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Vesicular stomatitis virus (VSV) is a promising oncolytic virus
(OV) against different malignancies, including pancreatic
ductal adenocarcinoma (PDAC). Our previous studies have
demonstrated that VSV-basedOVs are effective against thema-
jority of tested human PDAC cell lines. However, some PDAC
cell lines are resistant to VSV. PDAC is one of the deadliest
types of human malignancies in part due to intrinsic or ac-
quired chemoresistance. Here, we investigated how acquired
chemoresistance impacts the efficacy of VSV-based OV ther-
apy. Using an experimental evolution approach, we generated
PDAC cell lines with increased resistance to gemcitabine and
examined their responsiveness to oncolytic virotherapy. We
found that gemcitabine-resistant PDAC cells become more
resistant to VSV. The cross-resistance correlated with upregu-
lated levels of a subset of interferon-stimulated genes, resem-
bling the interferon-related DNA damage resistance signature
(IRDS), often associated with resistance of cancer cells to
chemotherapy and/or radiation therapy. Analysis of ten
different PDAC cell lines showed that four PDAC cell lines
most resistant to VSVwere also highly resistant to gemcitabine,
and they all displayed IRDS-like expression in our previous re-
ports. Our study highlights a possible interaction between two
different therapies that should be considered in the future for
the development of rational treatment regimens.

INTRODUCTION
Oncolytic virus (OV) therapy is an emerging anticancer approach
that utilizes replication-competent viruses to preferentially infect,
replicate in, and kill cancer cells. There are currently three OVs
approved for clinical use: talimogene laherparvec (T-Vec) (based on
herpes simplex virus 1) approved in the United States and European
Union for melanoma,1 Rigvir (based on enteric cytopathic human
orphan virus 7) approved in Latvia and several other countries for
melanoma,2 and Gendicine (based on adenovirus type 5) approved
in China for head and neck squamous cell carcinoma.3

Vesicular stomatitis virus (VSV) is a nonsegmented negative-strand
(NNS) RNA virus (order Mononegavirales, family Rhabdoviridae,
genus Vesiculovirus) and is a promising OV that is already in stage I
clinical trials against various malignancies (Clincaltrials.gov trials
Molecul
This is an open access article under the CC BY-NC
NCT01628640, NCT03865212, NCT03120624, NCT02923466,
NCT03647163, and NCT03017820). VSV is able to infect and replicate
in a large variety of cell types.4 The pantropism exhibited by VSV is
largely due to its use of ubiquitously expressed cell surface molecules
for attachment and entry to host cells, such as low-density lipoprotein
receptor,5 phosphatidylserine,6,7 sialoglycolipids,8 and heparan sulfate.9

The oncoselectivity of most OVs, including VSV, is mainly due to
defective or suppressed type I interferon (IFN) mediated antiviral re-
sponses in many cancers,10–12 because most type I IFN responses are
antiproliferative, antiangiogenic, and proapoptotic.13

This study focuses on pancreatic ductal adenocarcinoma (PDAC),
which is one of the deadliest forms of cancer and is the number four
cause of cancer-related death in the U.S. since the 1970s. The 5-year
survival rate for PDAC patients is about 10%, whereas many other can-
cer types have significantly improved.14 The poor survival rate for
PDAC is largely attributed to late diagnoses and limited treatment
options, as most PDAC tumors are either intrinsically resistant to
chemotherapy or rapidly acquire resistance.15 The mechanisms of che-
moresistance are not fully understood and are likely multifactorial.16

Our previous studies showed that VSV is effective against most hu-
man PDAC cell lines, both in vitro and in vivo.17 However, we also
reported that some PDAC cell lines are resistant to VSV-mediated
infection, replication, and/or oncolysis due to multiple mechanisms,
including an upregulated expression of type I IFNs and/or inter-
feron-stimulated genes (ISGs),18–20 reduced viral attachment,21

and/or resistance to virus-mediated apoptosis.22 Our laboratory
also demonstrated multiple strategies to overcome these mechanisms
of resistance to OV therapy.21,23

Chemoresistant PDAC is a major hurdle and a key reason for the
poor survival outcomes of PDAC patients. One important question
ar Therapy: Oncolytics Vol. 24 March 2022 ª 2021 The Authors. 59
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://Clincaltrials.gov
https://doi.org/10.1016/j.omto.2021.11.019
mailto:vzgrdzel@uncc.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omto.2021.11.019&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Experimental generation of gemcitabine-

resistant (GR) SUIT-2 cells

(A) SUIT-2 cells were passaged in parallel for 20 genera-

tions in triplicate in the presence of gemcitabine (GR

cells), or without gemcitabine-cultured media (C cells).

Cells were exposed to an increasing concentration of

gemcitabine from 100 nM (P1) to 25.6 mM (P20). (B) Cell

viability of C and GR cells at different concentrations of

gemcitabine. Cells were mock treated or treated with

gemcitabine at concentrations ranging from 250 to

0.001 mM, and cell viability was measured at 48 and 72 h

post-treatment (p.t.) by WST-8. (C) Comparing resistance

of C and GR cells to gemcitabine. IC25 and IC50 values

were calculated using GraphPad Prism 7.04. (B) and (C)

represent results from at least three independent experi-

ments. The data points and error bars shown represent

the means and SEM of the means, respectively. Results

were analyzed to determine significance using a Stu-

dent’s t test. *p < 0.05, **p < 0.01.
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that remains unanswered is how tumor chemoresistance (inherent
or acquired) may impact its responsiveness to OV therapy. As tu-
mor chemoresistance may be one of the predictors for the success
of OV therapy, understanding this could benefit the way the individ-
ualized treatment regimens for PDAC patients are rationally
scheduled.

Gemcitabine (20-deoxy-20,20-difluorocytidine monohydrochloride;
dFdC; trade names Gemzar, Infugem) is a deoxycytidine analogue,
and gemcitabine-based chemotherapy regimens are the standard of
care for patients with PDAC.24 Here, we experimentally generated
60 Molecular Therapy: Oncolytics Vol. 24 March 2022
human PDAC cells with increased resistance
to gemcitabine and examined how the acquired
phenotype affected responsiveness of PDAC
cells to OV therapy. Our data show that the ac-
quired resistance to gemcitabine can lead to
cross-resistance of PDAC cells to VSV and Sen-
dai virus (a paramyxovirus). We also show that
the increased resistance of these cell lines to
both gemcitabine and tested viruses correlated
with upregulated levels of a subset of ISGs,
resembling the interferon-related DNA damage
resistance signature (IRDS), often associated
with resistance of cancer cells to chemotherapy
and/or radiation therapy.25–28 Analysis of 10
different PDAC cell lines showed that, although
no statistically significant correlation between
chemoresistance and resistance to VSV was
observed in all 10 tested PDAC cell lines, 4
PDAC cell lines most resistant to VSV were
also highly resistant to gemcitabine. Moreover,
the same 4 cell lines all displayed IRDS-like
expression in our previous reports.18,19,23,29 To
the best of our knowledge, this is the first study
to examine how experimentally acquired chemoresistance impacts
the effectiveness of OV therapy.

RESULTS
Experimental generation of gemcitabine-resistant human PDAC

cells

The human PDAC cell line SUIT-230 was used for the experimental
generation of gemcitabine-resistant cells (Figure 1A). This cell line
has been extensively studied in our laboratory, and SUIT-2 cells
display an intermediate level of permissiveness to VSV compared
with other tested PDAC cell lines.17,18,20 Parental SUIT-2 cells were



Figure 2. Viral replication kinetics

(A) C and GR cell lines were either mock treated or in-

fected with VSV-DM51 at MOIs of 1.0, 0.1, or 0.01. GFP

fluorescence was measured over time from 1 to 72 h p.i.

Control and GR cell lines 1–3 are combined for each MOI.

