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Recombinant vesicular stomatitis virus (VSV)-fusion and hem-
agglutinin (FH) was developed by substituting the promiscuous
VSV-G glycoprotein (G) gene in the backbone of VSVwith genes
encoding for themeasles virus envelopeproteinsF andH.Hybrid
VSV-FH exhibited a multifaceted mechanism of cancer-cell
killing and improved neurotolerability over parental VSV in pre-
clinical studies. In this study, we evaluated VSV-FH in vitro and
in vivo inmodels of hepatobiliary and pancreatic cancers.Our re-
sults indicate that high intrahepatic doses of VSV-FH did not
result in any significant toxicity and were well tolerated by trans-
genic mice expressing the measles virus receptor CD46. Further-
more, a single intratumoral treatment with VSV-FH yielded
improved survival and complete tumor regressions in a propor-
tion of mice in the Hep3B hepatocellular carcinoma model but
not in mice xenografted with BxPC-3 pancreatic cancer cells.
Our preliminary findings indicate that VSV-FH can induce
potent oncolysis inhepatocellular and pancreatic cancer cell lines
with concordant results in vivo in hepatocellular cancer and
discordant in pancreatic cancer without the VSV-mediated toxic
effects previously observed in laboratory animals. Further study
ofVSV-FHas anoncolytic virotherapy iswarranted inhepatocel-
lular carcinoma and pancreatic cancer to understand broader
applicability and mechanisms of sensitivity and resistance.

INTRODUCTION
Oncolytic vesicular stomatitis virus (VSV) has engendered keen
enthusiasm in the field of human cancer therapy.1–3 Several VSV-
derived vectors have been extensively evaluated as virotherapies
and vaccine vehicles.3–12 However, successful clinical translation of
VSV has been hindered by a number of factors, including neuroviru-
lence, liver toxicity, and variable sensitivity of malignant tumors to
VSV oncotherapy.3,4,13–18

Several studies have attempted to remedy these limitations, with vary-
ing degrees of success.19–21 However, additional investigations and
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new approaches are needed before VSV-based virotherapy can be
used clinically to treat human cancers.

A number of successful viral engineering strategies have recently
emerged to improve the safety of VSV-derived virotherapies,
including substituting VSV-G glycoprotein (G) with envelope glyco-
proteins of heterologous viruses and displaying tumor-targeting li-
gands on VSV-G, which can confer tumor selectivity.4,20,22–25

Among these is recombinant VSV-fusion and hemagglutinin
(FH), a hybrid virus with shared attributes of VSV and measles vi-
rus (MV), which has potential for treating hepatobiliary and pancre-
atic cancers (HBPCs).25,26 VSV-FH was engineered by substituting
the VSV-G protein gene, which causes neurovirulence, with the F
and H genes of the Edmonston vaccine-strain MV (Ed-MV). In
addition to having the potential to abrogate neurovirulence, VSV-
FH utilizes Ed-MV receptor CD46 (membrane cofactor protein)
for selective viral entry, as well as a syncytial/necrotic mechanism
of cell killing from the expression of H (MV-H) and F (MV-F) pro-
teins.25,26 Although no reports from ongoing clinical studies indicate
that VSV-based vectors are able to cross the human blood-brain
barrier and propagate in the brain, treatment with VSV-FH will
allow for mitigation of neurotoxicity, because most normal neuronal
cells lack surface expression of CD46,27–30 which VSV-FH uses for
cellular entry by virtue of its oncolytic MV attribute.22,25,26 VSV-FH
has a robust and rapid lytic cycle attributable to the VSV platform
and a preferential tropism for CD46-overexpressed cells from the
MV platform. CD46 is ubiquitously expressed in all nucleated cells;
however, its overexpression has been reported in human tumor cells
and tissues, including HBPCs.31–37
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We have previously shown that hybrid VSV-FHmediates a higher de-
gree of human tumor selectivity, which is strongly associated with the
number of CD46 molecules expressed on target cells.26 We also
demonstrated that the multifaceted mechanisms of cancer-cell killing
by VSV-FH are enhanced because of its inherent fusogenic activ-
ity.25,26 Furthermore, we showed that treatment with VSV-FH has
the added benefit of being well tolerated and less neurotoxic in labo-
ratory rodents than parental wild-type (WT)-VSV, which causes se-
vere encephalitis in laboratory animals.25,26

