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Background: Previous studies have shown successful antitumor effects of systemically
delivered double-deleted vaccinia virus (vvDD) against a number of adult tumor models,
including glioma, colon and ovarian cancers. The purpose of this study was to investigate
the oncolytic potential of vvDD against a panel of cell lines representative of pediatric solid
tumors that are currently difficult to cure.
Methods: Cell lines derived from central nervous system atypical teratoid rhabdoid tumor
(AT/RT) (BT12, BT16 and KCCF1), sarcoma (143B, HOS, RD and RH30), and neuroblastoma
(SKNAS, SKNBE2, IMR-5 and IMR-32) were examined for vvDD mediated cytotoxicity
defined by virus expansion followed by loss of tumor cell viability. The normal human
fibroblast cell line HS68 was used as a control. Next, relevant orthotopic, subcutaneous and
lung metastasis xenograft models were treated with intravenous doses of live vvDD or
killed virus controls (DV). Tumor growth inhibition and viral replication were quantified
and survival outcomes of these animals were assessed.
Results: vvDD was able to infect and kill nine of eleven of the pediatric tumor cells (81.8%)
in vitro. In xenograft models, intravenous administration of a single dose of vvDD signifi-
cantly inhibited the growth of tumors and prolonged the survival of intracranial and met-
astatic tumors.
Conclusions: Oncolytic vvDD administered i.v. shows activity in preclinical models of pedi-
atric malignancies that are resistant to many currently available treatments. Our data sup-
port further evaluation of vvDD virotherapy for refractory pediatric solid tumors.

© 2013 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.

* Corresponding author. Division of Pediatric Oncology, Alberta Children’s Hospital, 2888 Shaganappi Trail NW, Calgary, Alberta, Canada
T3B 6A8. Tel.: +1 403 210 6418; fax: +1 403 955 2645.
E-mail address: a.narendran@ucalgary.ca (A. Narendran).
! Contributed equally to the final manuscript.
1574-7891/$ — see front matter © 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.molonc.2013.05.004


mailto:a.narendran@ucalgary.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molonc.2013.05.004&domain=pdf
www.sciencedirect.com/science/journal/15747891
http://www.elsevier.com/locate/molonc
http://dx.doi.org/10.1016/j.molonc.2013.05.004
http://dx.doi.org/10.1016/j.molonc.2013.05.004
http://dx.doi.org/10.1016/j.molonc.2013.05.004
http://dx.doi.org/10.1016/j.molonc.2013.05.004

MOLECULAR ONCOLOGY 7 (2013) 944954 945

1. Introduction

Recent decades have seen significant advances in the overall
survival rates of children with cancer. However, improving
cure rates in several intractable pediatric solid tumors, partic-
ularly high risk neuroblastoma, infant brain tumors and met-
astatic sarcomas, still remains a challenge, with exceptionally
high rates of failure under current treatment modalities. The
escalation of conventional chemotherapeutic drugs and their
combinations to induce clinical remission often leads to unac-
ceptable toxicities. Consequently, such relapsed or refractory
malignancies have become a leading cause of morbidity and
mortality in children and young adults, requiring the search
for differing therapeutic approaches (Macy et al., 2008).

A number of recent studies have provided evidence for the
utility of oncolytic viruses (OVs) as means to deliver effective
cytotoxic therapy to tumors that have become resistant to
conventional treatment approaches (Russell et al., 2012;
Bourke et al., 2011; Hammill et al., 2010). The strategy behind
this approach is to develop viruses that can replicate specif-
ically in cancer cells and cause cell lysis, while leaving non-
malignant cells unaffected. The ability of OVs to effectively
spread and reach distant invasive metastatic tumor cells
may further aid in their application in patients with highly
aggressive tumor phenotypes. Recently completed clinical tri-
als of several different OVs (adenovirus, reovirus, measles,
herpes simplex, Newcastle disease virus, vaccinia virus and
parvovirus) have demonstrated acceptable safety and tolera-
bility of OVs in patients (Hammill et al., 2010; Donnelly et al,,
2012). However, there are no substantive preclinical data on
the expediency of OVs in pediatric tumors (Morton et al.,
2010; Friedman et al., 2009; Studebaker et al., 2010). Although
limited results have been observed in preclinical models of pe-
diatric cancers, their translation into clinical trials has not
occurred. Hence, research studies are needed to address the
applicability of OVs to the unmet needs in refractory pediatric
tumors, while drawing on the rapid advances in the field of
viral oncolytics in adult trials to achieve practical benefits
for these children in a timely manner.