(B) Cell viability of C and GR cells 70 h after infection at

different MOIs. Control and GR cell lines were either mock

treated or infected with VSV-DM51 at MOIs of 1.0, 0.1, or

0.01. Cell viability was measure 70 h p.i. using a WST-8

cell viability assay. The figure represents data from three

independent experiments. (C and D) Percent of infected C

and GR cells to determine differences in ability of VSV to

spread. Control and GR cells were infected with VSV-

DM51 at MOIs of 1.0, 0.1, and 0.01. Samples were

collected at 13 and 24 h p.i. Samples were trypsinized

and the percent of GFP-positive cells was determined by

using a Nexcelom Cellometer Vision fluorescent cell

counting system. (E and F) Virus particle production: one

step and multi-step virus kinetics in C and GR cells.

Control and GR cells were infected with VSV-DM51 at an

MOI of 0.01 (E) or MOI 10 (F). Wells were washed after

initial 1-h infection and fresh media was added to all wells.

Supernatant was collected at 1, 12, 24, 48, 72, and 96 h

p.i. Virus titers were determined for each time point using

standard plaque assay on BHK-21 cells. The data points

and error bars shown represent the means and SEM of

the means, respectively (some error bars are too small to

be seen in the figures). Results were analyzed to deter-

mine significance using a Student’s t test or one-way

analysis of variance with a Sidak’s multiple comparison

test at a 95% confidence interval for comparison between

each condition. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001. Control and GR cell lines 1–3 are combined for

each MOI.
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split into 6 individual flasks and passaged twenty times in parallel
without gemcitabine treatment to generate three control (“C”) cell
lines, and in the presence of gemcitabine to generate three gemcita-
bine-resistant (“GR”) cell lines (Figure 1A). Cells were allowed to
reach approximately 100% confluence before being passaged again,
and with each passage, the gemcitabine concentration was gradually
increased, as conducted in previous studies.31,32 The C cells were
passaged in parallel, but without gemcitabine.

To compare the responsiveness to gemcitabine for SUIT-2 cells
passaged 20 times in the presence or absence of the drug, the C cell
lines (C1, C2, and C3) and the GR cell lines (GR1, GR2, and GR3)
were treated with serial dilutions of gemcitabine for 48 h or 72 h, fol-
lowed by a cell viability assay (Figure 1B). As expected, GR cells
Molecula
became more resistant to gemcitabine
compared with C cells (Figure 1B), although
the observed resistance of cells lines to gemcita-
bine was modest, with IC25 of 73 nM for GR
cells compared with 31 nM for C cells, and
IC50 of 530 nM for GR cells compared with
53 nM for C cells (Figure 1C). Together, our
data show that the long-term exposure of
SUIT-2 cells to increased concentrations of gemcitabine resulted in
the increased resistance of all three SUIT-2-originated GR cell lines
to the drug.

GR PDAC cells developed increased resistance to VSV-DM51

infection

To compare C and GR cells in their responsiveness to VSV, we
compared the ability of the oncolytic VSV recombinant VSV-
DM51 to replicate in C and GR cells (Figure 2). VSV-DM51 has a
deletion of the methionine residue at position 51 (DM51) in the
VSV-encoded matrix (M) protein. This mutation prevents VSV-M
from binding to the Rae1-Nup98 mRNA export complex required
for cellular mRNA transport and subsequent translation. Therefore,
VSV-DM51 is not able to inhibit antiviral responses in initially
r Therapy: Oncolytics Vol. 24 March 2022 61

http://www.moleculartherapy.org


Molecular Therapy: Oncolytics
infected cells (normal or cancer) by disrupting transport and transla-
tion of cellular mRNAs for antiviral genes, which limits its replication
in the neighboring normal cells but not in cancer cells as they are typi-
cally defective in antiviral responses.33–35 In addition, the particular
recombinant virus VSV-DM51 used in this study contains the green
fluorescent protein (GFP) reporter gene inserted at position 5 of the
viral genome between the VSV G and L genes, which allows for moni-
toring of virus replication and spread based on VSV replication-
driven GFP expression.36 GFP expression has been shown to correlate
well with virus replication in VSV-DM51-infected cells.36 The C and
GR cells were mock infected or infected with VSV-DM51 at a multi-
plicity of infection (MOI) of 1, 0.1, or 0.01 (herein and after the MOI
was calculated based on viral titer on BHK-21, a reference cell line
highly permissive to VSV), and GFP expression was examined over
time bymeasuring GFP fluorescence. As shown in Figure 2A, GR cells
showed markedly lower levels of VSV-driven GFP expression
compared with C cells at each tested MOI. To examine whether the
different levels of GFP expression correlated with cell viability, the
C and GR cell lines were infected with VSV-DM51 for 70 h, followed
by a cell viability assay. We found that the decrease in VSV replica-
tion-dependent GFP expression in GR cells correlated with higher
cell viability of GR cells, compared with C cells (Figure 2B).

While Figure 2A demonstrates higher overall GFP levels in VSV-in-
fected C cells compared with GR cells, we also wanted to compare the
percent of GFP-positive cells over time in C and GR cell lines infected
with the same amounts of VSV. Cells were infected with VSV-DM51
at different MOIs, and the percent of GFP-positive cells was measured
at 13 h post-infection (p.i.) (Figure 2C) and 24 h p.i. (Figure 2D) using
a fluorescent cell counter. We found that at 13 h p.i., there were fewer
GR cells infected at an MOI 1, and at 24 h p.i., there were markedly
fewer GR cells infected at each MOI, compared with C cells.

To compare virus yield in C and GR cell lines, de novo VSV virion
production was measured in C and GR cells after a lowMOI infection
condition (for multi-step virus growth kinetics) and a high MOI
infection condition (for single-step virus growth kinetics). We found
that at 24 h p.i. for both multi-step (Figure 2E) and single-step
kinetics (Figure 2F), GR cell lines produced significantly fewer virus
particles compared with C cell lines. Interestingly, VSV virion pro-
duction did not differ between C and GR cells at 12 h p.i., suggesting
that virus replication and spread were restricted at later stages. There
were low or non-detectable levels of virus particles after 48 h p.i.,
likely due to cell death and expired virus particles, which were detect-
able at earlier times.

To compare the abilities of VSV-DM51 to initiate infections and
spread to neighboring cells in C and GR cell lines, we infected cells
with the same serial dilutions of VSV-DM51, overlaid them with
agar, and then microscopically analyzed cell monolayers at 48 or
72 h p.i. to count focus-forming units (FFUs) and compare sizes of
virus-induced fluorescent foci. In addition, we performed a standard
plaque assay to count and compare the sizes of virus-induced plaques.
In agreement with higher replication levels of VSV-DM51 in C cells
62 Molecular Therapy: Oncolytics Vol. 24 March 2022
(Figure 2), we observed markedly larger plaques (Figure 3A) and fluo-
rescent foci (Figure 3B) in C cells, compared with GR cells. However,
there was no statistically significant difference in the numbers of FFU/
mL (Figure 3C) or plaque-forming units per milliliter (PFU/mL) (Fig-
ure 3A and data not shown) between C and GR cells. Our data are also
in agreement with our analysis of virus yield in C and GR cells at early
and later time points (Figures 2E and 2F), suggesting that VSV-DM51
has similar abilities to initiate infection in C and GR cells, but that vi-
rus replication and spread was restricted at later stages in GR cells.

To examine how stable the observed difference is in the permissive-
ness to VSV-DM51 between GR and C cell lines, C and GR cell lines
were passaged 20 additional times in the absence of gemcitabine to
generate passage 40 (“P.40”) C cell lines (C1, C2, and C3) and P.40
GR cell lines (GR1, GR 2, and GR 3), and then cells were either
mock treated or infected with VSV-DM51 at different MOIs, and
GFP fluorescence was measured over time from 1 h p.i. to 72 h p.i.
(Figure 4A). In addition, P.40 C and P.40 GR cells were examined
for cell viability at 70 h p.i. (Figure 4B). Our data demonstrate that
that GR cell lines stably maintain higher resistance to VSV compared
with C cells (Figures 4A and 4B). To examine if the increased resis-
tance of GR cells is specific to VSV-DM51 only, we infected C and
GR cell lines with either VSV-DM51 or VSV-M(wt) (VSV containing
a wild-type matrix (M) protein and GFP reporter gene) or a recom-
binant Sendai virus (SeV, a paramyxovirus) SeV-Fmut at different
MOIs, and we measured virus replication-driven GFP fluorescence
over time. Similar to VSV-DM51, VSV-M(wt) and SeV-Fmut repli-
cated at lower levels in GR cells compared with C cells at most tested
MOIs (Figure 4C).

