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ABSTRACT

Vesicular stomatitis virus (VSV) is a promising oncolytic virus (OV). Although 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. JAK 1/2 inhibitors (such as ruxolitinib and JAK Inhibitor 1) strongly stimulate VSV
replication and oncolysis in all resistant cell lines, but only partially improve susceptibility of
resistant PDACs to VSV. VSV tumor tropism is generally dependent on the permissiveness
of malignant cells to viral replication, rather than on receptor specificity, with several
ubiquitously expressed cell-surface molecules to play a role in VSV attachment to host cells.
However, as VSV attachment to PDAC cells has never been tested before, here we
examined if it was possibly inhibited in resistant PDACs. Our data show a dramatically
weaker attachment of VSV to HPAF-II, the most resistant human PDAC cell line. Although
sequence analysis of LDLR mRNA did not reveal any amino acid substitutions in this cell
line, HPAF-II cells displayed the lowest level of LDLR expression and dramatically lower
LDL uptake. Treatment of cells with various statins strongly increased LDLR expression
levels, but did not improve VSV attachment or LDL uptake in HPAF-II. However, LDLR-
independent attachment of VSV to HPAF-II cells was dramatically improved by treating cells
with polybrene or DEAE-dextran. Moreover, combining VSV with ruxolitinib and polybrene or
DEAE-dextran successfully broke the resistance of HPAF-II to VSV by simultaneously

improving VSV attachment and replication.
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IMPORTANCE

Oncolytic virus (OV) therapy is an anticancer approach that uses viruses that selectively
infect and kill cancer cells. This study focuses on oncolytic vesicular stomatitis virus (VSV)
against pancreatic ductal adenocarcinoma (PDAC). Although VSV is effective against most
PDACs, some are highly resistant to VSV, and the mechanisms are still unclear. Here we
examined if VSV attachment to cells was inhibited in resistant PDACs. Our data show very
inefficient attachment of VSV to the most resistant human PDAC cell line HPAF-II. However,
VSV attachment to HPAF-II cells was dramatically improved by treating cells with
polycations. Moreover, combining VSV with polycations and ruxolitinib (inhibits antiviral
signaling) successfully broke the resistance of HPAF-II to VSV by simultaneously improving
VSV attachment and replication. We envision that this novel triple combination approach

could be used in the future to treat PDAC tumors highly resistant to OV therapy.

INTRODUCTION

Oncolytic virus (OV) therapy is an anticancer approach that uses replication-competent
viruses that can selectively infect, replicate in, and kill cancer cells. Currently, three OVs are
approved for clinical use: herpes simplex virus 1 based T-VEC for melanoma, approved in
the U.S. (1) and later in the European Union (2), enteric cytopathic human orphan virus 7
based RIGVIR for melanoma, in Latvia, Georgia and Armenia (3), and adenovirus type 5

based Gendicine and Oncorine for head and neck squamous cell carcinoma in China (4).
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This study focuses on vesicular stomatitis virus (VSV, a rhabdovirus), which has been used
successfully against many cancers in preclinical studies (5, 6), and is currently in a phase |
clinical trial against refractory solid tumors (ClinicalTrials.gov Identifier: NCT02923466). The
oncoselectivity of VSV is generally based on the type | interferon (IFN) associated antiviral
potential of target cells. Although VSV cannot distinguish non-malignant (herein called
“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 (7). When normal cells are infected with VSV, viral infection is sensed by normal
cells and production of type | IFNs is triggered to impede viral replication and spread via the
induction of an antiviral state in the infected cells as well as the non-infected tissue
surrounding the IFN-producing cells. In contrast, a majority of tumors have inhibited or
defective type | IFN signaling (8-11), likely because many IFN responses are anti-
proliferative, anti-angiogenic, and pro-apoptotic (12). As VSV is highly sensitive to type | IFN
responses, it therefore preferentially replicates in cancer cells. The oncoselectivity of wild-
type (WT) VSV is not sufficient, as it is able to inhibit type | IFN signaling through one of the
function of the VSV matrix (M) protein, which localizes to the nuclear envelope and inhibits
nucleocytoplasmic trafficking of cellular mMRNAs, thus impeding antiviral gene expression not
only in cancer, but also normal cells (13). As a result, WT VSV exhibits intolerable toxicity,
most notably neurotoxicity (7). Thus, an intranasal administration of VSV in rodents can
result in fatal infection of the central nervous system (14), and in non-human primates an
intrathalamic administration results in severe neurological disease (15). To address this
safety issue, various recombinant VSVs have been generated with a dramatically improved

safety and oncoselectivity profiles (5).

