
Exponential Enhancement of Oncolytic VSV Potency by Vector-
Mediated Suppression of Inflammatory Responses In Vivo

Jennifer Altomonte1,4, Lan Wu1, Li Chen1, Marcia Meseck1, Oliver Ebert1,4, Adolfo García-
Sastre2, John Fallon3, and Savio L.C. Woo1
1Department of Gene and Cell Medicine, Mount Sinai School of Medicine, New York, NY 10029,
USA
2Department of Microbiology, Mount Sinai School of Medicine, New York, NY 10029, USA
3Department of Pathology, Mount Sinai School of Medicine, New York, NY 10029, USA

Abstract
Oncolytic virotherapy is a promising strategy for treatment of malignancy, although its effectiveness
is hampered by host anti-viral inflammatory responses. Indeed the treatment efficacy of oncolytic
Vesicular Stomatitis Virus (VSV) in rats bearing multi-focal Hepatocellular Carcinoma (HCC) can
be substantially elevated by antibody-mediated depletion of NK cells. To test the hypothesis that the
oncolytic potency of VSV could be exponentially elevated by evading inflammatory responses in
vivo, we constructed a recombinant VSV vector expressing equine herpesvirus-1 glycoprotein G,
which is a broad-spectrum viral chemokine binding protein (rVSV-gG). Hepatic artery infusion of
rVSV-gG in immune-competent rats bearing syngeneic and multi-focal HCC in the livers resulted
in a reduction of NK and NKT cells in the tumors and a one-log enhancement of intratumoral virus
titer over a reference rVSV vector. The treatment led to elevated tumor necrosis and substantially
prolonged animal survival without toxicities. These results indicate that rVSV-gG could be developed
as an effective and safe oncolytic agent to treat advanced HCC patients in the future. Furthermore,
the novel concept that oncolytic potency can be substantially enhanced by vector-mediated
suppression of host anti-viral inflammatory responses might have general applicability in the field
of oncolytic virotherapy for cancer.
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INTRODUCTION
Oncolytic viruses have emerged as attractive therapeutic agents for cancer treatment due to
their selective ability to replicate and kill tumor cells in vitro and in vivo.7–10 VSV, a member
of the Rhabdoviridae family, is a particularly attractive oncolytic agent because of its short
replication cycle and ability to reach high titers in most rodent and human tumor cells. It is an
enveloped, negative-strand RNA virus that has a wide host range, but replicates selectively
within tumor cells due to defects in anti-viral type I interferon responses in these cells.11 While
the natural hosts for VSV infection are cattle, horses and pigs, infections in humans are
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generally asymptomatic or result in mild febrile illness.12 VSV is not endemic to the North
American population, implying that there will not be preexisting neutralizing antibodies or
memory cellular immune responses in patients to interfere with its clinical application in the
future.13

Hepatocellular carcinoma (HCC) is the third leading cause of cancer death and the fifth most
common type of cancer in the world, accounting for over one million cases annually.1–3 While
the incidence of HCC has more than doubled over the last two decades,4, 5 the availability of
curative treatment options remains extremely limited. Our group has previously described the
efficacy of recombinant VSV as an oncolytic vector for treatment of HCC in the livers of
immune-competent rats.14 We demonstrated that VSV, when administered at its maximum
tolerated dose (MTD) via the hepatic artery, could gain access to and selectively replicate in
multi-focal HCC tumors of various sizes, resulting in tumor necrosis and prolongation of
animal survival.15, 16 Although encouraging, complete tumor regression and long-term
survival were not observed in the treated animals as they eventually succumbed to relapse,
highlighting the need for improvement of our treatment strategy.

While robust intratumoral virus replication was observed at one day post-vector administration,
it was immediately followed by a logarithmic decline in subsequent days.15 Since the
neutralizing anti-viral antibody response in the host is not effectively launched until at least
day 5,16 we suspected that the drastic reduction in intratumoral virus titer after the first day is
secondary to an anti-viral inflammatory response at the tumor sites. Cellular components of
the innate immune system, such as granulocytes, NK cells, NKT cells and macrophages, have
been demonstrated by others to be rapidly recruited and activated at sites of viral infection.18

These cells participate in the anti-viral response both by directly killing infected cells and by
producing anti-viral cytokines. Thus we hypothesized that the host inflammatory response to
VSV infection plays a critical role in suppression of intratumoral VSV replication, and
counteracting these responses would substantially enhance VSV oncolysis and treatment
efficacy.