Previously, we have described preclinical data using
distinct xenograft models to study the utility of OVs such as
Myxoma Virus (MYXV) and vesicular stomatitis virus (VSV,
deltaM51) for activity against brain tumors (Lun et al., 2005,
2009, 2010, 2009; Alain et al., 2010, 2010; Wu et al., 2008). How-
ever, the double deleted vaccinia virus (vvDD) provides unique
benefits and has been explored in the current study for thera-
peutic potential against refractory pediatric solid tumors.
Vaccinia virus (VV) is a double-stranded, enveloped, lytic
DNA virus with several desirable attributes as a therapeutic
agent over other OVs in development: 1. The clinical safety
profile of the virus has been established from its accepted
use as a vaccine in the smallpox eradication program. 2. Its
contraindications and adverse reactions have been well iden-
tified and effective antivirals are available. 3. Previous studies
have shown that VV is amenable for systemic (intravenous)
delivery to distant tumors, making it an attractive agent for
the treatment of pediatric tumors with metastases. Further-
more, there is significant evidence for its potential as an effec-
tive oncolytic agent from different preclinical studies in a

number of adult tumor models (Lun et al.,, 2009, 2010; He
et al., 2012; Haddad et al., 2012; Merrick et al., 2009). This has
led to the initiation of early phase clinical trials using VV
(JX-594) against adult patients (Donnelly et al., 2012; Park
et al,, 2008). The generation and use of a ‘“double-deleted”
version of the Western Reserve (WR) strain [double-deleted
VV (vvDD)] with deletions of the thymidine kinase and
vaccinia growth factor genes further enhances the safety pro-
file of this agent (Park et al., 2008). In addition, vvDD was
demonstrated to be nontoxic following iv. delivery in
nonhuman primates (Naik et al., 2006).

Based on the feasibility data provided by adult tumor
studies (He et al., 2012; Haddad et al., 2012; Merrick et al,,
2009; Park et al., 2008), we wanted to investigate the activity
of vvDD against cell lines from refractory pediatric solid tu-
mors. The objectives of this study were to determine the sus-
ceptibility and efficacy of vvDD against pediatric solid tumors
in vitro and in vivo. Here we show for the first time that diverse
pediatric solid tumor cell lines are susceptible to infection and
cytotoxicity by vvDD in vitro, and single i.v. administration of
the vvDD is capable of significantly inhibiting tumor growth
in tumor xenograft models. We also demonstrate that sys-
temic administration of vvDD in tumor bearing immunocom-
promised mice is well tolerated. The results of this study
suggest that further investigation of this virus in the treat-
ment of pediatric solid cancers is warranted.

2. Materials and methods
2.1. Cell lines and cell culture

BT12 and BT16 cell lines were established from infants with
atypical teratoid/rhabdoid tumors or the central nervous sys-
tem (CNS AT/RT) and generously provided by Drs. Peter
Houghton (Nationwide Children’s Hospital, Columbus, OH)
and Jaclyn Biegel (Children’s Hospital of Philadelphia, PA).
The cell line KCCF1 was established in our laboratory from
the cerebral spinal fluid (CSF) cells of a two-month-old male
infant with AT/RT. Characterization of this cell line has been
described previously (Narendran et al., 2008). The HS68 pri-
mary skin fibroblast cells were provided by Dr. Peter Forsyth’s
laboratory at the University of Calgary. The neuroblastoma
cell lines were provided by Dr. Herman Yeger (The Hospital
for Sick Children, Toronto, ON). The remaining cell lines
were obtained from ATCC. All cell lines were routinely tested
before animal studies for mycoplasma contamination.