HBPCs have extremely high rates of mortality and are increasing in
incidence.38 Most patients are diagnosed at advanced stages, and
the efficacy of systemic therapies remains modest.39–41 Therefore,
there is an urgent need to develop more effective therapeutic ap-
proaches for these patients.

To determine whether VSV-FH could be an alternative therapeutic
modality for HBPC patients who do not respond to treatment based
on oncolytic VSV, we evaluated VSV-FH in a panel of CD46-overex-
pressing HBPC cell lines and in xenograft models. Furthermore, we
established efficacy and safety profiles for this promising new vector,
which will support its development as an oncotherapy to treat
HBPCs. These preliminary results are anticipated to form the basis
for first-in-human studies using this novel engineered oncolytic virus
in patients with advanced HBPCs.

RESULTS
VSV-FH-Enhanced Green Fluorescent Protein (EGFP) Infectivity

in HBPC Cells

As previously described, the oncolytic virus VSV-FH-EGFP was
generated by substitution of the VSV-G protein gene (necessary for
the entry into target cells) with Ed-MV, MV-H, and MV-F genes.42

Figures 1A–1C show a schematic representation of the genome of
VSV-FH-EGFP and the genomes of parental VSV and VSV-inter-
feron (IFN)-b-sodium iodide symporter (NIS), which is a recombi-
nant VSV currently in a clinical trial of primary and metastatic liver
cancers (ClinicalTrials.gov: NCT01628640). Vectors that expressed
either mouse or human IFN-b (mIFN-b or hIFN-b, respectively)
and the human NIS gene were also used in this study.14 All HBPC
cell lines had surface expression of CD46 molecules (Figure 1D)
with variable expression levels.

To evaluate the susceptibility of CD46high HBPC cells to VSV-FH
infection, confluent cell monolayers were infected with VSV-FH-
EGFP at a multiplicity of infection (MOI) of 0.1 and incubated for
24 or 48 h. As shown by observable GFP-positive cells, all HBPC
cell lines were susceptible to infection with VSV-FH, and crystal violet
staining performed 48 h after infection revealed differences in the
strength of the virus-induced cytopathic effect (CPE) depending on
the cell line infected (Figure 2). Hepatocellular carcinoma (HCC)
cell lines (Huh7 and Hep3B) exhibited extensive CPE compared
with mock-infected monolayers, whereas the cell lines HepG2
(HCC) and HuCCT1 (biliary tract cancer) were less sensitive to infec-
tion with VSV-FH (Figure 2).
Cell-Killing Activity of VSV-FH-EGFP

To further investigate the difference in the infectivity and CPE of
VSV-FH, monolayers of HBPC were infected at different MOIs (1,
0.1, and 0.01), and cell viability was measured 72 h after infection.
The results showed that bile duct cancer cells were more resistant
to the VSV-FH-induced cytotoxicity, as manifested by 60% to 80%
of cell viability at an MOI of 1 (Figure 3A). In contrast, high cytotox-
icity was observed in HCC cell lines and the pancreatic ductal adeno-
carcinoma (PDAC) cell line BxPC-3 (Figure 3A). A similar phenotype
was observed when cells were infected with VSV-mIFN-b-NIS or
VSV-hIFN-b-NIS, although liver and pancreatic cancer cells were
more sensitive to VSV-mIFN-b-NIS. Indeed, VSV-hIFN-b-NIS was
less efficient for killing these cancer cells, reducing cell viability in
the range of 10% to 40%, 72 h after exposure. To determine the ki-
netics of infectious viral particle (VSV-FH) production, viral titers
were calculated from the collected supernatant of infected cells with
an MOI of 0.1 at 24, 48, and 72 h after infection (Figure 3B). Most in-
fected cell lines reached their maximum yield 24 h after infection, and
the titer remained at similar levels during the 3 days of analysis. The
50% tissue-culture infective dose (TCID50)/mL range was between
1 � 104 and 5 � 106 in the cancer cells tested, confirming that live
VSV-FH was produced but exhibited different cell-killing activity in
HBPC models (Figure 3A).