Many inflammatory processes are mediated by chemo-attractant and immuno-modulatory
molecules called chemokines,21 which play a central role in the host defense against invading
viruses and in the pathogenesis of inflammatory diseases.22, 23 A number of viruses have
evolved elegant mechanisms to evade detection and subsequent destruction by various immune
cells in the host.24 One such mechanism involves the production of secreted chemokine
binding proteins, which exhibit no sequence homology to any known host proteins, yet function
to competitively bind and/or inhibit the interactions of chemokines with their cognate receptors,
25 thereby suppressing the chemotaxis of inflammatory cells to the infection sites. While the
functions and mechanisms of viral chemokine binding proteins (vCKBPs) have been
extensively studied, they had not been exploited for the purpose of enhancing the oncolytic
potency of heterologous viruses for cancer treatment. We report here the molecular
construction and characterization of a novel rVSV vector which encodes the secreted form of
the equine herpesvirus-1 glycoprotein G, which is a vCKBP which binds C, CC, and CXC
chemokines with high affinity.26 The rVSV vector was shown to block NK cell migration to
the tumor sites, which permitted greatly enhanced intratumoral virus replication that led to
elevated tumor necrosis and substantially prolonged survival of immune-competent rats
bearing syngeneic and multi-focal HCC lesions in the livers.

Altomonte et al. Page 2

Mol Ther. Author manuscript; available in PMC 2010 August 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RESULTS
Logarithmic elevation of intratumoral VSV titer and enhanced tumor response with antibody-
mediated NK cell depletion in HCC-bearing rats

To evaluate the role of NK cells in suppressing intratumoral VSV replication, HCC-bearing
rats were treated with PBS or rVSV-F at 1.3 × 107 pfu/rat, in the presence of rabbit anti-
asialoGM1 or a control rabbit antibody. Tumor tissues were obtained from animals sacrificed
at day 3 post vector administration, and NK cells in tumor sections were identified by
immunohistochemical staining (Fig. 1A). There were only few NK cells in the lesions of PBS-
treated animals, with or without anti-asialoGM1 antibody depletion (frames a and b).
Accumulation of NK cells at the lesions was evident after rVSV-F treatment (frame c), which
was substantially reduced after anti-asialoGM1 antibody depletion (frame d). Lysates from
frozen tumor tissues were subjected to TCID50 assays. While there were no detectable VSV
titers in tumor extracts of PBS-treated animals, intratumoral virus titers in rVSV-F treated rats
were elevated by 1–2 logs with anti-asialoGM1 administration (Fig. 1C, p=0.002). Liver
sections containing tumors were obtained for histological staining (Fig. 1B), and there were
few areas of spontaneous necrosis in the tumors of PBS-treated animals (frames a and b).
Substantial necrotic areas were observed in tumors after rVSV-F treatment (frame c), which
were significantly enhanced after anti-asialoGM1 administration (frame d). The percentage of
necrosis within tumors was quantified by morphometric analysis, which revealed a substantial
enhancement of tumor response to rVSV-F treatment with anti-asialoGM1 depletion than
without (Fig. 1D, p=0.002). Collectively these results suggest that NK cells play a major role
in suppressing intratumoral VSV replication that could be reversed by their depletion in vivo,
which then led to substantially enhanced oncolysis and tumor response.

Construction and functional characterization of a rVSV vector expressing the equine
herpesvirus-1 glycoprotein G

The equine herpesvirus-1 glycoprotein G (gGEHV-1) is a broad spectrum chemokine binding
protein that suppresses the chemotaxis of inflammatory cells in response to C, CC and CXC
chemokines with high affinity.26 The cDNA corresponding to the secreted form of gGEHV-1
was cloned into the full-length genome of VSV as a new transcription unit after the VSVG
gene (Fig. 2A). The firefly luciferase gene (Luc) was inserted behind the gGEHV-1 gene as a
second translational unit under the control of the ubiquitously expressed EMCV internal
ribosomal entry site (IRES). The corresponding rVSV vector (rVSV-gG) was rescued by
reverse genetics as described previously27, 28. To determine if the gGEHV-1 protein expressed
by rVSV-gG infected cells is functional, migration assays of NK cells in response to
macrophage inflammatory protein-1α (MIP-1α), a CC chemokine, were performed in 24-well
transwell plates. The results showed that NK cell migration was significantly inhibited by
conditioned media from rVSV-gG infected rat HCC cells as compared to that from rVSV-F
(Fig. 2B, p=0.01), indicating the recombinantly produced chemokine binding protein in
infected rat HCC cells was functional. Additionally, virus replication and cell killing assays
on rat HCC cells indicated that the rVSV-gG vector was equally effective as rVSV-F (results
not shown).