GR cell lines exhibit increased STAT1/STAT2 antiviral signaling

compared with C cell lines

Our previous studies demonstrated themajor role of constitutive and/
or virus-induced type I IFN antiviral responses in resistance of some
PDAC cell lines to VSV and other tested OVs.17,19,23 The observed
resistance of GR cells to both VSV and SeV could suggest the same
mechanism in GR cells. In the canonical type I IFN-induced signaling
pathway,37 the interaction of type I IFNs (IFN-a or IFN-b) with IFN-
a receptor (IFNAR) activates the IFNAR-associated protein tyrosine
kinases Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2), which
phosphorylate the cytoplasmic transcription factors signal transducer
and activator of transcription 1 (STAT1) and 2 (STAT2). Phosphor-
ylated STAT1-STAT2 heterodimer then dissociates from the recep-
tors and recruits IFN-regulatory factor 9 (IRF9) in the cytoplasm to
form a trimolecular complex called IFN-stimulated gene factor 3
(ISGF3). ISGF3 then translocates to the nucleus, where it binds to
DNA sequences with so-called IFN-stimulated response elements,
directly activating the transcription of a large number of antiviral
ISGs.

To examine the role of type I IFN responses in resistance of GR cells
to viruses, we infected C and GR cells with VSV-DM51 at different
MOIs, where total protein was isolated at 24 (Figure 5A) and 48 h
p.i. (Figure 5B), and analyzed by western blotting for major



Figure 3. Relative infectivity and infection foci of

VSV in C and GR cells

(A) C and GR cells were either mock treated or infected

with serial dilutions of VSV-DM51 from 5.56 � 10�6 to

2.17 � 10�8. Cells were fixed and stained at 48 and 72 h

p.i. (B) Comparing VSV-mediated fluorescent foci in C

and GR cells at 24 and 48 h p.i. Two representative foci

are shown for each cell line and time point. (C) Comparing

VSV titers on C and GR cells. The data points and error

bars shown represent the means and SEM of the means,

respectively. Results were analyzed to determine signifi-

cance using the Student’s t test. C and GR cell lines 1–3

are combined. ns, not significant.
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modulators of type I IFN signaling: total STAT1, phosphorylated
STAT1 (p-STAT1-Ser727), total STAT2, and phosphorylated
STAT2 (p-STAT2-Tyr689). VSV protein accumulation was also
analyzed. In agreement with our hypothesis, at both 24 and 48 h
p.i., and at all tested MOIs, protein accumulation of total STAT1,
p-STAT1, total STAT2, and p-STAT2 was greater in GR cells
compared with C cells, which also negatively correlated with overall
Molecula
VSV protein accumulation. In mock-treated
cells, we were unable to detect clear differences
in STAT1, p-STAT1, STAT2, or p-STAT2 pro-
tein expression, in part due to the low levels of
some of these proteins in uninfected cells.

To further study the role of antiviral signaling
in the resistance of GR cells to VSV, we exam-
ined the effect of ruxolitinib on VSV-DM51
replication in GR cells (Figure 5C) and C cells
(Figure 5D). Ruxolitinib (“Ruxo” in Figures 5C
and 5D) is an FDA-approved drug (brand
names Jakafi and Jakavi) and a selective
JAK1/JAK2 kinase inhibitor that shuts down
the JAK/STAT signaling axis. We hypothe-
sized that if GR cells are more resistant to
VSV due to increased antiviral signaling, then
the treatment with ruxolitinib would enhance
VSV replication in GR cells compared with C
cells. C and GR cells were infected with VSV-
DM51 at an MOI of 0.01, then either mock
treated or treated with 10 mM or 0.02 mM rux-
olitinib, and VSV replication-directed GFP
expression was measured until 80 h p.i. In
agreement with our hypothesis, our data
showed that at both higher and lower concen-
trations, ruxolitinib increased VSV-DM51
replication in GR cells, but not in C cells (Fig-
ures 5C and 5D).

To further investigate the role of antiviral
signaling in the resistance of GR cells to virus
infection, we conducted a global transcriptome
analysis comparing mRNA levels in uninfected C and GR cells. Our
goal was to identify genes and pathways that could potentially play a
role in increased resistance of GR cells to VSV. Total RNA was iso-
lated from untreated C and GR cells, analyzed by RNA sequencing
(RNA-seq) to get a global, transcript-level snapshot of gene expres-
sion, and a gene ontology (GO) analysis was performed to identify
significantly enriched biological processes in GR cells compared
r Therapy: Oncolytics Vol. 24 March 2022 63
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Figure 4. Replication kinetics of different viruses in C and GR cells

(A and B) GR cells maintain VSV-resistant phenotype after at least 20 additional passages in the absence of gemcitabine. (A) C and GR cell lines were passaged 20 additional

times in the absence of gemcitabine to generate passage 40 (P.40) C and P.40 GR cell lines, and then viral replication kinetics based on VSV-driven GFP expression levels

was examined. Cells were either mock treated or infected with VSV-DM51 at MOIs of 1.0, 0.1, or 0.01. GFP fluorescence was measured over time from 1 to 72 h p.i. Control

and GR cell lines 1–3 are combined for each MOI. (B) Cell viability of P.40 C and P.40 GR cells 70 h after infection at different MOIs. P.40 C and P.40 GR cell lines were either

mock treated or infected with VSV-DM51 at MOIs of 1.0, 0.1, or 0.01. Cell viability was measured 70 h p.i. using a WST-8 cell viability assay. The figure represents data from

(legend continued on next page)
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Figure 5. VSV and antiviral protein expression

(A and B) C and GR cells were either mock treated or

infected with VSV-DM51 at MOIs of 1.0, 0.1, and 0.01.

Protein sample were analyzed at 24 h p.i. (A) and 48 h p.i.

(B) by western blotting for expression of phospho-STAT1

(p-STAT1), phospho-STAT2 (p-STAT2), STAT1, STAT2,

and VSV proteins (G, N/P, and M). Cell line and treatment

conditions are indicated above blots. Equal protein

loading is indicated by Coomassie blue. (C and D) The

effect of ruxolitinib on VSV-DM51 replication kinetics

based on GFP fluorescence. C and GR cells were either

mock treated, treated only with ruxolitinib, treated only

with VSV-DM51, or treated with both VSV-DM51 and

ruxolitinib. Cells were infected at MOI of 0.01. Ruxolitinib

was added to cells after 1 h VSV incubation period. GFP

fluorescence was measured from 1 to 80 h p.i. The data

points and error bars shown represent the means and

SEM of the means, respectively. Control and GR cell lines

1–3 are combined for each treatment.
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with C cells (Figure 6A). Importantly, among the top 40 biological
processes positively or negatively modified in GR cells, there were
6 processes associated with antiviral signaling, and they were all
significantly upregulated in GR cells compared with C cells (Fig-
ure 6A, red text boxes). These data agree with the reduced levels
of VSV-DM51 replication in GR cells compared with C cells (Fig-
ures 2 and 4) and with the increased expression of major antiviral
signaling proteins (Figure 5). To further investigate the specific
three independent experiments. (C) Replication kinetics of different OVs in C andGR cells. C andGR cells were eith

(B), or SeV (C) at MOIs of 1.0, 0.1, and 0.01. GFP fluorescence was measured over times ranging from 1 to 165

means and SEM of the means, respectively (some error bars are too small to be seen in the figures). C and GR

analyzed to determine significance using the Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