VSV-FH Safety Studies in CD46 Transgenic Mice

To determine whether VSV-FH is causally associated with liver dam-
age and liver toxicity in animal models, transgenic mice expressing
murine IFN-a receptor and human CD46 (CD46 IFN-aR WT/
WT), obtained from the Mayo Clinic Viral Toxicology Pharmacology
Core (Mayo Clinic, Rochester, MN), were subjected to 2 intrahepatic
injections of VSV-FH (5 � 107 and 5 � 108 TCID50/kg) or saline.
Similar genetically modified mice lacking a functional murine type
I IFN receptor have been previously used for toxicology studies of on-
colytic MV30,43,44 and VSV-FH.30

Analyses of multiple toxicology parameters, including complete
blood counts (CBCs), serum chemistry, and liver function tests,
were performed at 2, 21, and 45 days after treatment. As shown in Fig-
ure 4A, there was a transitory decrease in the number of white blood
cells, lymphocytes, and platelets in mice treated with the highest dose
(5 � 108) at days 2 and 21 after initiation of the treatment. However,
by day 45, the mice recovered, and the levels of these 2 parameters
were similar to those of control mice. Additionally, mild increases
that were not statistically significant compared with saline in alanine
aminotransferase (ALT), aspartate aminotransferase (AST), granulo-
cytes, and serum total bilirubin were also observed at necropsy (day
45) in some mice. Serum urea nitrogen levels were no different in
VSV-FH-treated than control mice.

At necropsy (day 45), liver samples (left lateral lobes) stained with
hematoxylin and eosin were reviewed by the Histology Core Facility
at Mayo Clinic (Scottsdale, AZ, USA) and showed no evidence of
virus-induced hepatic damage (data not shown). Body weight
decreased slightly by day 2 post-treatment for all groups (including
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Figure 1. Schematic Representation of Viral Vector Genomes

(A) Parental VSV genome. (B) VSV-FH-EGFP. The VSV-G gene was replaced with genes encoding for the Edmonston strain MV-F and MV-H proteins and EGFP. (C) VSV-m/

hIFN-b-NIS, containing the genes encoding for mouse or human IFN-b and NIS. (D) VSV-FH receptor expression levels (CD46) in a panel of gastrointestinal cancer cells.

Expression of CD46 was measured by flow cytometry using a phycoerythrin-conjugated anti-human CD46 antibody (filled histogram) or an isotype control antibody (unfilled

histogram). EGFP, enhanced green fluorescence protein; F, fusion; H, hemagglutinin; h, human; IFN, interferon; m,mouse; MV,measles virus; NIS, sodium iodide symporter;

PE-A, phycoerythrin antibody; VSV, vesicular stomatitis virus.
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the saline control group), although body weight consistently
increased from 4 days after injection until the end of the study
(Figure 4B).
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As shown in Figure 4C at day 45, the levels of VSV antibodies and
MV antibodies at day 45 were similar at 5 � 107 TCID50/kg of
VSV-FH but not in the cohort treated with the highest dose (5 �



Figure 2. VSV-FH-EGFP Infectivity in a Panel of

Hepatobiliary and Pancreatic Cancer Cell Lines

The columns show 5 � 105 cells infected with VSV-FH-

EGFP at a multiplicity of infection (MOI) of 0.1 or mock

infected. Left 2 columns, representative images of VSV-FH-

EGFP-infected cells taken with epifluorescence micro-

scopy, 24 and 48 h after infection with an MOI of 0.1. Right

2 columns, representative images of infected or mock-in-

fected cells fixed at 48 h, stained with crystal violet (scale

bar, 200 mm). EGFP, enhanced green fluorescent protein;

F, fusion; H, hemagglutinin; VSV, vesicular stomatitis virus.
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108 TCID50/kg), where elevated MV antibodies were detected (p <
0.001).