Logarithmic elevation of intratumoral rVSV-gG titers and enhanced tumor response
To assess the in vivo effect of vector-mediated intratumoral gGEHV-1 production on
intratumoral virus replication and oncolysis, multi-focal HCC lesions were created via injection
of rat HCC cells through the portal vein of male Buffalo rats as previously described15. Multi-
focal lesions that ranged from 1–10 mm in diameters developed in their livers after 21 days,
and they were treated with either PBS, 1.3×107 pfu of rVSV-gG, or rVSV-F via hepatic artery
infusion. The animals were sacrificed on day 3 after treatment and tumor samples were
collected and fixed for histological and immunohistochemical staining, as well as snap-frozen

Altomonte et al. Page 3

Mol Ther. Author manuscript; available in PMC 2010 August 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for intratumoral virus titer quantification. Anti-VSVG antibody staining revealed the presence
of viral membrane glycoprotein within tumors of rVSV-gG treated animals, which appeared
more abundant than that observed in the rVSV-F and PBS treated rats (Fig. 3A, frames a–c).
To quantify the virus yields in the lesions, lysates prepared from snap-frozen tumor samples
from the treated animals were subjected to TCID50 analysis. While rVSV-F infusion resulted
in virus titers of less than 104 TCID50/mg of tumor tissue, rVSV-gG administration led to a
one-log enhancement in intratumoral virus titer (Fig. 3B, p=0.04). To determine the impact of
enhanced intratumoral replication of the rVSV-gG vector on tumor response, tumor-containing
liver sections from the animals in the above experiment were examined by H & E staining (Fig.
3A, frames d–f), and the necrotic areas were quantified by morphometric analysis. A
substantially enhanced response was observed in tumors of rats treated within the rVSV-gG
vector over those treated with the rVSV-F vector (Fig. 3C, p=0.003). Additionally, the
surrounding liver tissues to tumors were completely normal and without any evidence of
pathology (results not shown).

Reduced accumulation of NK and NKT cells in tumors of rVSV-gG-treated rats
Multi-focal HCC-bearing Buffalo rats were treated with either PBS or 1.3×107 pfu of rVSV-
gG or rVSV-F via the hepatic artery. On day 3 after treatment, animals were sacrificed and
tumor-containing liver sections were prepared for immunohistochemical staining of various
immune cell types. Sections were stained for NK cells with anti-NKR-P1A (Fig.4A, frames
a–c) and T cells by anti-OX-52 (Fig.4A, frames d–f). Semi-quantification of marker-positive
cells using ImagePro software revealed that there was substantial accumulation of NK cells at
the lesions after rVSV-F infusion over the PBS-treated rats (Fig.4C, p=0.04), which was
substantially reduced after rVSV-gG treatment (Fig.4C, p=0.0004). There was also a
statistically significant difference in the number of pan-T marker-positive cells after rVSV-gG
infusion (Fig.4D, p=0.04). To determine whether these were NKT cells or T-lymphocytes,
indirect immunofluorescence staining was performed. Consecutive tumor sections from rVSV-
F-treated animals were stained with R-PE-conjugated mouse anti-rat CD3 antibody and FITC-
conjugated mouse anti-rat NKR-P1A antibody, and the merged pictures indicate that the pan-
T-positive cells present in the tumors were NKT cells rather than T-lymphocytes (Fig.4B,
frames a–c). Collectively, the results indicate that NK and NKT cells were the effector
inflammatory cells, and their chemotaxis to the tumor sites was substantially inhibited by
vector-mediated expression of gGEHV-1.

Substantial prolongation of survival of multi-focal HCC-bearing rats treated with rVSV-gG
versus rVSV-F

To assess the potential of the rVSV vector expressing a vCKBP that inhibits NK and NKT cell
chemotaxis as an oncolytic agent, rats bearing multi-focal HCC tumors in their livers were
randomly assigned to receive either a single infusion of PBS (n=8), 1.3×107 pfu of rVSV-gG
(n=15), or an equal dose of the rVSV-F vector (n=10) via the hepatic artery, and the animals
were monitored daily for survival (Fig. 5). While all animals in the PBS or rVSV-F treatment
groups expired by day 21 or 29, respectively, rVSV-gG treatment resulted in a highly
significant prolongation of survival (P=0.00001), with 5 of 15 animals (33%) achieving
survival of 150 days. The long-term surviving rats in this treatment group were sacrificed on
day 150 and evaluated for residual malignancy. Macroscopically and histologically, there was
no detectable tumor within the liver or elsewhere. These results indicate that huge multi-focal
lesions in the liver (up to 10mm in diameter at the time of oncolytic virus treatment) had
undergone complete remission in these animals, which translated into long-term and tumor-
free survival.
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Apparent Lack of serum and organ toxicities after rVSV-gG administration in tumor-bearing
rats