One of the well-known features of VSV is its pantropism (7), with several ubiquitously

expressed cell-surface molecules, such as the low-density lipoprotein receptor (LDLR) (16),
4
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phosphatidylserine (17-19), sialoglycolipids (20), and heparan sulfate (21) 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 on a 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 widely used adenovirus 5 based OVs (22).

This study focuses on pancreatic ductal adenocarcinoma (PDAC), which comprise
approximately 95% of pancreatic cancers. Standard cancer therapies show little efficacy in
treating PDAC (23) , and PDAC is expected to become the second leading cause of cancer-
related deaths in the U.S. by 2030 (24). Different OVs have been tested against PDAC in
vitro and in vivo with various efficacies (25). Our recent studies demonstrated that VSV is
effective against the majority of human PDAC cell lines, both in vitro and in vivo (26).
However, some PDAC cell lines are highly resistant to VSV infection, at least in part due to
their upregulated type | IFN signaling and constitutive expression of a subset of interferon
simulated genes (ISGs) (26-29). We have shown that the treatment of the resistant PDAC
cell lines with type | interferon inhibitors, such as JAK Inhibitor | (a pan-JAK inhibitor) or
ruxolitinib (a specific JAK1/2 inhibitor), significantly improve permissiveness of the cells to
VSV (27-29). 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 (27-29). 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
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ruxolitinib did not improve the rate of initial infection but rather facilitated secondary infection

via inhibition of antiviral signaling in PDAC cells (28, 29).

Together, our previous studies suggest that resistant PDAC cell lines may have an
additional block at an early stage of VSV infection that could not be removed via JAK
inhibition. In this study, we examine 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 show 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 to
VSV by combining the virus with polycations and ruxolitinib to simultaneously improve VSV

attachment and virus replication.

RESULTS

VSV attachment to HPAF-II cells 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 (26-30). 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-AM51 (herein called
VSV, Figure legends and Materials and Methods indicate specific VSV recombinant used in
each experiment), which has a deletion of a methionine at position 51 in the matrix (M)
protein (31). This mutation causes ablation of wild type (WT) M protein’s ability to inhibit
cellular antiviral gene expression. As many cancers have defective type | interferon antiviral

signaling, VSV-AM51 can still replicate in and kill cancer cells (32, 33). In addition, to
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facilitate visualization of viral infection, VSV recombinants used in this study encode either

the near-infrared RFP (34) or GFP (31) 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 fluorescence-activated cell sorting (FACS) analysis, virus attachment was
examined using cells in suspension (Fig. 1A). Adherent cells were treated with EDTA to
detach them from plastic surfaces, incubated with different amounts of VSV (MOI 1.25 or
12.5 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. 1B). 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 (data not shown).

As shown in Fig. 1A for VSV attachment to cells in suspension, the lowest level of VSV
attachment [percentage of VSV-positive cells as well as the mean fluorescent intensity
(MF1)] was observed in HPAF-II under both tested conditions (MQOls). 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. In agreement with these data, we also observed lower VSV
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attachment to HPAF-II cell monolayers (Fig. 1B, “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. 1B, “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-Il and Hs766T are resistant, with HPAF-
Il showing the highest level of resistance (Fig. 1B, “Replication”). This result is in agreement
with our previous studies demonstrating that VSV-resistant PDAC cells lines (such as
HPAF-Il and Hs766T) have upregulated type | IFN signaling and constitutive expression of a
subset of ISGs, whereas VSV-permissive PDAC cells lines (such as MIA PaCa-2 and Suit2)
do not (26-29). 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. 1B), 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-Il 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.

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

Recently, LDLR has been proposed as one of the receptors for VSV (35-37). As a high

variation in LDLR expression was shown between different cell lines of pancreatic origin
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(38), 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. 2A, 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. 2B). 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. 2B). This band generally represents an unglycosylated inactive form of LDLR, and is
often indicative of an abnormal LDLR processing in the cells (39-41). 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. 2C, although all 4 cell lines
expressed LDLR at the cell surface, the lowest levels [percentage of LDLR-positive cells as
well as the MFI] were in HPAF-lIl. This could be due to HPAF-Il expressing the
unglycosylated inactive form of LDLR (Fig. 2B) that is not expressed on the cell surface (39-

41).

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
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previously shown to compete with VSV for LDLR (16). 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. 2D, LDL uptake was dramatically
lower [percentage of LDL-positive cells as well as the MFI] in HPAF-Il compared to all other
tested cell lines. These data demonstrate that LDLR is dysfunctional in HPAF-II, which could

lead to a defect of this cell line in VSV attachment.