Collectively, these data indicate that intrahepatic injection of VSV-FH
did not elicit significant liver toxicity in the treated animals (100%
survival) or result in impairment (Kaplan-Meier method, p < 0.05).

Oncolytic Activity of VSV-FH against HBPC Xenografts

Hep3B (HCC)- and BxPC-3 (PDAC)-derived xenografts were es-
tablished in female athymic nude mice and treated with a single
intratumoral administration of 1 � 107 TCID50 units of VSV-
FH. Changes in tumor-bearing mice, such as tumor volume,
Molecular Th
weight loss, clinical signs, and survival, were
monitored for 8 weeks (56 days). Surprisingly,
in the BxPC-3 model, VSV-FH did not signif-
icantly reduce tumor growth or increase overall
survival (p = 0.36; Figure 5B), even though on-
colytic activity was observed in vitro (Figures 2
and 3A), and immunochemistry on tumor
samples in the VSV-FH-treated group showed
the presence of the virus in 70% of tumors as
early as day 3 in BxPC-3 and Hep3B models
(Figure 5A). In contrast in the Hep3B HCC
model, a significant reduction in the average
tumor volume was observed as soon as
7 days after treatment (p = 0.009; Figure 5C)
in the VSV-FH-treated group (n = 10), fol-
lowed by complete tumor regression in 7
mice (70%). The reduced tumor volume after
treatment with VSV-FH in the Hep3B cohort
resulted in a significant difference in overall
survival (p = 0.01; Figure 5C), indicating effec-
tiveness of treatment with VSV-FH.

DISCUSSION
In this study, we evaluated whether treatment
with oncolytic VSV-FH could trigger a potent
cytotoxicity effect in HBPC cell lines in vitro
and in vivo using animal models. We conduct-
ed a causality assessment in the context of
potential VSV-FH-induced liver damage and
toxicity in a CD46 IFN-aR WT/WT. This particular mouse strain
has been shown to be susceptible to infections by viruses that
use human CD46 as the entry receptor, including MV, VSV-FH,
and some adenoviruses.30,45,46 Additionally, we compared cyto-
toxic effects of VSV-FH with that of another recombinant,
neuro-attenuated VSV that is currently being evaluated in a clin-
ical trial (VSV-hIFN-b-NIS).14 In this study, we showed that
VSV-FH potently induced HBPC cell killing in vitro and did not
cause any significant toxicity in a humanized mouse model. Strong
in vivo antitumor efficacy of VSV-FH was observed in a mouse
xenograft of human HCC but not in a mouse xenograft of human
PDAC.
erapy: Oncolytics Vol. 18 September 2020 549
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Figure 3. Cytotoxicity of VSV-FH in Hepatobiliary and Pancreatic Cancer

Cell Lines

(A) 1.2 � 104 cells were mock infected or infected with the indicated recombinant

virus at an MOI of 0.1. The percentage of cells alive was determined 72 h after

infection by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-

phenyl)-2H-tetrazolium (MTS) assays. The average (and error bars) of 3 independent

experiments is shown. (B) Indicated cell lines were infected with VSV-FH-EGFP.

Viral particles present in the supernatant at 24, 48, or 72 h after infection were

determined by titration in Vero cells. The average log (and error bars) of the 3 in-

dependent experiments is plotted. EGFP, enhanced green fluorescence protein; F,

fusion; H, hemagglutinin; h, human; IFN, interferon; M, mouse; MOI, multiplicity of

infection; NIS, sodium iodide symporter; TCID50, 50% tissue culture infective dose;

VSV, vesicular stomatitis virus.
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Several oncolytic VSVs have been evaluated preclinically in both
hematologic and solid tumors and are now in early phases of clinical
development, including studies for refractory liver cancer and
other advanced solid tumors (ClinicalTrials.gov: NCT01628640,
NCT02923466, NCT03120624, NCT03017820, NCT03865212, and
NCT03647163). There remains a need for evaluation of novel vesicu-
lovirus oncolytic vectors, given the attenuated nature of these vectors
to avert the potential for neurotoxicity with VSV.3,13,17,18,47