To critically evaluate if there were viremia and toxicities in tumor-bearing rats after
administration with rVSV-gG versus rVSV-F at the effective dose, blood samples were taken
at one day before virus infusion (D-1) and at 30 minutes (D0), one (D1), three (D3), seven (D7)
and fourteen (D14) days after virus administration. Virus titers were determined by TCID50
assays in BHK-21 cells. Serum virus titers in rats treated with both rVSV-gG and rVSV-F were
highest at D0, which were followed by logarithmic declines after one day to undetectable levels
after seven days (mean ± standard deviation, n=5 for each group at each time point), indicating
that there was no viremia after intraarterial administration of either vector (Fig. 6A). To assess
systemic toxicity, we monitored blood chemistries in rVSV-gG and rVSV-F treated rats. No
difference was detected in the levels of WBC, RBC, hemoglobin, hematocrit, urea nitrogen
and creatinine, all of which remained within the respective normal ranges at all time points
(Fig. 6B). Serum transaminases were significantly elevated in the rats before vector treatment,
indicative of the fact that these are HCC-bearing animals. There was a peak of serum
transminase levels at one day after either vector administration that could be attributed to VSV-
induced oncolysis of HCC cells and subsequent release of transaminases into the circulation
(Fig. 6B). Importantly, the elevated transminase levels were comparable between two vector-
treated groups, which returned to the pre-treatment level after three days. To assess
proinflammatory response, serum levels of IL6, TNF-α and IFN-γ were monitored. There were
no detectable levels of serum TNF-α (<12.5 pg/ml) and IFN-γ (<31.2 pg/ml) in the rVSV-F
and rVSV-gG treated rats at all time points (results not shown). Although there was a slight
but statistically significant elevation of serum IL6 in rVSV-gG, but not rVSV-F, treated rats
from 60 pg/ml to 120 pg/ml at D0, the peak was more than two logs below concentrations
associated with systemic toxicity and returned to normal after one day (Fig. 6B). The animals
were sacrificed at day 14 and the major organs including the liver, heart, lung, kidney, spleen,
duodenum, brain and spinal cord were harvested for macroscopic and histological examination.
All tissues appeared normal with no signs of pathology (results not shown). The results
indicated that hepatic arterial administration of rVSV-gG at the effective dose did not induce
viremia or systemic and organ toxicities in HCC-bearing rats.

DISCUSSION
In the present study, we have focused on the development of a novel rVSV vector that encodes
a vCKBP from a heterologous virus as an effective and safe oncolytic agent to treat multi-focal
HCC in an immune-competent animal model. We provide evidence that the treatment efficacy
of rVSV-F can be greatly enhanced by depletion of NK cells in tumor-bearing rats by
administration of a rabiit anti-asialoGM1 antibody, and that rVSV-gG possesses greatly
elevated oncolytic potency over rVSV-F, which translates into substantially enhanced tumor
response and highly significant prolongation of survival.

Although our previous studies have shown that rVSV vector administration via the hepatic
artery in multi-focal HCC tumor-bearing rats resulted in efficient tumor-selective virus
replication, oncolysis and survival prolongation,15–17,29 intratumoral virus replication peaked
at only one-day post vector administration that led to a limited tumor response, leaving behind
a wide border of viable tumor cells that caused tumor relapse in most treated animals. Since
neutralizing antibodies to VSV were not detected in the rats until day 5 post vector injection,
15–17 we hypothesized that the logarithmic decline in intratumoral virus replication at the early
phase of infection was mediated by anti-viral inflammatory cells that accumulated in the lesions
after 1–2 days, and that suppression of these inflammatory cell migration to the tumor sites
would lead to substantially enhanced intratumoral virus replication, which was verified by in
vivo depletion of NK cells in tumor-bearing rats using anti-asialoGM1 antibody. We further
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hypothesized that suppression of chemotaxis of anti-viral inflammatory cells can be achieved
by genetic modification of the rVSV genome to express heterologous viral chemokine binding
proteins, which will in turn lead to elevated VSV-mediated oncolysis, tumor response and
substantial survival prolongation. In this study, we tested the hypothesis by constructing a
rVSV vector encoding the secreted form of glycoprotein G from equine herpes virus-1, which
has demonstrated vCKBP activity and binds a broad range of chemokines with high affinity.
26 The gGEHV-1 protein blocks chemokine activity by preventing their interactions with specific
receptors and glycosaminoglycans, which is a required interaction for the correct presentation
and function of chemokines. The gGEHV-1 protein is therefore an excellent candidate for vector-
mediated suppression of host anti-viral inflammatory responses to enhance the oncolytic
potency of VSV, which was proven to be the case experimentally.