Cell lines were cultured in Opti-MEM medium (Gibco, Invi-
trogen Corporation, Burlington, ON) containing 5% fetal
bovine serum (FBS, Gibco), 100 units/ml penicillin and
100 units/ml streptomycin (Gibco). Cells were trypsinized
with 0.25% Trypsin-EDTA in Ca’" and Mg®" free balanced
salt solution (Gibco) every three to five days and maintained
in incubators at 37 °C in a humidified atmosphere with 5% CO,.

2.2. Double-deleted vaccinia virus (vuDD)

A mutant attenuated “double-deleted” version of the Western
Reserve strain [double-deleted vaccinia virus (vvDD)] with
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deletions of the thymidine kinase and vaccinia growth factor
genes was created initially at the Ottawa Hospital Research
Institute, Canada (JB). Propagation and titration in U20S or
BHK cells were carried out as described previously (Lun
et al., 2009, 2010).

2.3. Cell viability assay

To determine whether pediatric tumor cells are susceptible to
vvDD in vitro, AT/RT, sarcoma and neuroblastoma cells were
plated in 96 well plates (Nunc, Rochester, NY) at a concentra-
tion of 5 x 10° cells per well and infected with different doses
of vwDD (MOI =0, 0.01, 0.1, 1 and 10). After four days in culture,
the numbers of viable cells were determined by Alamar Blue
assay (Invitrogen) according to the manufacturer’s protocol.

2.4. In vitro viral replication assay

Tumor cells and control HS68 cells were infected with vvDD at
a MOI of 0.01 and after 0, 24, 48, 72, 96 and 120 h of incubation,
cell lysates were prepared by three cycles of freeze/thawing.
Serial dilutions of supernatants and cell lysates were cultured
on confluent layers of U20S cells, viral plaques were counted,
and plaque-forming unit were calculated by the number of
plaques multiplied by the dilution factor (Lun et al., 2009,
2010). All experiments were replicated at least three times.

2.5. Generation of BT16, SKNAS and 143B cells stably
expressing enhanced firefly luciferase and mCherry or eGFP

BT16, SKNAS and 143B cell lines expressing enhanced firefly
luciferase (effLuc) and mCherry were generated using a self-
inactivating lentiviral vector encoding the internal U3 region
from mscv, effLuc, the IRES element from emcv, and eGFP
(or mCherry) (Bai et al., 2011). Virus was packaged in 293-FT
cells using pMD2.G (VSV.G env) and pCMV-deltaR8.91 and
concentrated 50x using Amicon Ultra-15 100,000 NMWL cen-
trifugal concentration units (Millipore, Billerica, MA). Concen-
trated viral supernatants were used for transduction of BT16,
SKNAS and 143B cell lines. After 72 h, eGFP or mCherry expres-
sion was observed via fluorescence microscopy. EffLuc based
bioluminescent activity was calculated using an IVIS 200
(Caliper Life Sciences, Alameda, CA).

2.6. Animal experiments

All animal work procedures were carried out in accordance
with the Guide to the Care and Use of Experimental Animals
published by the Canadian Council on Animal Care and the
Guide for the Care and Use of Laboratory Animals, issued by
NIH. All protocols were reviewed and approved by the Animal
Care Committee of the University of Calgary. Six to eight
week-old female CD-1 mice and CB17 SCID mice (Charles River
Laboratories, Wilmington, MA) were used in this study.