Among the vectors recently developed to remedy these safety concerns,
hybrid VSV-FH is particularly appealing because it is exclusively
dependent on CD46 for viral entry and exhibits syncytial/necrotic
destructive capabilities, which are attributes of oncolytic MV.25,26

More importantly, VSV-FH allows for mitigation of VSV-induced
neurotoxicity because most normal neuronal cells lack expression of
CD46 on their surface,27,28 which VSV-FH uses for cellular entry by
550 Molecular Therapy: Oncolytics Vol. 18 September 2020
virtue of its oncolytic MV attribute.22,25 The anticancer activity of
VSV-FH has been established for other types of cancer, including mul-
tiple myeloma and ovarian cancer by using human epidermal growth
factor receptor-2 (HER-2)-specific VSV-FH.25 In these models, VSV-
FH showed promising oncolytic activity and improved survival. None-
theless, these studies did not focus on the safety aspect of treatment
with VSV-FH in a relevant animal model in a fashion that recapitulated
locoregional oncolytic viral administration approaches currently used
in clinical trial (ClinicalTrials.gov: NCT01628640).

Therefore, we conducted toxicopharmacology and efficacy studies
with VSV-FH in pancreatic and hepatocellular cancer models to
delineate a clear path for clinical translation as virotherapy for pa-
tients with advanced forms of these cancers. We found that all
HBPC cell lines in this study were permissive to VSV-FH infection.
However, infectious virus progeny recovered from infected HBPC
cells showed a differential productive infection. Overall, infection
with VSV-FH triggered significantly higher cytotoxicity (60%–90%)
in HBPC in vitro compared with VSV-hIFN-b-NIS. Additionally,
VSV-hIFN-b-NIS showed reduced cytotoxicity compared with
VSV-mIFN-b-NIS. Because of the species-specific nature of mamma-
lian antiviral mechanisms mediated by IFN-b, in some of the cell lines
tested, hIFN-b shielded HBPC cells from lysis by VSV-hIFN-b-NIS,
whereas mIFN-b had no protective effect, resulting in higher oncol-
ysis associated with infection with VSV-mIFN-b-NIS. It should also
be noted that whereas VSV-hIFN-b-NIS was more attenuated
in vitro than VSV-FH, there may be advantages in vivo due to immu-
nomodulatory effects of hIFN-b. In order to discern the impact of this
duality, clinical evaluation of VSV-FH would need to be undertaken
and compared to VSV-hIFN-b vectors, which are already in the clinic.
Another facet that would need to be factored into the assessment
would be the potential for VSV-FH to be neutralized by pre-existing
immunity to measles in most patients.

High intrahepatic doses of VSV-FH in healthy transgenic mice ex-
pressing human CD46 were found to be manageable, safe, and toler-
able. There was no statistically significant increase in liver enzyme
levels (ALT, AST), granulocytes, and total bilirubin at the end of
study. However there was a slight increase in alkaline phosphatase.
In the absence of severe toxic effects, we deduced that these increases
may not result in clinically significant sequelae and could have been
confounded by blood hemolysis from the terminal cardiac puncture,
which is known to interfere with the measurement of liver enzymes.
No mice were euthanized because of adverse clinical signs, including
hepatotoxicity, neurotoxicity, or loss of body weight.

Finally, we demonstrated that a single intratumoral dose of VSV-FH
controlled the size and induced complete regression in 70% of mice in
the HCC group (Hep3B), whereas xenografts in the PDAC model
(BxPC-3) were resistant to treatment with VSV-FH. Because VSV-
FH displayed strong cell-killing activity against BxPC-3 cells
in vitro, we hypothesize that different factors, such as the presence
of dense desmoplastic stroma, reduced vascularization, and ulti-
mately diminished drug-delivery in PDAC,48,49 could have affected



Figure 4. Toxicity of VSV-FH Injected into the Liver of

CD46 IFN-aR WT/WT Transgenic Mice

(A) No dramatic change occurred in the average values for

white blood cells (WBCs), lymphocytes (LYMs), platelets

(PLTs), or granulocytes (GRAs) 45 days after treatment.