To define the effect of the genetically modified rVSV vector expressing gGEHV-1, in terms of
its ability to evade the host antiviral immune response and allow unrestrained viral replication
and cell killing within HCC tumors, it was important to test the vector in tumor-bearing animals.
On day 3 after treatment by hepatic artery infusion, positive staining for VSVG protein was
indeed augmented within tumors of rats treated with rVSV-gG as compared to the control
rVSV-F vector, and intratumoral virus titers increased by one-log. Furthermore, rVSV-gG
treatment resulted in significantly enhanced tumor necrosis. To examine the mechanism
whereby expression of gGEHV-1 resulted in substantially elevated intratumoral rVSV titers, we
performed immunohistochemical staining of various immune cell types in tumor sections from
animals treated with PBS, rVSV-gG, or rVSV-F. Interestingly, natural killer cells seemed to
be the major immune cell type recruited in response to rVSV-F infection. rVSV-gG treatment
resulted in an inhibition of NK and pan-T positive cells within tumors. Subsequent
immunofluorescence studies identified the pan-T positive cells recruited in response to rVSV-
F infection as NKT cells.

Natural killer cells are a major component of the innate immune system, and are crucial in
early defense against viral infection.30 These cells represent a distinct population of cytotoxic
lymphocytes that act as a first line of defense against invading viruses as an integral component
of the innate cellular immune response system, prior to the launch of the adaptive immune
responses.31–33 NK cells are activated during viral infections,34 and they mediate direct lysis
of target cells by releasing cytotoxic granules containing lytic enzymes, or by binding to
apoptosis-inducing receptors on the target cell.35, 36 Interestingly, an in vitro study
demonstrated that NK cells preferentially lyse human colon adenocarcinoma (Colo-205) tumor
cells infected with herpes simplex virus type 1 and vaccinia virus at an early stage of infection,
thereby preventing viral dissemination to neighboring cells.33 These data are consistent with
our observation that inhibition of NK cells through the expression of a vCKBP with NK
inhibitory function resulted in enhanced VSV replication in the tumors. The second type of
inflammatory cells inhibited by rVSV-gG was identified as NKT cells through
immunofluorescent analysis. NKT cells are a subset of NK cells, found within the T cell
populations.36 NKT cells represent a small percentage of T cells found in the thymus and
spleen, but constitute a significant proportion of those in the liver.37 Taken together, it might
be postulated that the glycoprotein G from the alphaherpesviruses has evolved in such a way
to evade the anti-viral assault by NK and NKT cells in order to promote its own propagation
within the infected host. This vCKBP property of the gGEHV-1 made it an excellent candidate
for enhancement of the oncolytic potency of VSV.

A limitation to the above interpretation is the lack of direct evidence that the vector treatment
led to intratumoral gGEHV-1 expression in vivo due to a lack of specific antibody preparations
to the viral chemokine binding protein, and gGEHV-1 concentrations in tumor extracts were too
low to be quantified by the NK cell migration assay in vitro. In the absence of these data,
alternative mechanisms such as the direct infection and lysis of NK/NKT cells by the rVSV-
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gG vector, gG-induced up-regulation of NKG2D ligands that causes NK cell death38, elevated
expression of MHC-I in tumor cells39 and TLR on dendritic cells40 should also be considered.
Additionally, the role of cellular immunity has been described in other oncolytic virus systems,
particularly with respect to NK cells, T cells and macrophages. Interestingly, there is evidence
to suggest that these cells can augment the tumoricidal effects of oncolytic HSV as virus
infection of tumor cells elicits a robust adoptive anti-tumor immune response41–43. These
seemingly contradictory results from the current studies could be reconciled by the fact that
NK cells have multiple functions in immune-competent animals. First, it is known to be an
integral component of the innate cellular immune response system that kill virus-infected cells
directly and it is this function that is attenuated by the viral chemokine binding proteins.
Another function of NK cells is to augment an adoptive immune response against cells
expressing viral antigens, which has been documented in the oncolytic HSV literature.