PDAC cell lines express wild-type LDLR

Currently, more than a thousand different types of mutations have been found in the LDLR
protein (42). Many damaging LDLR mutations affect LDLR total expression level,
maturation, surface localization and LDL uptake (42). 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 (43), and the overlapping PCR products, covering the
entire LDLR ORF, were sequenced. Although several silent mutations were detected, the
sequence analysis did not detect a single mutation affecting LDLR amino acid sequence in
HPAF-II or any other tested PDAC cell line (data not shown). 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 (43). We did not observe any unusual PCR products, which would

10
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suggest the presence of alternatively spliced variants of LDLR in HPAF-II cells (data not
shown). Together, our data show that the lower LDLR expression and LDL uptake in HPAF-

Il cells were not due to LDLR mutations.

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

The ELISA (Fig. 2A), western blot (Fig. 2B) and FACS (Fig. 2C) analyses suggested
potential abnormalities in the level of LDLR expression, which could explain lower LDL
uptake and VSV attachment. Here, we wanted to examine whether an upregulation of LDLR

expression would improve LDL uptake and/or VSV attachment 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-limiting
enzyme of cholesterol synthesis. Statins inhibit cholesterol synthesis in the liver and some
other cell types, including cancer cells (44). 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 (45). PCSK9 is a secretory serine protease that binds
surface LDLR, induces its internalization and lysosomal degradation, thus inhibiting LDLR
recycling to the surface (46). PCSK9 inhibitors bind to PCSK9 and increase LDLR receptor
cycling, thus increasing surface LDLR levels and improving LDL uptake (46). Therefore, we
decided to use various statins and a PCSK9 inhibitor to increase LDLR expression and test

whether this approach could improve LDL uptake and/or VSV attachment 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 PCSK9 antagonist SBC-
11
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110576 (47). Other tested conditions were cell starvation (0% FBS medium), which could
increase LDLR levels (48), and unlabeled LDL addition that could decrease LDLR levels
(49-51). 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 3A, 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 LDLR band can be observed after SBC-
110576 treatment, suggesting expected improvement in LDLR maturation (Fig. 3A).
Interestingly, starvation did improve VSV attachment, however this was likely not due to
LDLR, as LDLR level were not affected by starvation (Fig. 3A). 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 examined if 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 3B). As both VSV attachment and LDL uptake were
not improved by statins, we wanted to confirm that statins improve LDLR cell surface
expression. HPAF-II cells were pretreated for 24 h with the same statins as in the two
previous experiments (Fig. 3A and 3B) and were analyzed for surface LDLR levels using
EDTA-isolated suspension cells and FACS analysis or by analyzing HPAF-II monolayers
using immunofluorescence. 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
12
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detected. FACS data (Fig. 3C) show that all statins improved LDLR cell surface expression
[percentage of LDLR-positive cells as well as MFI]. Immunofluorescence data (Fig. 3D)
were in agreement with the FACS data and also showed an increase in LDLR cell surface
expression. Taken together, our data indicate that the lower level of expression is not the
main factor of LDLR dysfunctionality in HPAF-II cells, and that some other mechanisms are

responsible for inefficient LDL uptake and VSV attachment.

Role of Type | IFN signaling in LDLR expression and secretion in PDAC cells

Our previous studies demonstrated that upregulated type | IFN signaling plays an important
role in resistance of PDAC cell lines to VSV (26-29) 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 (28, 29). To examine
whether the observed inefficient binding of VSV to HPAF-II cells is a result of the type | IFN
pathway upregulation, HPAF-II and Suit2 (as a negative control) cells were pretreated with
ruxolitinib for 24 h before performing VSV attachment to cell monolayer assay. In agreement
with our previous studies (28, 29), ruxolitinib treatment downregulated IFN-stimulated gene
(ISG) Mx1 in HPAF-II cells (Fig. 4A). However, the treatment did not improve VSV
attachment (Fig. 4A). This suggests that the defect of HPAF-II in VSV attachment is type |
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 | IFN signaling as HPAF-II (26-29).

Previous studies have shown that soluble LDLR (sLDLR) secretion by cells can be type |

IFN induced, and that sLDLR can inhibit VSV infection in WISH cells (this cell line has been
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recently shown to be misidentified and identical to HelLa cells) (52-54). Although this
mechanism cannot be responsible for inefficient attachment of VSV to HPAF-II in our
monolayer and suspension attachment assays (cells were washed before incubation with
VSV), this sLDLR-mediated inhibition of VSV attachment could happen during multi-step
infection of cells, where HPAF-II show very strong resistance to VSV infection and
replication. Also, previous studies have shown that O-glycosylation in the stem region of
LDLR is important for cell surface expression and stability of this receptor, and that the
absence of such O-glycosylation can lead to proteolytic cleavage and the release into the
medium of the bulk of the N-terminal extracellular domain of the receptor (55, 56).
Therefore, an extensive release of sLDLR into the medium could be indicative of the

abnormal LDLR O-glycosylation in HPAF-II cells.