Molecula
genes associated with cellular antiviral re-
sponses, we utilized the QIAGEN Ingenuity
Pathway Analysis (IPA) software. Figure 6B
shows some of the most enriched genes that
are associated with the IPA-defined processes
“Antiviral response” and “Replication of viral
replicon” between uninfected C and GR cells.
The list of the most significantly upregulated
genes (indicated by red shapes) includes such
well-known antiviral ISGs as MX1, MX2,
IRF3, IFITM1, ISG15, RSAD2 (viperin),
DHX58 (LGP2), IFIT1, IFITM3, IFI16, IFI44,
and APOBEC3B. These data demonstrate
that even in the absence of virus infection,
GR cells have upregulated levels of antiviral
ISGs compared with C cells. Table 1 (“Anti-
viral” group) shows a more comprehensive
list of differentially expressed antiviral genes
in GR cells compared with C cells. This anal-
ysis revealed a significant upregulation of
well-known ISGs in GR cells in the absence
of virus infection, such as IFITM2, where a log2 fold change of
1.88 corresponds to a 188% upregulation in GR cells compared
with C cells. The canonical IFN-induced ISG expression depends
on interaction of IFNs with IFN receptors. Interestingly, however,
our RNA-seq data reveal that despite the upregulation of ISGs in
GR cells compared with C cells, we did not observe any upregulation
for type I IFN-a, type I IFN-b (Figure 6C), type II IFN-g (Figure 6C),
or type III IFN-l (data not shown).
er mock treated or infected with VSV-DM51 (A), VSV-M(wt)

h p.i. The data points and error bars shown represent the

cell lines 1–3 are combined for each MOI. Results were

. ns, not significant.
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Table 2 shows genes in the gene families “cytidine deaminase,”
“nucleotide transporters,” and deoxycytidine kinase,” as genes in
these groups are known to have roles in resistance to gemcitabine.24

Complete lists of differentially expressed genes identified in this study
are presented in Table S1.

Our RNA-seq data revealed a subset of ISGs that were significantly up-
regulated in GR cells compared with C cells at the mRNA level. To
examine the protein levels of some of these ISGs at different times after
infection, C and GR cells were infected with VSV-DM51 at MOI 0.01,
total protein was collected at 1, 12, 24, and 32 h. p.i., and analysis was
performed by western blotting (Figure 7A). Most antiviral proteins
were expressed greater at later times post-infection, and in most cases,
greater levels were observed in GR cell lines compared with C cell lines,
which is consistent with our earlier experiments (Figure 5). This list in-
cludes total STAT1, p-STAT1, total STAT2, p-STAT2, MX1, MX2,
IFI16, ISG15, STING, and some other ISGs. Together, our data show
that GR cells have upregulated constitutive (Figure 6) and virus-induc-
ible (Figures 5 and 7) expression of antiviral ISGs, which correlates well
with the resistance of GR cells to VSV.

It is still unclear if the upregulation of these well-known antiviral ISGs
plays any role in the resistance of GR cells to gemcitabine. Previous
studies have shown that resistance of some cancers to chemotherapy
and/or radiation therapy could be associated with so-called IRDS.25–28

Although the exact mechanism of increased resistance of GR cell lines
to gemcitabine is beyond the scope of this study, and the exact role of
IRDS in resistance of some cancers to chemotherapy and/or radiation
therapy is still unclear, we examined whether the ISGs overexpressed
in response to VSV are also upregulated in GR cells after treatment
with gemcitabine. Cells were either mock treated, infected with VSV-
DM51 at MOI 0.01, or treated with gemcitabine at a concentration of
either 5 mMor 0.1 mM. Total protein was then isolated after 32 h. As ex-
pected, STAT1,MX1,MX2, IFI16, and ISG15 were induced in all VSV-
infected cell lines, and each gene upregulated greater in VSV-infected
GR cells, comparedwithVSV-infectedC cells (Figure 7B). Interestingly,
the same genes were also upregulated (although to a lower level,
compared with VSV-infected cells) after gemcitabine treatment, and
primarily in GR cells. Our future studies will examine whether these
and/or other ISGs may play a causative role in the cross-resistance of
GR cells to both gemcitabine and VSV.

Analysis of cross-resistance of different human PDAC cell lines

to gemcitabine and VSV

Our data show that when we experimentally generate human PDAC
cells to be more resistant to gemcitabine, the cells also become more
resistant to VSV, likely via upregulation of ISG expression (constitu-
Figure 6. Total RNA was isolated from C and GR cells in triplicate and analyze

Significant differentially expressed genes were clustered by their gene ontology, and th

v1.1-p2). (A) Gene ontology terms that are significantly enriched with an adjusted p value

cells in the absence of virus infection. Processes relating to antiviral signaling are boxed

cells compared with control cells in the absence of virus infection. (C) IPA conical IFNa/

(darker red indicates greater enrichment).
tive as well as virus-inducible). Our laboratory has previously pub-
lished work demonstrating that human PDACs are heterogeneous
in their resistance to VSV. To examine whether a correlation exists
between gemcitabine resistance and resistance to VSV across 10 hu-
man PDAC cell lines (Table 3; Figure 8), C and GR cells were either
infected with serial dilutions of VSV-DM51 or treated with serial di-
lutions of gemcitabine for 48 h. In one approach, we examined the
correlation between permissiveness of PDAC cells to VSV and the ef-
fect of gemcitabine on PDAC cell viability (Figure 8A). VSV FFU
were counted to obtain TCID50 (tissue culture infectious dose),
which indicates the amount of virus required to infect 50% of cultured
cells, and cell viability was determined for gemcitabine treated cells to
obtain gemcitabine IC50 (Figure 8A). In another approach, we exam-
ined the correlation between the effect of VSV on PDAC cell viability
and the effect of gemcitabine on PDAC cell viability (Figure 8B shows
resistance to VSV indicated as IC50, which was obtained by
measuring cell viability after 48 h instead of FFU). The analyses of
these 10 different human PDAC cell lines show no statistically signif-
icant correlation between resistances to gemcitabine and VSV. More-
over, the AsPC-1 cell line was highly permissive to VSV, but it was,
together with HPAF-II, the most resistant to gemcitabine among all
tested PDAC cell lines. Interestingly, 4 PDAC cell lines most resistant
to VSV (Hs766t, HPAF-II, CFPAC-1, and HPAC) were also among 5
PDAC cell lines (along with the aforementioned AsPC-1) most resis-
tant to gemcitabine. Importantly, the same 4 PDAC cell lines (Hs766t,
HPAF-II, CFPAC-1, and HPAC) displayed IRDS-like constitutive
expression of ISGs in our previous reports.18,19,23,29

DISCUSSION
As VSV-based OV therapy becomes a more widely tested treatment
modality in clinical trials (Clincaltrials.gov trials NCT03120624,
NCT02923466, NCT03647163, and NCT03017820), it is important
to understand how the efficacy of such therapy is impacted by the che-
moresistant status of cancer cells. To the best of our knowledge, this is
the first study to examine how experimentally acquired chemoresist-
ance impacts the effectiveness of OV therapy. We demonstrate that
long-term exposure of PDAC cells to gemcitabine results in the devel-
opment of cross-resistance of PDAC cells to gemcitabine and VSV.
Importantly, we generated and studied 6 independent PDAC cell lines
(3 GR and 3 C), and we show that each of the 3 GR cell lines developed
a similar cross-resistance phenotype to gemcitabine and VSV.