Finally, while it is important to develop recombinant oncolytic virus vectors with greater
potency for cancer treatment, strategies focused on inhibition of key players in antiviral
defenses could be construed as a potentially dangerous proposition in the development of
therapeutic agents for future clinical application. To address this concern, we demonstrated in
immune-competent tumor-bearing rats that the rVSV-gG vector introduced no additional
toxicities compared to the rVSV-F vector, despite the fact that expression of gGEHV-1 inhibited
the chemotaxis of NK and NKT cells to virus-infected lesions. This is most likely to be
secondary to the exquisite sensitivity of VSV to type I interferon response in normal cells,11

which is unaltered in the vCKBP-expressing vectors. In conclusion, we have presented a novel
rVSV vector, which exploits the anti-inflammatory activities of a broad-spectrum chemokine
binding protein. This vector demonstrates superior intratumoral replication, oncolysis, and
prolongation of survival in multi-focal HCC tumor-bearing rats, while maintaining the same
safety profile as the other rVSV vectors. Thus, rVSV vectors encoding vCKBPs have the
potential for development into effective and safe therapeutic agents for the treatment of HCC
and possibly other types of cancer in the future. Furthermore, since anti-viral inflammatory
responses are key components in the host's defense against invading pathogens, the concept
and technology developed here might be generally applicable in substantially enhancing the
potency of other oncolytic virus agents without inherent anti-inflammatory activities.

EXPERIMENTAL PROCEDURES
Cell lines

BHK-21 cells and rat McA-RH7777 cells were purchased from the American Type Culture
Collection (Manassas) and maintained in Dulbecco's Modified Eagle Medium (Mediatech).
All culture media were supplemented with 10% heat-inactivated fetal bovine serum (Sigma-
Aldrich) and 100U/ml penicillin-streptomycin (Mediatech).

Plasmid construction and vector rescue
The rVSV vector expressing a mutant (L289A) NDV fusion protein (rVSV-F) was previously
described16. To create a rVSV vector expressing the secreted form of gGEHV-1 a truncated
gene (1–1065 bp) as determined by hydrophobicity plotting was synthesized chemically in its
entirety (GenScript, Piscataway, NJ), which is consistent with the findings of others.26 To
generate a plasmid simultaneously expressing gGEHV-1 and firefly Luciferase, the ubiquitously
expressed ECMV internal ribosomal entry site (IRES) was introduced so that the two genes
could be co-translated as a single transcriptional unit. Sequencing of the plasmids was
conducted in the DNA Sequencing Core Facility at Mount Sinai School of Medicine. To rescue
the recombinant VSV vector, the established method of reverse genetics was employed27, 28
and their titers were determined by plaque assays on BHK-21 cells.
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Multi-focal HCC model and animal studies
All procedures involving animals were approved by and performed according to the guidelines
of the Institutional Animal Care and Use Committee of the Mount Sinai School of Medicine.
Six-week old male Buffalo rats were purchased from Harlan and housed in a pathogen-free
environment. To establish multifocal HCC lesions within the liver, 107 syngeneic McA-
RH7777 rat HCC cells were infused into the portal vein. 21 days after tumor cell implantation,
1.3 × 107 pfu of VSV or PBS in 1 ml were administered via the hepatic artery. To evaluate
tumor response, animals were sacrificed 3 days after infusion and tumors were subjected to
histological, immunohistochemical and immunofluorescent staining, as well as TCID50
analysis of tumor extracts. In addition, groups of animals infused with VSV vectors or PBS
were followed for survival.

In vivo NK cells depletion
NK cell depletion in tumor-bearing rats was accomplished in by intravenous administration of
1 mg/rat of a polyclonal rabbit anti asialo GM1 antibody (Wako Chemical USA, Inc.), or
normal rabbit serum (control Ig), at 24 hours before and after rVSV-F infusion and the animals
were sacrificed on day 3 after rVSV-F treatment.