2.7. In vivo viral distribution studies in an AT/RT
orthotopic xenograft model
animal

AT/RT intracranial model established with

BT16GFPFluc cells and the stereotactic techniques used to

implant BT16GFPFluc cells in the right putamen have been
described previously (Studebaker et al., 2010). Briefly, mice
were anesthetized, a burr hole was drilled through a scalp
incision, and BT16GFPFluc cells (1 x 10° cells/mouse) were
inoculated under guidance of a stereotactic frame (Kopf In-
struments). Three weeks later, animals were imaged to
confirm the growth of tumor. The imaging process was carried
out by the Xenogen IVIS 200 system to record bioluminescent
signal emitted from tumors. Data were analyzed based on to-
tal photon flux emission (photons/s) in the region of interest
over the intracranial space as reported previously (Alain
et al.,, 2010). Following confirmation of tumor establishment,
a single intravenous administration of 5 x 10’ PFU/mouse of
either vvDD or dead virus (DV) was given. Dead virus was
prepared by UV exposure of live virus for 2 h.

Animals were sacrificed at 2 weeks after virus infection.
At that time, the animals were perfused with sterile PBS
and the brain tumor tissues were either saved frozen for viral
culture or embedded for H&E staining and immunohisto-
chemistry. Protein imaging of GFP tumor and mCherry virus
were visualized using a Leica MZ-FLIII fluorescence stereomi-
croscope equipped with 100-W mercury-vapor burner and
mounted with a Kodak DC 2900 digital camera (Studebaker
etal., 2010; Lun et al., 2005; Wu et al., 2008). Images were pro-
cessed and analyzed by Photoshop 8.0 and Image-Pro Plus
software.

2.8. In vivo efficacy studies in BT16GFPFluc intracranial
animal model in CD-1 nude mice

Tumor progression in live virus and control dead virus treated
animals was evaluated by the Xenogen IVIS 200 system (Xeno-
gen Corporation, Alameda, CA). These mice were imaged to
record bioluminescent signal emitted from tumors and data
were analyzed based on total photon flux emission (pho-
tons/s) in the region of interest (ROI) over the intracranial
space as per established methods (Lun et al, 2010;
Szentirmai et al., 2006). Animals were sacrificed two weeks
from the day of virus treatment, an arbitrary time point estab-
lished based on our preliminary studies. Brain specimens
from all experimental animals were prepared and gross and
histological examinations were performed to confirm tumor
dimension. For experiments assessing survival, animals
were monitored for 100 days. However, animals were sacri-
ficed before this time if body mass decreased by >20% or
when difficulty with ambulation, feeding or grooming was
reported.

2.9. In vivo antitumor efficacy of vuDD in
neuroblastoma cell line-SKNAS bearing subcutaneous
tumor model

Female CB17 SCID mice (n = 10, 6—8weeks) were implanted
with 5 x 10° cells/mouse of the SKNASmCherryFluc on the
right flank to establish sub-cutaneous (SC) tumors. Fourteen
days after tumor implantation, tumor progression was
measured by bioluminescence imaging (BLI) (Xenogen IVIS
200) or calipers (length x width) every week. Animals were
then assigned randomly into two groups and treated with a
single intravenous dose of 5 x 10’ PFU/mouse of vvDD or an


http://dx.doi.org/10.1016/j.molonc.2013.05.004
http://dx.doi.org/10.1016/j.molonc.2013.05.004
http://dx.doi.org/10.1016/j.molonc.2013.05.004

MOLECULAR ONCOLOGY 7 (2013) 944-954 947

equivalent dose of killed virus. Five animals for each group
were sacrificed after three weeks of treatment and tumor tis-
sue was removed and subjected to growth measurements and
histological examination.

2.10. In vivo activity of vuDD in the growth and lung
metastasis of 143B sarcoma cells

Previous reports have shown that the osteosarcoma cell line
143B has significant cell motility, invasion and anchorage in-
dependent growth properties and provide an efficient xeno-
graft model for invasive disease (Luu et al., 2005). In this
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mal model. Intermittent imaging analysis indicated that
lung metastasis is completed by ten to fourteen days. At this
time, the animals (n = 10) were randomly assigned to two
groups to receive either an intravenous dose of vvDD
(5 x 10”7 PFU/mouse) or control killed virus. Progression of tu-
mor growth was monitored weekly using BLI (Xenogen IVIS
200) for the first three weeks after virus treatment, then daily
for the survival monitoring. As indicated above, animals were
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were noted.