The increase in resistance to VSV correlated with upregulated levels
of a subset of antiviral ISGs in each of the GR cell lines. There are
several indications that the upregulation of these genes is a causative
factor for resistance to VSV. First of all, the list of the upregulated
ISGs includes many well-known antiviral genes, including MX1,
d by RNA-seq

e enrichment of gene ontology terms was tested using Fisher exact test (GeneSCF

less than 0.05 in the differentially expressed gene sets in GR cells compared with C

in red. (B) Ingenuity Pathway Analysis (IPA) illustrating gene products enriched in GR

b and IFNg pathways and gene products involved. Enriched genes are colored red
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Table 1. Differentially expressed antiviral genes in GR cells compared with

C cells

Gene id
Gene
name

GR1 vs. C1
(log2 fold
change)

GR2 vs. C1
(log2 fold
change)

GR3 vs. C1
(log2 fold
change)

ENSG00000130303 BST2 0.99* 0.79* 0.54*

ENSG00000163739 CXCL1 1.41* 1.44* 1.27

ENSG00000161921 CXCL16 0.73* 0.78* 0.87*

ENSG00000107485 GATA3 0.89* 0.71* 0.49*

ENSG00000204257
HLA-
DMA

1.03* 0.94* 0.76*

ENSG00000242574 HLA-DMB 1.75* 1.89* 1.57*

ENSG00000179344
HLA-
DQB1

1.27* 0.78* 0.88*

ENSG00000196126
HLA-
DRB1

0.82* 0.76* 0.76*

ENSG00000204632 HLA-G 0.63 0.27 0.28

ENSG00000230795 HLA-K 0.76* 0.68* 0.57

ENSG00000132196 HSD17B7 0.46* 0.58* 0.39

ENSG00000163565 IFI16 1.35* 1.25* 1.14*

ENSG00000119632 IFI27L2 0.74* 0.61* 0.11

ENSG00000068079 IFI35 0.47* 0.21 �0.03

ENSG00000137965 IFI44 0.51* 0.47* 0.22

ENSG00000185745 IFIT1 0.57* 0.59* 0.48*

ENSG00000119917 IFIT3 0.35* 0.28 0.07

ENSG00000185885 IFITM1 1.39* 1.61* 1.11*

ENSG00000185201 IFITM2 1.88* 1.72* 1.55*

ENSG00000142089 IFITM3 0.82* 0.65* 0.41*

ENSG00000126456 IRF3 0.67* 0.58* 0.38*

ENSG00000117595 IRF6 0.56* 0.48* 0.39*

ENSG00000187608 ISG15 1.12* 0.87* 0.61*

ENSG00000078081 LAMP3 0.84* 0.97* 0.78*

ENSG00000168961 LGALS9 1.58* 1.39* 0.81*

ENSG00000167656 LY6D 0.86* 0.63* 0.39

ENSG00000160932 LY6E 0.93* 0.81* 0.53*

ENSG00000157601 MX1 0.80* 0.62* 0.12

ENSG00000183486 MX2 1.38* 1.62* 1.51*

ENSG00000183486 MX2 1.38* 1.62* 1.51*

ENSG00000135114 OASL 0.48* 0.4 0.08

ENSG00000178685 PARP10 0.77* 0.61* 0.44*

ENSG00000134321 RSAD2 1.24* 1.04 0.77

ENSG00000196154 S100A4 1.00* 0.84* 0.64*

ENSG00000197249 SERPINA1 2.42* 2.06* 2.15*

ENSG00000188488 SERPINA5 0.65* 0.58* 0.60*

ENSG00000170099 SERPINA6 2.57* 2.54* 2.35*

ENSG00000167711 SERPINF2 1.15* 0.94* 0.84*

ENSG00000115415 STAT1 0.08 0.22 0.29

ENSG00000126561 STAT5A 0.86* 0.62* 0.43

(Continued)

Table 1. Continued

Gene id
Gene
name

GR1 vs. C1
(log2 fold
change)

GR2 vs. C1
(log2 fold
change)

GR3 vs. C1
(log2 fold
change)

ENSG00000166888 STAT6 0.64* 0.65* 0.68*

ENSG00000204610 TRIM15 0.68* 0.79* 0.56*

ENSG00000112343 TRIM38 0.51* 0.47* 0.44*

ENSG00000132481 TRIM47 0.44* 0.41* 0.23

ENSG00000169871 TRIM56 0.38* 0.30* 0.18

ENSG00000141569 TRIM65 0.38* 0.34* 0.32*

ENSG00000146054 TRIM7 0.38* 0.40* 0.28

ENSG00000027697 IFNGR1 �0.01 0.06 0.1

ENSG00000142166 IFNAR1 0.01 0.07 0.11

ENSG00000159110 IFNAR2 0.2 0.36* 0.3

ENSG00000159128 IFNGR2 0.32* 0.37* 0.21

ENSG00000182393 IFNL1 ND ND ND

ENSG00000183709 IFNL2 ND ND ND

ENSG00000184995 IFNE �0.54 �0.27 �0.92

ENSG00000185436 IFNLR1 0.08 0.11 0.17

ENSG00000197110 IFNL3 ND ND ND

ENSG00000238271 IFNWP19 �0.89 �0.67 �0.13

Gene log2 fold change values compared with C cells. Values denoted with an asterisk
indicate a p value of less than 0.05.
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MX2, IRF3, IFITM1, ISG15, RSAD2 (viperin), DHX58 (LGP2),
IFIT1, IFITM3, IFI16, IFI44, and APOBEC3B. Secondly, GR cells
not only became more resistant to VSV but also to another NNS
RNA virus, SeV, suggesting a more general virus restriction mecha-
nism. Thirdly, treatment of C and GR cells with a JAK1/JAK2 inhib-
itor ruxolitinib stimulated virus replication in GR cells but not C cells,
suggesting a greater role of antiviral signaling in GR cells. These re-
sults are supported by our previous study demonstrating specific
downregulation of hundreds of ISGs by ruxolitinib in PDAC cells
resistant to VSV.19

The role of type I IFN signaling in cancer is multifaceted and has been
comprehensively reviewed elsewhere.38–41 The efficacy of many
different therapeutic strategies against cancer, such as chemotherapy,
radiotherapy, immunotherapies, and OV therapy, often depend on
intact or at least partially active type I IFN signaling in cancer cells,
for both direct (tumor cell inhibition) and indirect (antitumor im-
mune response) effects.41 However, despite the fact that type I IFN re-
sponses are generally considered antiproliferative, antiangiogenic,
and proapoptotic, it has been observed that chronic inflammation
and prolonged type I IFN stimulation may lead to chemoresistance,
as detailed in the case of chronic viral infection.42

It is important to note that continued exposure to gemcitabine may
result in numerous consequences (including upregulation of ISGs),
some not directly affecting resistance to virus or even to gemcitabine.
However, multiple previous studies have demonstrated the association



Table 2. Expression of other genes with known roles in resistance to gemcitabine in GR cells compared with C cells

Group Gene id Gene name
GR1 vs. C1
(log2 fold change)

GR2 vs. C1
(log2 fold change)

GR3 vs. C1
(log2 fold change)

Cytidine deaminases

ENSG00000179750 APOBEC3B 0.66* 0.59* 0.68*

ENSG00000128394 APOBEC3F �0.09 0.01 �0.18

ENSG00000243811 APOBEC3D 0.73* 0.68* 0.56*

ENSG00000244509 APOBEC3C 0.42* 0.45* 0.27

ENSG00000158825 CDA 0.05 �0.06 �0.16

ENSG00000102543 CDADC1 �0.05 �0.22 �0.01

Nucleoside transporters

ENSG00000076685 NT5C2 �0.38 �0.16 0.09

ENSG00000111696 NT5DC3 �0.39* �0.34 �0.15

ENSG00000122643 NT5C3A 0.13 0.13 0.16

ENSG00000125458 NT5C 0.74* 0.45 0.27

ENSG00000135318 NT5E �0.58* �0.45* �0.38*

ENSG00000141698 NT5C3B 0.54* 0.38* 0.25

ENSG00000168268 NT5DC2 0.32* 0.23 0.15

ENSG00000178425 NT5DC1 �0.01 0.09 0.07

ENSG00000205309 NT5M 0.57 �0.13 �0.27

Deoxycytidine kinase ENSG00000156136 DCK �1.01* �0.91* �0.66*

Thymidylate synthase ENSG00000176890 TYMS �0.19 �0.11 �0.13

Gene log2 fold change values compared with C cells. Values denoted with an asterisk indicate a p value of less than 0.05.
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(including causative correlation) between upregulation of some ISGs
and resistance of cancers cells to chemotherapy and/or radiotherapy.
An IRDS was initially described by Weichselbaum et al. across 34
different cancer cell lines, in which a subset of 36 ISGs were signifi-
cantly upregulated and conferred resistance to both chemotherapy
and radiotherapy.25 A similar expression signature consisting of 8
IRDS genes—STAT1, IFI44, IFIT3, OAS1, IFIT1, ISG15, MX1, and
USP18—was also shown to predict poor prognoses in glioblastoma pa-
tients post-radiotherapy.43 Other studies have demonstrated that the
upregulation of STAT1 and other ISGs included in the IRDS signature
are also upregulated in doxorubicin-resistant cells.44 Multiple studies
implicate IRDS in the resistance to chemotherapy by the acquisition
of stemness features, which is understood to contribute to therapy
resistance.45–47 Interestingly, we show that many of the previously re-
ported IRDS genes are also upregulated here in GR cells. One of the
ISGs identified in our study, IFITM1, has been shown previously to
be not only involved in cellular defense against West Nile virus and
Dengue virus,48 but is also involved in colorectal cancer progression49