Histology and immunohistochemistry
Liver samples containing tumor were fixed overnight in 4% paraformaldehyde and then
paraffin-embedded. Thin sections were subjected to either H&E staining for histological
analysis or immunohistochemical staining using monoclonal antibodies against VSVG protein
(Alpha Diagnostic) or myeloperoxidase (Abcam). Another set of liver samples containing
tumor were fixed overnight 4% paraformaldehyde and then equilibrated in 20% sucrose in PBS
overnight. Frozen sections were subjected to immunohistochemical staining using monoclonal
antibodies against NKR-P1A (BD Pharmingen), OX-52 (BD Pharmingen), or ED-1
(Chemicon). Semi-quantification of positively stained cells was performed using ImagePro
Software (Media Cybernetics Inc), and immune cell index was calculated as a ratio of positive
cell to unit tumor area (10,000 pixels as one unit tumor area). Additionally, frozen sections
were fixed with cold acetone and blocked with 4% goat serum, followed by staining with R-
PE-conjugated mouse anti-rat CD3 monoclonal antibody (BD Pharmingen) and FITC-
conjugated mouse anti-rat NKR-P1A antibody (BD Pharmingen). Nuclear DNA was stained
with DAPI.

Assessment of Serum Virus Titer, Proinflammatory Cytokine Production, Complete Blood
Count (CBC) and Serum Chemistry

Mutifocal HCC tumor-bearing rats were given either rVSV-F or rVSV-gG at the effective dose.
Blood samples were collected from the tail vein at one day before (D-1) and at 30 minutes
(D0), one (D1), three (D3), seven (D7) and fourteen (D14) days after vector infusion. Infectious
virus titers were determined by TCID50 assay in BHK-21 cell and the levels of serum
proinflammatory cytokines were determined by ELISA (Biosource, Camarillo, CA, USA).
CBC as well as serum chemistry including Hemoglobin, Hemotocrit, ALT, AST, BUN and
creatinine were performed at the Chemistry Laboratory at Mount Sinai School of Medicine.