First, to test whether sLDLR 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 (52-54)]. 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 sSLDLR on VSV infectivity. As shown in Fig. 4B, the presence of the exogenous
sLDLR led to a 10-fold decrease in VSV infectivity, confirming that sLDLR secretion could
potentially inhibit VSV attachment in PDAC cell lines. To examine the levels of secreted
sLDLR 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 4C, the tested PDAC cell lines produced different amount of sLDLR. Importantly,
HPAF-II did not produce the most sLDLR, possibly suggesting no abnormalities in this cell

line in O-glycosylation or other mechanisms associated with excessive secretion of sLDLR.
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In addition, the effects of type | IFN on sLDLR secretion or total LDLR levels in PDAC cells
were examined. PDAC cell lines were treated either with IFN-o (to stimulate type | IFN
signaling) or ruxolitinib (to inhibit it) or both, and sLDLR (Fig. 4D) and cell-associated LDLR
(Fig. 4E) levels were analyzed using ELISA assay. In contrast to previous studies with
WISH cells (52, 53), 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 | IFN signaling), LDL uptake was not improved (Fig. 4F). Together, our data
demonstrate that HPAF-II cells do not display abnormalities in sSLDLR secretion levels, and
that LDLR expression, LDL uptake and VSV attachment in PDAC cells are controlled

independently of type | 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. 3). While future studies are needed to identify
specific defects of LDLR in LDL uptake and VSV attachment, here we decided to use an
alternative approach to improve VSV attachment by targeting LDLR-independent VSV
attachment. Previous studies have suggested that phosphatidylserine (17-19),
sialoglycolipids (20), heparan sulfate (21), or electrostatic interactions between VSV and cell
membrane (57, 58) could play an important role in VSV attachment. As none of these
studies examined PDAC cell lines, we want to confirm that LDLR-independent attachment
also occurs in PDAC cell lines. Cells were treated with 0.2% EDTA (control) or 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. 5A). To confirm successful digestion of LDLR
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by trypsin, total protein was isolated from trypsin-treated cells and analyzed by western
blotting for LDLR (Fig. 5B). 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. 5B), VSV attachment occurred in all cell lines (Fig. 5A).
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. 5A). 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
(57-59). 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 (60-62). Therefore, all these conditions were examined to identify a way to
improve VSV attachment to HPAF-II cells. Our original screen was conducted under
conditions most optimal for VSV attachment, and we used VSV-driven GFP expression as a
readout of virus infection/replication. Any conditions stimulating VSV infection were then
studied in the subsequent experiments for their specific effect on VSV attachment. To
examine whether pH or 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. 6A and 6B). 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
16
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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. 6A, each condition is compared to GFP
fluorescence in HPAF-II cells treated with VSV only (“VSV Control”)]. 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. 6A). 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 (“VSV Control”), the 2 highest concentrations (10 and 50 pg/ml) of polybrene and

all 3 concentrations of DEAE-dextran significantly decreased cell viability (Figure 6B).

To examine whether the observed improvement in VSV infectivity was due to an
improvement in VSV attachment, cells in monolayer or in suspension 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 from cells in monolayer and analyzed by western
blotting or cells in suspension were used for FACS analysis. Both polybrene and DEAE-
dextran treatments did show a clear improvement in VSV attachment for both methods,
even though the improvement with DEAE-dextran was stronger (Fig. 6C and 6D). The
FACS data showed that polycations more than doubled the number of cells attached by

VSV (Fig 6D).

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
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improve LDLR expression (Fig. 6C). 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. 6E). 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 PDAC

cells 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 (27-29). However,
JAK Inhibitor | treatment only moderately improves susceptibility of resistant cells to VSV
initial infection (27), 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 (27-29). As
polybrene and DEAE-dextran improve VSV attachment and primary infection and ruxolitinib
improves VSV replication, we hypothesized that combining these two treatments would
improve overall VSV infection and oncolysis in HPAF-II cells. Cells were pretreated with 10
ug/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 uM ruxolitinib or

mock treatment. VSV infection-associated GFP fluorescence was monitored for 71 h. In
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agreement with our previous study (28), ruxolitininb alone significantly improved VSV
replication starting at 48 h p.i., however the polycation/ruxolitinib combinations showed even
stronger improvement (Fig. 7A). Importantly, the polycation/ruxolitinib combinations did not
only result in higher VSV replication (Fig. 7A), 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.
7A), 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
7B 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 combination significantly improved oncolysis compared to ruxolitinib

alone treatment (Fig. 7C).

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 generally
observe only initially infected cells (Figure 8D). 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-
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infected cells. Taken together, polycations and ruxolitinib complement each other when

combined and break the multiple mechanisms of resistance of HPAF-II to VSV.