and radioprotection.50

Although the previous data support the notion that the IRDS is an
inherent mechanism of resistance to chemotherapy and/or radio-
therapy across a multitude of human cancers, it is still unclear how
IRDS protects against radiotherapy and/or chemotherapy. Under
normal circumstances, the type I IFN pathway sends a cytotoxic
signal either in response to virus infection, DNA damage, or to
IFNs. However, it has been speculated that the IRDS-positive cells
demonstrate constitutive activation of the type I IFN pathway, which
may reflect a history of chronic stimulation. This chronically stimu-
lated state may select for the failure to transmit a cytotoxic signal
and instead results in pro-survival signals mediated by STAT1 and
other IRDS genes.25

Our results clearly demonstrate an upregulation of antiviral ISGs in
GR cells, and these results are consistent with the IRDS signature.
However, the underlying mechanisms of this IRDS signature develop-
ment in GR cells remain unclear. Here, we describe multiple possibil-
ities that could have led to the observed IRDS signature in our GR
cells.

The role of the STING pathway in promoting IFN-mediated resis-
tance to chemotherapy has been previously demonstrated for breast
cancer regrowth after chemotherapy and activation of the STING
pathway in response to the chemotherapy.51 Interestingly, many of
the upregulated genes identified in that response to chemotherapy
overlapped with IRDS. Moreover, STING silencing after chemo-
therapy re-sensitized the cancer cells to chemotherapy.51 Therefore,
the STING/IFN/STAT1 pathway may act as a cellular mechanism
for cancer cell chemoresistance and survival after chemotherapy
treatment. Our data are consistent with this hypothesis, as we
observed increased STING expression in GR cells as early as 1 h p.i.
and up to 32 h p.i.

The role of type I IFN signaling in treatment resistance may be due at
least in part to the activation of signaling downstream of type I IFN,
driven by unphosphorylated STAT1 and unphosphorylated ISGF3
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Figure 7. Time course expression of antiviral proteins in C andGRcells after

VSV infection

(A) C and GR cells were infected with VSV-DM51 at MOI 0.01. Protein samples were

collected at 1, 12, 24, and 32 h p.i. and analyzed by western blotting. Cell lines and

time points are indicted above the blots. Equal protein loading is indicated by

Coomassie blue. (B) C and GR cells were either mock treated, infected with VSV-

DM51, or treated with 5 mM gemcitabine or 0.1 mM gemcitabine. Protein samples

were collected after 32 h and analyzed by western blotting for expression of ISGs.

Cell lines and time points are indicted above the blots. Equal protein loading is

indicated by Coomassie blue.
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activated upon continuing exposure, as genes upregulated by unphos-
phorylated STAT1 overlap with those in IRDS.52 Our study shows
greater unphosphorylated STAT1 expression after virus infection,
and also after gemcitabine treatment.

Intriguingly, although we found a group of upregulated ISGs in unin-
fected GR cells, we did not observe any significant upregulation of
type I, type II, or type III IFNs in these GR cells. This suggests that
70 Molecular Therapy: Oncolytics Vol. 24 March 2022
the upregulation of ISGs in GR cells may occur independently of
IFNs. One possible mechanism could be an IFN-independent, but
STAT-dependent ISG expression in GR cells. Although we show
greater STAT1 and STAT2 expression in GR cells after infection
and treatment with gemcitabine, we do not observe differences in
expression in the absence of infection or treatment, as well as at the
mRNA level. However, as shown in Table 1, we see significant upre-
gulation of STAT5A and STAT6 mRNA in GR cells in the absence of
infection or treatment. STAT5A is activated by various cytokines and
other factors including members of the IL-3 family (IL-3, IL-5, and
GM-CSF), the IL-2 family (IL-2, IL-7, TSLP, IL-9, IL-15, and IL-
21), growth hormone, Epo (erythropoietin), and Tpo (thrombopoie-
tin).53 Intriguingly, recent studies show that STAT5A is vital for the
development of various cancers and also plays a role in chemoresist-
ance in breast cancer.53,54 STAT6 has been shown to also play a sig-
nificant role in carcinogenesis and in the early development of colon
cancer.55,56 STAT6 function has also been related to cancer cell sur-
vival and drug resistance.57 Moreover, it has been previously shown
that STAT5A and STAT5B form a complex with CrkL, resulting in
translocation to the nucleus and subsequent ISG gene transcription.58

Another previous study showed a probable role for STAT6 and ISG
upregulation, as they reveal the formation of an ISGF3-like complex
involving STAT6.59 Our future studies will examine the roles of
STAT5A and STAT6 in the cross-resistance phenotype and upregu-
lation of ISGs in GR cells.

Another possible mechanism for the IFN-independent upregulation of
ISGs in GR cells could be via interferon regulatory factor 3 (IRF3), as it
was shown recently for upregulation of multiple ISGs, including IFIT1,
IFIT2, IFIT3, ISG15, CXCL10,MX1, andMX2 in the context of human
cytomegalovirus infection.60 Indeed, another study using a tetracy-
cline-induced expression system demonstrated an IFN-independent,
IRF3-dependent upregulation of ISGs IFIT2, IFIT3, ISG15, and
RSAD2 (viperin).61 The same study demonstrated that IFIT1 upregu-
lation can be induced directly by the expression of constitutively active
IRF3. IRF3 may contribute to the upregulation of ISGs in GR cells, as
our RNA-seq data reveals a significant upregulation of IRF3 in the
absence of gemcitabine treatment or virus infection. However, further
studies are needed to uncover the full role of IRF3.

Altogether, the cross-resistance phenotype to both chemotherapy and
VSV is likely multifactorial, with no single gene or protein respon-
sible, rather being the result of contributions from many of the afore-
mentioned proteins. To examine this further in the future, studies
need to be done by knocking out specific IRDS genes and potential
upstream mediators one by one, as well as in combination, to help
elucidate the importance of particular genes in this complex cross-
resistant phenotype and to identify promising targets for future ther-
apeutics. Similar studies were performed by Khodarev et al., where
they used shRNA to suppress STAT1, which re-sensitized ionizing ra-
diation (IR)-resistant squamous cell carcinoma cells to IR.62

Although our study mainly focused on the potential role of the
observed IRDS in GR cells, it should be noted that many additional



Table 3. Human PDAC cell lines used in this study

Cell line Origin
Chemo or radiation
therapy

HPAF-II (ATCC:
CRL-1997)

1982, metastasis (ascites),
male, 44 years

NA

AsPC-1 (ATCC:
CRL-1682)

1982, metastasis (ascites),
female, 62 years

chemo and
radiation

Capan-2 (ATCC:
HTB-80)

1986, primary, male, 56 years chemo

CFPAC-1 (ATCC:
CRL-1918)

1990, metastasis (liver),
male, 26 years

NA

MIA PaCa-2 1977, primary, male, 65 years NA

SUIT-2
1987, primary and metastasis
(lymph node), male, 73 years

NA

Capan-1 (ATCC:
HTB-79)

1974, metastasis (liver),
male, 40 years

chemo, 5-FU
(resistant)

HPAC (ATCC:
CRL-2119)

1985, primary, female, 64 years NA

T3M4
1978, metastasis (lymph node),
male, 64 years

NA

HS766t
1973, metastasis (lymph node),
male, 64 years

NA

The catalog number of cell lines sold by ATCC are indicated beside the cell line name.
Cell lines with “chemo" and/or “radiation” indicate treatments administered to the pa-
tient. The specific treatments are listed if information is available.
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PDAC mechanisms of resistance to gemcitabine have been
described.24 Among the proteins shown to be important in resistance
to gemcitabine are nucleotide transporters, deoxycytidine kinase,
cytidine deaminases, ribonucleotide reductase, and thymidylate syn-
thase. Each of these proteins act on some level to restrict gemcitabine
entry and/or metabolism in the cell. Our RNA-seq analysis (Table 2)
reveals that some of these genes are differentially expressed in GR
cells. It is possible that at least some of these genes are involved not
only in gemcitabine resistance but also in VSV resistance.