Statistical analyses
For comparison of individual data points, two-sided student t-test was applied to determine
statistical significance. Survival curves of animals were plotted according to the Kaplan-Meier
method, and statistical significance in different treatment groups was compared using the log-
rank test. Results and graphs were obtained using the GraphPad Prism 3.0 program (GraphPad
Software).
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Figure 1. Logarithmic elevation of intratumoral rVSV replication and enhanced tumor necrosis
by antibody-mediated depletion of NK cells in tumor-bearing rats
Buffalo rats harboring multi-focal HCC lesions in the liver were intravenously injected with
polyclonal antibodies anti-asialoGM1 (Wako, Richmond, VA) or control rabbit IgG at 1mg/
200μl/rat at one day before rVSV-F infusion through the hepatic artery. A single injection of
rVSV-F at 1.3×107 pfu/ml/rat or PBS was performed on the following day. The antibody
injections were repeated via at one day after rVSV-F or PBS infusion (N=3 for each group).
The treated animals were sacrificed 3 days after virus administration. Panel A shows the
representative sections after immunohistochemical staining for NK cells in the four treatment
groups (frame a, PBS with control rabbit IgG; frame b, PBS with anti-asialoGM1; frame c,
rVSV-F with control rabbit IgG and frame d, rVSV-F with anti-asialoGM1). Panel B shows
the representative sections after H&E staining in the same treatment groups as described in
panel A above. Panel C shows viral titers from tumor lysates, expressed in TCID50 per mg of
tumor tissue. Viral titers following treatment with rVSV-F + control Ig versus rVSV-F + Anti-
asialoGM1 were statistically significant by unpaired T-test analysis (p=0.002). Panel D shows
percentages of necrotic areas within tumors, as quantified by morphometric analysis of H&E-
stained tumor sections. Percentages of necrosis in tumors from animals treated with rVSV-F
+ control IgG were compared with those treated with rVSV-F + Anti-asialoGM1 by unpaired
T-test (p=0.002).
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Figure 2. Molecular construction, rescue and functional characterization of rVSV-gG in vitro
Panel A, a schematic representation of rVSV-F and rVSV-gG. The full-length pVSV plasmid
containing five transcription units, and a bicistronic construct containing the Equine
Herpesvirus 1 gG (gGEHV1) and firefly luciferase (Luc), with an intervening IRES from
EMCV, are shown. The transgenes are preceded by a VSV transcription termination signal, an
intergenic region and a transcription start signal, and are inserted into the 3'-untranslated region
of the VSVG gene. Panel B, inhibition of NK cell migration in response to MIP-1α by
conditioned media from rVSV-gG infected rat HCC cells. The NK cell migration assays were
performed using 24-well transwell plates. The migration of rat NK cells from the upper
chamber to the lower chamber in response to 100ng/ml of MIP-1α was monitored in the
presence of ultra-filtered and UV-irradiated supernatants from 105 HCC cells infected with
rVSV-gG or rVSV-F. The number of NK cells in the lower chamber was counted after an
incubation period of 4 hours at 37 degrees. Data presented are the mean values of four
independent experiments and the results were analyzed statistically by two-sided student t test.
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Figure 3. Intratumoral virus replication and tumor response in rats treated with rVSV-gG versus
rVSV-F
Multi-focal HCC-bearing Buffalo rats were injected with PBS (n=3), rVSV-F (n=4) or rVSV-
gG (n=4) at 1.3×107 pfu/ml/rat and sacrificed 3 days post-virus administration via hepatic
artery. Panel A, tumor sections were stained with a monoclonal anti-VSVG antibody (frames
a–c) or with H&E (frames d–f). Representative sections from rats treated with PBS (frames a
and d), rVSV-F (frames b and e) and rVSV-gG (frames c and f) are shown (magnification=40×).
Panel B, virus titers in tumor extracts on BHK-21 cells. Viral titers are expressed as TCID50/
mg tissue (mean + standard deviation), and the results were analyzed statistically by two-sided
student t test (p=0.04). Panel C, tumor response as quantified by morphometric analysis using
the ImagePro software. Data were shown as mean + standard deviation, and the results were
analyzed statistically by two-sided student t test (p=0.003).
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Figure 4. Immunohistochemical and immunofluorescent staining of NK and T cells in tumors of
rats treated with rVSV-F versus rVSV-gG
Panel A, representative immunohistochemically stained sections from tumors and surrounding
tissues. Tumor-bearing rats were infused with PBS (frames a and d), rVSV-F (frames b and e)
or rVSV-gG (frames c and f) at 1.3×107 pfu/ml/rat. Samples were obtained from rats at day 3
after virus infusion into the hepatic artery. Sections were stained with mouse monoclonal anti-
NKR-P1A (frames a–c) or monoclonal anti-OX-52 (frames d–f) (magnification=40×). Panel
B, representative immunoflurescent sections of rVSV-F infected rat HCC tumors. Frozen
sections were fixed with cold acetone and blocked with 4% goat serum, followed by staining
with R-PE-conjugated mouse anti-rat CD3 monoclonal antibody (frame a), FITC-conjugated
mouse anti-rat NKR-P1A (frame b), and a merged picture (frames c) (magnification=40×).
Panels C and D, semi-quantification of NK and T cells in the lesions after PBS, rVSV-F and
rVSV-gG treatment, respectively, as quantified by morphometric analysis using the ImagePro
software. Immune cell index was calculated as ratio of positive cell to unit tumor area (10,000
pixel as one unit tumor area), and the results were analyzed statistically by two-sided student
t test.
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Figure 5. Kaplan-Meier survival curve of multi-focal HCC-bearing rats after rVSV-F versus rVSV-
gG treatment
HCC-bearing rats were given hepatic arterial infusion of PBS (n=8), rVSV-F (n=10) or rVSV-
gG (n=15) at 1.3×107 pfu/ml/rat. Survival was monitored daily and the results were analyzed
statistically by log rank test (p=0.00001).
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Figure 6. Toxicology studies of tumor-bearing rats after rVSVgG and rVSV-F administration
Panel A, kinetic profile of infectious virus yields in sera of tumor-bearing rats after infusion
of rVSV-gG and rVSV-F. Virus titers (TCID50/ml) in sera obtained from tumor-bearing
animals at one day before (D-1), and at 30 minutes, 1, 3, 7 and 14 days after (D0, D1, D3, D7
and D14, respectively), virus infusion into hepatice artery are shown (mena ± standard
deviation; n=4–5/time point). A peak of virus titer was observed at D0 for both vectors, which
declined logarithmically to undetactable levels at D7 and thereafter. Panel B, determination of
CBC and serum chemistries in tumor-bearing rats after hepatic arterial infusion of rVSV-gG
and rVSV-F. Blood samples were collected from the same sets of animals as in Panel A at the
indicated time points. WBC, RBC, hemoglobin, hematocrit, BUN and creatinine levels in the
animals remained within their respective normal ranges at all time points after administration
of either vector. Serum IL-6 levels in either vector treated rats were also below its detection
limit (<62.5 pg/ml) at all time points, except at D0 (~120 pg/ml) in the rVSV-gG treated rats,
although the peak was more than two orders of magnitude below that considered to be toxic.
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