Although a slight, transient decrease in the number of

WBCs and LYMs occurred in animals treated with the

highest dose of VSV-FH (5 � 108 TCID50/kg) at post-

treatment days 2 and 21, at day 45, the levels of these 2

parameters were similar to those of the control-treated

mice. (B) Weight loss in the saline group was comparable

to that of the virus-treated mice. (C) Significantly higher

absorbance values were obtained at 450 nm in the ELISA

test specific for VSV antibodies in samples obtained from

VSV-FH-treated animals compared with saline controls. In

contrast, greater absorbance was observed in tests per-

formed to determine the presence of MV antibodies in

samples obtained from mice treated with VSV-FH at 5 �
108 TCID50/kg compared with 5 � 107 TCID50/kg and

with saline-treated animals. ALP, alkaline phosphatase;

ALT, alanine aminotransferase; AST, aspartate trans-

aminase; ELISA, enzyme-linked immunosorbent assay; F,

fusion; H, hemagglutinin; MV, measles virus; SUN, serum

urea nitrogen; TBIL, total bilirubin; TCID50, 50% tissue

culture infective dose; VSV, vesicular stomatitis virus.
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the in vivo oncolytic activity of VSV-FH in the BxPC-3 in vivomodel,
in contrast to the robust in vitro oncolytic activity. As such, in addi-
tion to evaluating VSV-FH in additional in vivomodels for pancreatic
cancer, future research to improve VSV-FH efficacy in pancreatic
cancer models could focus on combining VSV-FH with agents that
can reduce intratumoral perfusion pressures or encode stromal-
depleting agents into the viral genome.50,51

In summary, we have shown that VSV-FH has preliminary evidence
of oncolytic activity in HBPC models in cell culture and in a Hep3B
cell line-derived xenograft HCC mouse model. In addition, VSV-FH
did not stimulate any hepatotoxicity or neurotoxicity in CD46 recep-
tor-positive mice, which warrants continued development in HCC. In
PDAC, VSV-FH should be evaluated with combination approaches
that can overcome vector delivery-limiting factors mediated by tu-
mor-stroma interactions and effects of pre-existing immunity against
MV in vaccinated patients.
Molecular The
MATERIALS AND METHODS
Cell Lines

BHK-21, Vero, Huh7 (JCRB0403; JCRB Cell
Bank, Tokyo, Japan), Hep3B (ATCC HB-8064;
American Type Culture Collection [ATCC],
Rockville, MD, USA), and HepG2 (ATCC HB-
8065; ATCC) were grown in DMEM (Dulbec-
co’s modified Eagle’s medium; Gibco Life Tech-
nologies, Grand Island, NY, USA). BxPC-3
(ATCC CRL-1687; ATCC) and HuCCT1
(JCRB0425; JCRB Cell Bank) cells were cultured
in RPMI-1640medium (Corning Cellgro, Medi-
atech, Manassas, VA, USA). OZ cells (JCRB1032; JCRB Cell Bank)
were cultured in William’s medium E (Gibco Life Technologies),
and bile duct carcinoma EGI-1 cells (ACC-385; DSMZ, Braunsch-
weig, Germany) were grown in advanced DMEM (Gibco Life Tech-
nologies). Media were supplemented with 10% heat-inactivated fetal
bovine serum (Gibco Life Technologies) and 5 mL of 100 U/mL of
penicillin-streptomycin (Corning Cellgro). All cell lines were main-
tained in a humidified atmosphere at 37�C and 10%CO2. All cell lines
and reagents are available for purchase through the JCRB Cell Bank,
ATCC, Corning Cellgro, and Gibco Life Technologies.