Our study here, using an experimental evolution approach, demon-
strated that the prolonged exposure to gemcitabine can lead to
cross-resistance of at least some PDACs to gemcitabine and oncolytic
virotherapy. It is unclear if this observation can be applied to all (or
most) other PDAC cell lines. To begin investigating this important
question, we examined the relationship between chemoresistance
and resistance to VSV-based OV therapy across a panel of 10 human
PDAC cell lines. Overall, we show that there is no statistically signif-
icant correlation between resistance to gemcitabine and resistance to
VSV, and PDAC cell line AsPC-1, while being one of the most GR
tested PDAC cell lines, was very permissive to VSV. On the other
hand, 4 PDAC cell lines most resistant to VSV (HPAF-II, Hs766t,
CFPAC-1, and HPAC) were also highly resistant to gemcitabine.
Intriguingly, our previous studies demonstrated that HPAF-II,
Hs766t, CFPAC-1, and HPAC were also the most resistant to VSV
and displayed strong IRDS phenotypes.18,19,23,29 The lack of direct
correlation between resistance to gemcitabine and VSV is not surpris-
ing, as the resistance of different PDACs to chemotherapy can occur
through alternative mechanisms (other than upregulation of ISGs
and/or IRDS) and due to the different treatment histories of the
patients from which the cells were initially cultured.

Overall, our study shows no simple correlation between resistance to
chemotherapy and resistance to VSV, indicating that at least in some
patients, GR tumors can be successfully treated with VSV-based ther-
apy. Also, even in those cases where chemoresistance enhances resis-
tance to VSV-based therapy, chemoresistance might not prevent
effective OV therapy, as our VSV treatments of GR cells were still
quite effective. Also, our study was mainly focused on VSV-based
OV therapy, and some tumors cross-resistant to gemcitabine and
VSV could be much more permissive to other OVs, especially those
that are not as sensitive to type I IFN responses as VSV-DM51. Lastly,
the GR cells generated in this study were done so using gemcitabine
only. It is important tomention that although gemcitabinemonother-
apy is used clinically, gemcitabine is also commonly used in combina-
tion with other chemotherapeutics such as 5-FU, nab-paclitaxel,
cisplatin, oxaliplatin, etc. Hence, further studies are needed to deter-
mine if resistance to these combinations also leads to increased resis-
tance to VSV infection. In conclusion, our study highlights a possible
interaction between two different therapies that should be considered
in the future for the development of more rational and individualized
treatment regimens, as well as for prescreening of patients.

MATERIALS AND METHODS
Virus and cell lines

The recombinant virus VSV-DM51 was previously described,36 in
which the methionine at amino acid position 51 of the matrix protein
is deleted and the GFP open reading frame (ORF) is inserted at posi-
tion 5 of the viral genome (between VSV G and L genes). VSV-M(wt)
is similar to VSV-DM51 (and contains the GFP ORF inserted at the
same position) but has wild type M.63 The recombinant Sendai virus
SeV-GFP (SeV-GFP-Fmut), as described previously,64 has the GFP
ORF at position 1 of the viral genome and a mutation in the cleavage
site of the fusion (F) protein, allowing F activation and production of
infectious particles in cells without acetylated trypsin added to the
medium. Baby hamster kidney fibroblast cells BHK-21 (ATCC
CCL-10) were used to grow virus and to determine titers. Viral titers
were determined by adding serial dilutions of a virus to BHK-21 cells
using an agar overlay followed by calculating either FFU/mL or PFU/
mL. To count PFUs, cells were fixed and stained with crystal violet. To
count FFUs, VSV-encoded GFP fluorescent foci were quantified using
fluorescent microscopy. The human PDAC cells used in this study
were SUIT-2,30 HPAF-II,65 AsPC-1,66 Capan-1,67 Capan-2,68

CFPAC-1,69 MIA PaCa-2,70 HPAC,71 T3M4,72 and HS766t.73 The
human origin of all tested PDAC cells lines was confirmed as previ-
ously described.19 SUIT-2, MIA PaCa-2, HS766t, HPAC, CFPAC-1,
and Capan-1 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM [Corning, 10-013-CV]). Capan-2, AsPC-1, and
T3M4 cells were maintained in Roswell Park Memorial Institute
(Corning, 10-040-CV) 1640 medium. HPAF-II and BHK-21 cells
were maintained in Minimum Essential Medium (Corning 10-010-
CV). All cell growth media were supplemented with 10% fetal bovine
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A

B

Figure 8. Human PDAC cell cross-resistance to gemcitabine and VSV-

DM51

(A and B) Cell lines were either infected with serial dilutions of VSV-DM51 from 0.01

to 0.00006 PFU/mL. GFP-based FFU were counted at 24 h p.i. to calculate TCID50

values. A cell viability assay was performed at 120 h p.i. to calculate IC50 values.

Separately, cell lines were treated with serial dilutions of gemcitabine at concen-

trations of 1,000–0.008 mM. At 120 h p.i., a cell viability assay was performed to

calculate IC50 values.
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serum (FBS [Gibco]), 4 mM L-glutamine, 900 U/mL penicillin,
900 mg/mL streptomycin, and 1% nonessential amino acids. HPAF-
II and BHK-21 cells were additionally supplemented with 17.5%
glucose. Cells were kept in a 5% CO2 atmosphere at 37�C. For all ex-
periments, cells were kept nomore than 15 passages (except for C and
GR cell lines, which were specially passaged as described below). All
described experiments were approved by the University of North
Carolina at Charlotte Institutional Biosafety Committee (IBC).

Generation of GR SUIT-2 cells

To select for GR SUIT-2 cells, 6 T75 cell culture flasks were indepen-
dently passaged in parallel for 20 passages. 3 flasks were cultured
without the presence of gemcitabine (Selleck, S1714), while 3 flasks
72 Molecular Therapy: Oncolytics Vol. 24 March 2022
were cultured with increasing concentrations of gemcitabine. The
concentration of gemcitabine ranged from 100 nm at passage 1 to
25.6 mM at passage 20. Each passage of SUIT-2 cells was grown to
100% confluence before the next passage. At each passage, 1/3 cells
were used for the next immediate passage, 1/3 cells were frozen for
protein/RNA, and 1/3 cells were frozen for future cell culture.

Virus replication kinetics

For all experiments, MOI was calculated by determining the titer of
viruses using standard plaque assays on BHK-21 cells in 24- or 12-
well plates. For virus replication kinetics experiments, cells were
seeded into 96-well plates. Virus dilutions were prepared in DMEM
with 0% FBS. Cells were washed once with PBS, followed by the addi-
tion of virus for 1 h at 37�C. Virus-containing medium was aspirated,
and fresh DMEMwith 5% FBS was added back to cells and then incu-
bated at 37�C in 5% CO2 for the duration of the experiment. Virus-
encoded GFP fluorescence was measured at different times over a
72-h time course using a fluorescence multiwall plate reader. GFP
fluorescence was read at 485/530 nm.