To evaluate if the combination treatment could work on a broad spectrum of PDAC cell
lines, Hs766T, MiaPaCa-2 and Suit2 were treated as HPAF-II previously (Fig. 7A and 7B).
The VSV-resistant PDAC cell line Hs766T and VSV-permissive cell line Suit2 responded
similarly to HPAF-II as the combination treatment resulted in higher VSV replication and a
significant increase in VSV replication was already seen at 22 h p.i. versus 46 h p.i. for
ruxolitinib treatment only (Fig. 8). The VSV-permissive cell line MiaPaCa-2 also resulted in a
somewhat higher VSV replication, however a smaller increase was seen at 22 h p.i. when
compared to ruxolitinib alone (Fig. 8). This is not surprising as MiaPaCa-2 is the most
permissive PDAC cell line and, based on our previous studies, it has the strongest defect in
antiviral signaling (26-29). To examine whether the improved VSV infectivity under these
treatment conditions results in increased oncolysis, an MTT cell viability assay was
performed 68 h p.i. Oncolysis of the VSV-resistant PDAC cell line Hs766T was significantly
improved by ruxolitinib, however the polycation/ruxolitinib combination significantly improved
oncolysis compared to ruxolitinib (Fig. 8). With VSV-mediated oncolysis being already very
efficient in VSV-permissive PDAC cell lines, the polycation/ruxolitinib combination did not
improve oncolysis (Fig. 8). Taken together, polycations and ruxolitinib can improve VSV

treatment outcome in a wide spectrum of PDAC cell lines.

DISCUSSION

In this study, 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 demonstrate that HPAF-II, the most resistant PDAC cell line, in addition to an
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upregulated type | 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 (7).
Importantly, pretreating HPAF-II cells with ruxolitinib did not improve VSV attachment
indicating that type | IFN signaling does not play a major role in VSV attachment. In general,
our 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 | IFN independent.

As LDLR has been shown to be one of the receptors for VSV (35-37), our study examined if
HPAF-II cells have a defect in LDLR expression or functionality. Our data show that HPAF-II
has lower LDLR expression. Moreover, based on the LDL uptake assay, HPAF-II cells
express dysfunctional LDLR, which could explain the defect of this cell line in VSV
attachment. More than a thousand different types of mutations have been found in the
LDLR protein, which affect LDLR expression or functionality (42). With mutations being so
common in LDLR, we hypothesized that HPAF-Il 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 expression and/or activities of LDLR in HPAF-II cells. To improve the LDLR
expression and LDL uptake, HPAF-II were treated with statins. Although all four tested
statins strongly increased total and surface LDLR expression, this increase did not improve

LDL uptake and VSV attachment in HPAF-II.

Taken together, the defective uptake of LDL and impaired VSV attachment in HPAF-II were

not determined by mutations or a relatively lower LDLR expression levels in this cell line, but
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via some other mechanism(s). Previous 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
(55, 56). 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, which express functional LDLR. It has also been suggested that the N-terminal
segment of LDLR also has O-glycans (63). Although the same study demonstrated that O-
glycosylation at the N-terminal segment of LDLR did not affect LDLR cell surface expression
and LDL binding/internalization (63), 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 (64).

It is also possible that HPAF-II cells express normal levels of functional LDLR, but 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 (65, 66). It is possible that MUC1 and other
mucins masks LDLR and prevents both VSV attachment and LDL uptake. Future studies

will examine all these possibilities.

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 (35), previous studies have also
suggested that phosphatidylserine (17-19), sialoglycolipids (20), heparan sulfate (21) and

virus/cell membrane electrostatic interactions (57, 58) may play an important role in VSV
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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 (57,
58), and also used in various application using VSV-G pseudotyped lentiviruses (60-62).
Adding these polycations strongly improved VSV attachment, VSV infection 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 HelLa cells with polybrene has to be
done before the infection and/or during the infection but not after the infection with VSV (57,
59). 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 (57, 58). More recent studies using retroviruses observed that polybrene
increased their attachment by 10-fold (67). 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 (67).

Our data not only show that polycations strongly improve VSV attachment to HPAF-II 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
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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 antiviral signaling in
PDAC cells (28, 29). 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

(Fig. 9).

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-Il 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 (68), as
inefficient gene delivery is often a major limitation in the success of gene therapy (69). 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 (70-73). 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 (74, 75), with some studies demonstrating

unacceptable cytotoxicity for DEAE-dextran (75, 76) and polybrene (77, 78), at least under
24
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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 (79). 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 (80). 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 (81). 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 | IFN production via phosphorylation of its
effectors) 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 (82-84).
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
25
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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 | IFN signaling and were highly permissive to VSV (85). Currently, we are
examining several other mouse PDAC cell lines for their type | 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.