Recombinant Viruses

VSV-FH and VSV-FH-EGFP were produced by removing the VSV-G
gene from a plasmid containing the full-length genome of VSV Indi-
ana strain (GenBank: J02428.1) and replacing it with MV-F and MV-
H genes from theMV Ed-MV strain. Cloning, rescue, and production
have been previously described for this virus.42 VSV-mIFN-b-NIS
rapy: Oncolytics Vol. 18 September 2020 551
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Figure 5. Efficacy of VSV-FH Intratumoral Treatment

of Subcutaneous Tumors (Hep3B and BxPC-3) in

Female Athymic Nude Mice

To investigate the oncolytic activity of VSV-FH, 1 � 107

infectious particles were injected intratumorally in mice

with BxPC-3 or Hep3B tumors. (A) On day 3, post-treat-

ment, tumor tissues were collected in the virus-treated

groups for immunohistochemistry analysis by fluorescent

anti-VSV staining to detect the presence of VSV-FH.

(B and C) Tumor volumes and percent survival of female

mice were monitored at different times after treatment.

Tumor size at different days after injection (left) and survival

curves (right) were plotted and analyzed for (B) BxPC-3,

pancreatic adenocarcinoma cell line, and (C) Hep3B, he-

patocellular carcinoma cell line. VSV, vesicular stomatitis

virus; F, fusion; H, hemagglutinin.
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and VSV-hIFN-b-NIS are based on the VSV Indiana strain that ex-
presses hIFN-b or mIFN-b proteins and the recombinant human
NIS protein, as has been previously reported.14

Flow Cytometry

For flow cytometry, 4 � 105 cells were trypsinized, fixed with 4%
paraformaldehyde (Hyclone Laboratories, Logan, UT, USA), and
washed thrice using Dulbecco’s phosphate-buffered saline (DPBS;
modified; GE Healthcare Life Sciences, Pittsburgh, PA, USA), 0.2%
fetal bovine serum. Flow cytometry analyses were performed with
phycoerythrin (PE)-labeled anti-human CD46 or PE-labeled control
isotype (BD Biosciences Pharmingen, San Diego, CA, USA). The
expression results are the sum of 3 independent experiments.

Susceptibility and Effect of VSV-FH in HBPC Cells

VSV-FH-EGFP was used to infect 5 � 105 cells per well of 6-well
plates at an MOI of 0.1. Cells were incubated at 37�C until analysis.
552 Molecular Therapy: Oncolytics Vol. 18 September 2020
At 24 or 48 h after infection, pictures of GFP-
positive cells were taken using an epifluores-
cence microscope. Cells were fixed with 5%
glutaraldehyde and stained with 0.1% crystal vi-
olet, 48 h after infection, to allow establishment
of strong cell-fusion formation (syncytia), and
pictures of representative areas were taken.
These results are the sum of 3 independent
experiments.

Viral Particle Production in HBPC Cells

To determine the production of VSV-FH infec-
tious particles, 5 � 105 cells per well of 6-well
plates were infected with VSV-FH-EGFP at an
MOI of 0.1. At 24, 48, or 72 h after infection,
an aliquot of the supernatant (�100 mL) was
collected and subjected to three freeze-thaw cy-
cles before determination of viral titers using se-
rial dilutions of the virus samples (i.e., TCID50)
and titration in 96-well plates on Vero cells, as
previously described.26 These assays were repeated 3 times with
similar results.

Viability Assay for HBPC Cells after Infection with VSV-FH

For cell viability assays, 1.2 � 104 cells were treated in triplicate with
the indicated virus at an MOI of 1 to 0.01 in wells of 96-well plates. At
72 h, supernatant was removed and replaced with fresh media. Cell
viability was determined using CellTiter 96 AQueous One Solution
Cell Proliferation Assay (Promega, Madison, WI, USA). These exper-
iments were repeated 3 times with similar results.

Animal Studies

Under a Mayo Clinic Institutional Animal Care and Use Committee-
approved protocol, we conducted the following in vivo evaluations.