Cell viability assay

For cell viability assays in a 96-well plate layout, cells were infected at
either MOI 1, 0.1, or 0.01. Each cell line was also mock treated (nega-
tive control). At 70 h p.i., WST-8 (Dojindo, CK04) was added to each
well for 4 h at 37�C in 5% CO2, then read using a multi-well plate
reader at 450 nm. Results are expressed as fold change compared
with mock treatment.

RNA isolation, RNA-seq analysis, and gene expression analysis

Three biological repeats were used for each treatment condition for
RNA-seq. SUIT-2-C1, SUIT-2-GR1, SUIT-2-GR2, and SUIT-2-GR3
cell lines were seeded into 12-well plates (0.4 � 106 cells per well)
in DMEM containing 10% FBS. After 8 h, cellular RNA was isolated
with TRIzol (Life Technologies) according to the manufacturer’s pro-
tocol. The RNA samples were then subjected to DNAse treatment
(Invitrogen TURBO DNA-free) and sent to GeneWiz for RNA
sequencing. Sequence reads were trimmed to remove possible adapter
sequences and nucleotides with poor quality using Trimmomatic
v.0.36. The trimmed reads were mapped to the Homo sapiens
GRCh38 reference genome available on ENSEMBL using the STAR
aligner v.2.5.2b. The STAR aligner is a splice aligner that detects splice
junctions and incorporates them to help align the entire read se-
quences. BAM files were generated as a result of this step. Unique
gene hit counts were calculated by using feature Counts from the Sub-
read package v.1.5.2. The hit counts were summarized and reported
using the gene id feature in the annotation file. Only unique reads
that fell within exon regions were counted. Since a strand-specific li-
brary preparation was performed, the reads were strand-specifically
counted. After extraction of gene hit counts, the gene hit counts table
was used for downstream differential expression analysis. Using DE-
Seq2, a comparison of gene expression between the customer-defined
groups of samples was performed. TheWald test was used to generate
p values and log2 fold changes. Genes with an adjusted p value <0.05
and absolute log2 fold change >1 were called differentially expressed
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genes for each comparison. A GO analysis was performed on the
statistically significant set of genes by implementing the software
GeneSCF v.1.1-p2. The goa_human GO list was used to cluster the
set of genes based on their biological processes and determine their
statistical significance. A list of genes clustered based on their gene
ontologies was generated.

Plaque assay

12-well plates were seeded with SUIT-2 (GR1-GR3) and SUIT-2 (C1-
C3) for about 90% confluence. The first column was infected at an
MOI of 0.01, and then 2-fold serial dilutions were used to infect the
remaining columns (down to MOI 0.000019). Each cell line was
also mock treated (control). 1 h after infection, virus was aspirated
and wells were overlayed with 2% Bacto agar (Difco Lactobacilli
MRS Agar – 288210) with 5% FBS DMEM. After 72 h, formalin
was added to fix cells for 4 h. After fixation, agar was removed and
cells were stained with crystal violet stain solution (2% crystal violet
in methanol).

Nexcelom cell counting

Cells were seeded in 24-well plates for 95% confluence. Cells were in-
fected with VSV-DM51 at MOIs of 0.01 or 1 or mock infected for 13
and 24 h. After infection, cells were washed with PBS and trypsinized.
Cells were then put in cell counting chambers (Nexcelom Cellometer
SD100) and percent GFP-positive cells were counted using a fluores-
cent cell counter (Nexcelom Cellometer Vision). Calibration was
performed per the manufacturer’s protocol and the percent of GFP-
positive cells was determined.

Western blot analysis

Cells were seeded into 12-well plates at 95% confluence. Medium was
removed and cells were washed once with PBS. Virus was then added
at MOIs of 0.01, 0.1, or 1 in 0% FBS medium and incubated for 1 h at
37�C. After 1 h of incubation, the mediumwas removed, and 5% FBS-
containing medium was added to the cells. Cells were then lysed and
total protein was isolated 1–48 h p.i. using buffer exactly as described
previously.74 Total protein was separated by electrophoresis on 10%–
15% SDS-PAGE gels and electroblotted onto polyvinyl difluoride
membranes. Membranes were blocked by using 5% nonfat powdered
milk or BSA in TBS-T (0.5MNaCl, 20mMTris [pH 7.5], 0.1% Tween
20) for 1 h at room temperature. Membranes were then incubated in
TBS-T with 5% BSA or milk with 0.02% sodium azide and a 1:5,000
dilution of rabbit polyclonal anti-VSV antibodies (raised against VSV
virions), a 1:1,000 dilution of rabbit anti-phospho-STAT1 (catalog
number 9177S, clone p-S727, Cell Signaling), a 1:1,000 dilution of
rabbit anti-STAT1 (catalog number 14994T, clone D1K9Y, Cell
Signaling), a 1:1,000 dilution of rabbit anti-phospho-STAT2 (catalog
number 600-401-A93S, clone p-Y689, Rockland), a 1:1,000 dilution
of rabbit anti-STAT2 (catalog number 4594, Cell Signaling), a
1:1,000 dilution of rabbit anti-phospho-STAT3 (catalog number
9134P, clone Y705, Cell Signaling), a 1:1,000 dilution of mouse
anti-STAT3 (catalog number 9139P, clone 124H6, Cell Signaling), a
1:1,000 dilution of rabbit anti-MX1 (catalog number 13750-1-AP,
Proteintech), a 1:1,000 dilution of rabbit anti-MX2 (catalog number
43924S, clone E7Y8H, Cell Signaling), a 1:1,000 dilution of rabbit
anti-IFI16 (catalog number 14970S, clone D8B5T, Cell Signaling), a
1:1,000 dilution of rabbit anti-APOBEC3B (catalog number 41494S,
clone E9A2G, Cell Signaling), a 1:1,000 dilution of rabbit anti-
ISG15 (catalog number 2758S, clone 22D2, Cell Signaling), a
1:1,000 dilution of rabbit anti-CDK14-PFTK1 (catalog number
21612-1-AP, Proteintech), a 1:1,000 dilution of rabbit anti-
LARGE2/GYLTL1B (catalog number PA5-63331, Invitrogen), a
1:1,000 dilution of rabbit anti-STING (catalog number 13647S, clone
D2P2F, Cell Signaling), a 1:1,000 dilution of rabbit anti-phsopho-
TBK1/NAK (catalog number 5483P, clone S172, Cell Signaling), a
1:1,000 dilution of rabbit anti-cGAS (catalog number 79978, clone
E5V3W, Cell Signaling), or a 1:1,000 dilution of rabbit anti-cyclin
B1 (catalog number 12231T, clone D5C10, Cell Signaling). Starbright
Blue 700 goat anti-rabbit (Bio-Rad, 12004161) or anti-mouse (Bio-
Rad, 12004158) IgG fluorescent secondary antibodies at 1:5,000 dilu-
tions were used for fluorescent western blotting detection using the
Chemidoc MP imaging system from Bio-Rad. To verify total protein,
the membranes were stained with Coomassie blue stain.

IC50 and TCID50

For gemcitabine IC50 determination, cells were seeded into 96-well
plates for approximately 50% confluence in medium supplemented
with 10% FBS. On the following day, cells were treated with serial di-
lutions of gemcitabine (Selleck, S1714) ranging from 1,000 to
0.008 mM. A WST-8 (Dojindo, CK04) cell viability assay was per-
formed 48 h later. For VSV IC50 and TCID50 determination, cells
were seeded into 96-well plates for approximately 95% confluence
in medium supplemented with 10% FBS. On the following day, cells
were infected with serial dilutions of VSV ranging from MOI 0.01 to
MOI 0.00006. GFP-based FFU were counted at 24 h p.i. for TCID50
using a fluorescent microscope. A WST-8 cell viability assay was per-
formed at 120 h p.i. IC50 values were calculated using GraphPad
Prism 7.04. For TCID50 determination, the Reed and Muench
method was used as previously described.75

Statistical analysis

All statistical analyses were performed using GraphPad Prism 7.04
software. Tests used are indicated in the legends of the figures.
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