MATERIALS AND METHODS

Viruses and cell lines. The recombinant VSV-AM51-eqFP650 (34) or VSV-AM51-GFP (31)
have been described previously. VSV-AM51 has a deletion of the methionine at amino acid
position 51 of the matrix protein. In addition, VSV-AM51-eqFP650 has the near-infrared
fluorescent protein open reading frame (ORF) (34) and VSV-AM51-GFP has the green
fluorescent protein (GFP) ORF (31) inserted between the VSV G and L genes. For
attachment assay, viruses were ultra-purified exactly as previously described (86). The
following human PDAC cell lines were used in this study: HPAF-IIl (ATCC CRL-1997),
Hs766T (ATCC HTB-134), MIA PaCa-2 (ATCC CRL-1420), and Suit2 (87). 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 (28, 29).

The baby hamster kidney BHK-21 fibroblast cell line (ATCC CCL-10) was used to grow
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viruses and determine their titers. MIA PaCa-2, Hs766T, and Suit2 cells were 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, Celigro, 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 ug/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 or MEM with 10% FBS was then added for trypsin
neutralization, and cells then were washed one time with PBS. Cells were then
resuspended in DMEM or MEM (without FBS) and 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, F0101B). Cells were analyzed using the LSR Fortessa cell analyser (BD
Bioscience), and the data were analyzed to determine the percentage of positive cells and
the mean fluorescent intensity (MFI) with FlowJo software (Treestar). MFI represents the
arithmetic mean, so the average fluorescent intensity of cells in the population displayed on
the histogram. 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
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removed, and cells were washed one time with PBS. Virus in DMEM or MEM (without FBS)
then was added, and cells were 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 the non-reducing conditions, as
reduction of disulfide bridges in the LDLR from the medium has been reported to prevent
the binding of both LDL and the well-characterized LDLR antibodies (88-90). 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 virions), 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 yM) and IFN (5000 U/ml) / ruxolitinib
(2.5 pM) 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, DLDLRO).

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 not fixed or
permeabilized, and were incubated at 4°C during the entire procedure. 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 1gG (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 cell analyser (BD Bioscience),

and the data were analyzed with FlowJo software (Treestar).
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LDL uptake assay. For the LDL uptake assay, cells were seeded in 6-well plates. Media
was then aspirated, wells were washed one time with PBS, and then DMEM or MEM with
0% FBS was added. Fluorescently labeled LDL from human plasma (Molecular Probes,
L3482) was then added at the concentration of 3 ug/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).

Immunofluorescence. For the LDLR cell surface expression analysis, cells were seeded in
24-well plates. Cells were not fixed or permeabilized, and were incubated at 4°C during the
entire procedure. Cells were washed two times with PBS, blocked in 5% BSA for 30 min,
then incubated with 1:20 primary antibody against human LDLR (R&D Systems, AF2148)
for 1 h and then incubated with 1:200 secondary antibody (Rabbit anti-Goat IgG (H+L)
Cross-Adsorbed Secondary Antibody, Alexa Fluor 488; Thermo Fisher, A-11078) for 1 h.
Cells were washed with PBS three times after incubation with the primary antibody and after
secondary antibody. Cell were visualized with Olympus IX70 and pictures were taken with

AxioCam HRc Zeiss.

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%
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FBS was added. First, sLDLR (R&D Systems, 2148-LD-025) was added at a concentration
of 1 pg/ml and then VSV-AM51-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 titer.

Effect of statins on VSV attachment, LDL uptake and LDLR cell surface expression.
Atorvastatin Calcium (S2077), Fluvastatin Sodium (S1909), Rosuvastatin Calcium (S2169),
Simvastatin (S1792) and SBC-115076 (S7976, a PCSK9 antagonist) were purchased from
Selleck Chemicals. Cells were seeded so that they were 80% (VSV attachment and LDL
uptake) or 50% (LDLR cell surface expression) 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 MEM with 5% FBS for 24 hours. VSV attachment (monolayer),
LDL uptake or LDLR cell surface expression (FACS and immunofluorescence) assays were

performed as described above.