Studies in CD46 Transgenic Mice

To assess potential toxicity, especially hepatotoxicity, 30 transgenic
mice (15 female and 15 male) expressing CD46 IFN-aR WT/WT)
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in a pattern similar to that observed in humans in all organs,
including the brain and the liver30 (Toxicology Laboratory, Mayo
Clinic, Rochester, MN), received a single intrahepatic dose of
VSV-FH (without GFP) or saline solution. Mice were tested for hu-
man CD46 expression and the IFN-WT genotype by polymerase
chain reaction (PCR; IFN-aR WT/WT) before initiation of the
study. Thirty anesthetized CD46 IFN-aR WT/WT mice (n = 10)
were injected in the left lateral lobe of the liver with 30 mL of saline
solution or 30 mL of VSV-FH at a dose of 5 � 107 or a higher dose
of 5.0 � 108 infectious particles/kg. Body weight was constantly
monitored and recorded during the course of the experiment.
Mice were bled for downstream analysis at days 2, 21, or 45 days
after treatment.

Efficacy of VSV-FH in HBPC Xenograft Models

To evaluate the antitumor efficacy of VSV-FH, 5 � 106 Hep3B or
BxPC-3 cells were implanted subcutaneously in the right flank of
approximately 40 female athymic nude mice (n = 10 per group)
at 5–6 weeks of age (Harlan Laboratories, Indianapolis, IN,
USA). Each tumor type consisted of 20 mice clustered into a saline
control group (n = 10) and virus group (n = 10) .When tumors
reached 5 mm3 in diameter, the mice received a single intratu-
moral dose of 1 � 107 TCID50 units of VSV-FH or saline (nega-
tive control) in 30 mL of volume on day 0. Three mice in the virus-
treated groups (Hep3B or BxPC-3) were euthanized at day 3 to
study short-term effects of VSV-FH regardless of health status.
Body weights, tumor volumes, and clinical observations were re-
corded at least three times per week until the end of the study.
Mice were euthanized when tumor size was larger than
2,000 mm3 or when the end of the study occurred (59 days
post-treatment). Tissues and blood were collected at necropsy.
No detectable amount of live virus was recovered from tumor sam-
ples collected from day 3; however, VSV-FH was detected in 70%
of all tumor samples (Hep3B and BxPC-3).

Blood Tests

The CD46 IFN-aR WT/WT mice were bled via the venous retro-
orbital plexus of the eye at days 2 and 21 and by heart stick at day
45 after treatment with VSV-FH or saline solution. Blood was
collected in BD Microtainer tubes with ethylenediaminetetraacetic
acid or lithium heparin (Becton Dickinson, Franklin Lakes, NJ,
USA) for CBCs and blood chemistry tests, respectively, or in BD Mi-
crotainer Serum Separator Tubes (SSTs) (Becton Dickinson) for
serum analysis. CBC analysis was performed in an Abaxis Piccolo
Xpress chemistry analyzer (Abaxis, Union City, CA, USA), and blood
chemistry analysis was done in a VetScan HM5Hematology Analyzer
(Abaxis).

Immune Response Analysis

For antibody production analysis, serum was obtained from whole
blood collected in BD Microtainer tubes. The presence of anti-MV
or anti-VSV antibodies was determined by enzyme-linked immuno-
sorbent assay (ELISA). Briefly, ELISA plates were coated with VSV or
MV. After a blocking step, plates were incubated with serum from
treated mice. Plates were then incubated with biotinylated goat
anti-mouse (SC-2072; Santa Cruz Biotechnology, Dallas, Texas,
USA), followed by incubation with streptavidin peroxidase conjugate
(Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA). Signal
was developed using a tetramethylbenzidine substrate.
Statistical Analysis

All values were expressed as the mean ± SD, and the results were
analyzed by 1-way analysis of variance followed by the Tukey test
for multiple comparisons and the Kaplan-Meier method for survival,
using statistical software in GraphPad Prism, version 7.03 (GraphPad
Software, La Jolla, CA, USA). A p value less than 0.05 was considered
to be significant.
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