patients with intermediate or high-risk myelofibrosis (Vaddi et al., 2012). It is
important to be aware that inhibition of innate antiviral responses by ruxolitinib or other
inhibitors of antiviral response could potentially result in increase of VSV virulence in
normal tissues. However, it has recently been shown that ruxolitinib enhanced VSV
oncolytic virus treatment in vivo, both in subcutaneous as well as orthotopic xenograft
mouse models of ovarian cancer, without causing significant additional toxicity (Dold et
al., 2016). Moreover, other combined treatments of VSV with inhibitors of antiviral
responses were examined in vivo and also were shown to be effective and safe. For
example, VSV in combination with rapamycin, the inhibitor of mammalian target of

rapamycin (mTOR, stimulates type I IFN production via phosphorylation of its effectors)
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selectively killed tumor, but not normal cells and increased the survival of
immunocompetent rats bearing malignant gliomas. In addition, histone deacetylase
(HDAC) inhibitors MS-275 or SAHA reversibly compromised host antiviral responses
and enhanced spread of VSV in various cancer types, with no detection of VSV in normal
tissues (Nguyén TL, 2008; Shestakova et al., 2001; Shulak et al., 2014). Our future in
vivo experiments will address the efficacy and safety of the triple combination treatment
of VSV with ruxolitinib and a polycation. To fully examine the anticancer abilities and
safety of this treatment, it will need to be tested in an immunocompetent in vivo system.
Unfortunately, our current in vitro system, based on clinically-relevant human PDAC,
complicates this task, as HPAF-II and other human PDAC cell lines cannot be tested in
immunocompetent mice. Also, in our previous study all tested mouse PDAC cell lines
had defective type I IFN signaling and were highly permissive to VSV (Hastie et al.,
2013a). Currently, we are examining several other mouse PDAC cell lines for their type I
IFN status and susceptibility/permissiveness to VSV. Based on this study, we expect to
identify VSV-permissive and VSV-resistant mouse PDAC cells lines that could be tested
with VSV/ruxolitinib/polycation combinations in immunocompetent mouse model of
PDAC. We envision that this novel triple combination (VSV/ruxolitinib/polycation)
approach could be used in the future to treat PDAC tumors highly resistant to OV

therapy.
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