Effect of polycations on VSV infectivity, cell viability and VSV attachment. 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, various
concentrations of DEAE-dextran (Alfa Aesar J63781) or polybrene (Millipore TR-1003-G)
and protons in MEM without FBS were added to cells. For control wells, MEM without FBS
was added. The plate was incubated at 37°C for 30 min during which it was rocked every 5
min. VSV-AM51-GFP in MEM without FBS at MOI 0.1 based on HPAF-II cells was added
and incubated for 1 h with rocking every 10 min. The mixture was aspirated, wells washed 3

times with PBS, MEM with 5% FBS was added to wells, and cells were incubated at 37°C.
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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). For VSV attachment in monolayer, HPAF-II cells were seeded in a 12-well plate
such that they were approximately 80% confluent at the time of treatment. Polybrene and
DEAE-dextran, both at 10 yg/mL in MEM without FBS, were incubated with cells for 30 min
at 4°C. Cells were then incubated with VSV-AM51-eqFP650 at MOI 250 based on MIA
PaCa-2 for 1 h at 4°C. Then VSV attachment assay to monolayer was followed as
described above. For VSV attachment in suspension, HPAF-II cells were seeded in a T75
flask such that they were approximately 90% confluent at the time of treatment. Cells were
washed once with PBS. The flask was incubated for 30 min after the addition of 0.05%
trypsin for cell detachment. MEM with 10% FBS was added to neutralize trypsin. Cells were
kept at 4°C during cell counting. HPAF-II cells were split into one million cell portions and
transferred to 1.5 mL tubes. Polybrene and DEAE-dextran, both at 10 ug/mL in MEM
without FBS, were incubated with cells for 30 min with 5 min between mixes at 4°C. Cells
were then incubated with VSV at MOI 125 based on MIA PaCa-2 for 1 h at 4°C with 15 min
between inversions. Then VSV attachment assay to cells in suspension was followed as
described above. For LDL uptake, HPAF-II cells were seeded in a 6-well plate such that
they were approximately 80% confluent at the time of treatment. Polybrene and DEAE-
dextran, both at 10 ug/mL in MEM without FBS, were incubated with cells for 30 min at 4°C.
Cells were then incubated with fluorescently labeled LDL from human plasma (Molecular
Probes, L3482) at the concentration of 3 yg/ml to the media in the presence of polycations

for 4 h at 37°C. The LDL uptake protocol was then followed as described above.
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Effects of combination of polycations and ruxolitinib on VSV infectivity, replication
and cell viability. HPAF-II, Hs766T, MIA PaCa-2 and Suit-2 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, polybrene or DEAE-dextran in MEM without
FBS was added to cells at a concentration of 10 pg/mL. For control and ruxolitinib wells,
MEM without FBS was added. The plate was incubated at 37°C for 30 min during which it
was rocked every 5 min. VSV-AM51-GFP in MEM without FBS at a cell-line specific MOI of
0.001 was added and the plate was incubated for 1 h with rocking every 10 min. The
mixture was aspirated and wells washed 3 times with PBS. For ruxolitinib-treated wells,
MEM with 5% FBS, 0.1% DMSO and 2.5 pM ruxolitinib was added. For wells without
ruxolitinib treatment, 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, DEAE-dextran or polybrene in MEM without FBS at a
concentration of 10 uyg/mL was dispensed appropriately. For control and ruxolitinib wells,
MEM without FBS was added. The plate was incubated at 37 °C for 30 min during which it
was rocked every 5 min. VSV-AM51-GFP in MEM without FBS at MOI 0.001 was added
and incubated for 1 h with rocking every 10 min. The mixture was aspirated and wells were
washed 3 times with PBS. For ruxolitinib-treated wells, MEM with 5% FBS, 0.1% DMSO and
2.5 pM ruxolitinib was added. For wells without ruxolitinib treatment, 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
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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 7.0a

software. Tests used are indicated in the legends of the figures.
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FIGURE LEGENDS

Figure1: VSV attachment to PDAC cell lines. (A) 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-AM51-eqFP650. After incubation with VSV-G primary antibody and APC-
conjugated secondary antibody, cells were analyzed by FACS using the APC-A channel.
“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 MOls are based on virus titration on MIA PaCa-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
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(Treestar). (B) For VSV attachment to cells in monolayer, cell monolayers were incubated
for 1h 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 MIA PaCa-2. Protein (kDa) product sizes are indicated on the right.
Coomassie blue stain was used to indicate equal loading. (C) Cells in monolayer were
incubated for 15 min, 30 min or 1h at 4°C with VSV-AM51-eqFP650 or mock-treated
(“Mock”). MOI used is 50 based on MIA PaCa-2. Protein (kDa) product sizes are indicated

on the right. GAPDH and Coomassie blue stain were used to confirm equal loading.

Figure 2: LDLR expression and functionality in PDAC cell lines. (A) 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 1-way
ANOVA followed by the Dunnett posttest for comparison to HPAF-IIl. **, P<0.01; ****,
p<0.0001. (B) Cell monolayers were incubated for 1h at 4°C with various amounts of VSV-
AM51-eqFP650 (the indicated MOIs are based on virus titration on MIA PaCa-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. (C) 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
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representative of 3 independent experiments. (D) 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.

Figure 3: Effect of statins on LDLR expression, LDL uptake and VSV attachment. (A)
Cells were pretreated with statins (10 yM) or SBC-115076 (10 pM) or LDLR (25 pg/ml) or
ruxolitinib (2.5 pM) for 24 h and were then incubated for 1h at 4°C with VSV-AM51-
eqFP650. MOI was 250 based on MIA PaCa-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. (B) Cells were pretreated with statins or
other conditions at the same concentration as above 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. 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). (C) Cells were pretreated with statins at the same concentration as above for
24h and then analyzed 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
45
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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). (D) Cells were
pretreated with statins at the same concentration as above for 24h and then analyzed for
LDLR cell surface expression. Cells were kept on ice and not permeabilized and not fixed.
After incubation with anti-LDLR primary antibody and AlexaFluor488-conjugated secondary

antibody cells were observed by microscopy and picture were taken.

Figure 4: Effect of type | interferon and sLDLR on VSV attachment. (A) Cells were
pretreated with ruxolitinib (2.5 yM) for 24h and then incubated for 1h at 4°C with VSV-
AM51-eqFP650 (MOI 20 based on MIA PaCa-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. (B) VSV-AM51-eqFP650 alone or VSV-AM51-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. (C) 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. (D-E) 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 or protein
isolates were then used to determine effect on sLDLR or LDLR levels by ELISA. LDLR and
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
46
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ANOVA followed by the Dunnett posttest for comparison to the control. *, p<0.05; ***,
p<0.001; ****, p<0.0001. (F) Cells were pretreated with ruxolitininb (2.5 yM) 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. 3B. 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).

Figure 5: Effect of LDLR digestion by trypsin on VSV attachment. Cells were treated
with PBS with 0.2% or 0.05% trypsin and then were used for VSV-AM51-eqFP650
attachment analysis or protein was isolated to confirm LDLR digestion. (A) For the
attachment assay, after a 1 h incubation at 4°C with VSV-AM51-eqFP650 (MOI 125 based
on MIA PaC-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-AM51-eqFP650), and primary and secondary antibodies were
used. “VSV attachment” cells were incubated with VSV-AM51-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). (B) 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.

Figure 6: Effect of polycation treatment on VSV attachment, replication and
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oncolysis. (A) 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-AM51-GFP at the
indicated MOI (based on HPAF-II). (A) 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. (B) 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. (C) Cells were pretreated with polybrene (10 pg/ml) and DEAE-dextran (10
pug/ml) and were then incubated for 1h at 4°C with VSV-AM51-eqFP650. MOI was 250
based on MIA PaCa-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. Samples were run on the same gel and irrelevant lanes were
removed. (D) Cells in suspension were treated as in (C). MOl was 125 based on MIA PaCa-
2. After incubation with VSV-G primary antibody and APC-conjugated secondary antibody,
cells were analyzed by FACS using the APC-A channel. “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 MIA PaCa-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). (E) Cells were
pretreated at the same concentration as above 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
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added. Treatments are indicated on top of each histogram. The “Mock” samples are the
same than in Fig. 3B. 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).

Figure 7: Effect of combining polycations with ruxolitinib on VSV infection and
oncolysis in HPAF-Il. Cells were pretreated with 10 ug/ml polybrene or DEAE-dextran or
mock-treated for 30 min, then VSV-AM51-GFP at MOI 0.001 (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 incubation in the presence of 2.5 uyM ruxolitinib or mock
treatment. VSV infection-associated GFP fluorescence was monitored for 71 h (A), pictures
were taken (B) and then an MTT assay was performed to determine cell viability (C). 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. The MTT conditions were compared using
a 1-way ANOVA followed by the Dunnett posttest for comparison to Mock (or also
VSV+ruxolitinib for the last three conditions). *, p<0.05; ***, p<0.001; ****, p<0.0001. (D)
Percentage of GFP positive cells was determined at 18 h p.i. by FACS 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).

Figure 8: Effect of combining polycations with ruxolitinib on VSV infection oncolysis
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in other PDAC cell lines. Cells were pretreated with 10 ug/ml polybrene or DEAE-dextran
or mock-treated for 30 min, then VSV-AM51-GFP at MOI 0.001 (cell line specific) 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 incubation in the presence of 2.5 uM ruxolitinib or
mock treatment. VSV infection-associated GFP fluorescence was monitored for 68 h and
then an MTT assay was performed to determine cell viability. 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. The MTT conditions were compared using a 1-way ANOVA followed
by the Dunnett posttest for comparison to Mock (or also to VSV+ruxolitinib for the last three

conditions). *, p<0.05; ***, p<0.001; ****, p<0.0001.

Figure 9: Proposed schematics of breaking resistance of PDAC cells to VSV by
treating cells with polycations and ruxolitinib. 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.
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