0.00E +00

&)

2.50E+05 -
2.00E+05 -
1.50E+05
1.00E+05

5.00E +04 -

0.00E +00 é

—4—=IMR-5

——IMR-32
—adr— SKNAS
== SK NBE 2

48h 72h 96h 120h

Oh 24h

48h 72h 96h 120h

Figure 1 — Analysis of the permissiveness and the replication kinetics of vvDD in pediatric solid tumor cells. AT/RT (A), HS68 human fibroblasts
(A), sarcoma (B) and neuroblastoma (C) cells were infected with 0.01 MOI of vvDD and cell lysates were prepared by freeze-thaw at the indicated

time intervals. The viral titers were determined by plaque assay on confluent U20S cells. Each assay was carried out in triplicate. Data are

representative of two separate experiments.
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2.11. Data analysis

Statistical Analysis Software (SAS Institute, Cary, NC) and
GraphPad Prism (Version 5; GraphPad Software, La Jolla, CA)
were used for statistical analyses. Survival curves were
generated by the Kaplan—Meier method. The Student’s t test
was used when appropriate. Data were expressed as
means + SD. The multiple group average data were analyzed
with the two-way analysis of variance. All reported P values
were two-sided and were considered to be statistically signif-
icant at P < 0.05.

3. Results
3.1 Infectivity of vuDD in pediatric solid tumor cell lines

As the first step in the evaluation of vvDD as an effective agent
against refractory pediatric solid tumors, we investigated the
potential of the virus to infect and replicate in tumor cell lines.
The Hs68 cells, which do not permit the replication of vvDD,
were used as a negative control. Cells were treated with 0.01
MOI of virus and the resulting virus titers were measured at
various time intervals. Data presented in Figure 1 show an in-
crease in viral titers in all of the cell lines tested with peak
levels expressed at 72 h or 96 h for AT/RT and sarcoma cell
lines. Decreases in titers beyond these time points are poten-
tially due to the loss of available tumor cells for viral propaga-
tion. Maximum virus production occurred at the 120 h time
point for NB cell lines under our experimental conditions
(Figure 1C and Supplementary Fig S1). There was also a delay
in the kinetics of vvDD replication in neuroblastoma cell lines
(Figure 1C).

3.2 Infection by vuDD leads to effective cytotoxicity in
pediatric tumor cell lines

We then evaluated the ability of vvDD to induce cytotoxicity in
the panel of tumor cells. Exponentially growing tumor cells
were treated with increasing concentrations of vvDD and after
four days in culture, viable cells were quantified. Significant
growth inhibition was observed in a dose-dependent manner
in 10 of the 11 cell lines tested (Figure 2). The neuroblastoma
cell line IMR32 appears to be resistant to cytotoxicity, showing
60% cell survival at high viral titers. This might be partially
attributed to a delayed viral production in NB cells. When
treated for a longer time, IMR32 cells were effectively killed
by vvDD (Figure S1B). In contrast, killed virus (DV) did not
induce cytotoxicity in selected tumor cells (Figure S2).

3.3. Infection and induction of cell death by vuDD in
pediatric solid tumors in vivo

As a result of the data indicating that vvDD has infective and
cytotoxic potential in vitro, we wanted to investigate how this
may translate to tumor control in vivo. For these studies, we
aimed to examine: 1. following the administration of the virus
intravenously, its capacity to reach and subsequently
inducing cytotoxicity in brain tumors; 2. the ability of the virus
to induce significant regression of orthotropic tumors; and 3.
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Figure 2 — Dose dependent growth inhibition of pediatric solid tumor
cell lines by vwDD. Three AT/RT cell lines (A), four osteosarcoma
lines (B) and four neuroblastoma lines (C) were treated with increasing
concentrations of vvDD. After four days in culture, cell viability under
each condition was quantified by Alamar blue assay. The percentage of
viable cells compared to untreated wells was plotted. Data in the figure
are representative of two separate experiments and are shown as mean of
triplicate wells + standard deviation.

the ability of the virus to suppress the spread of lesions in
aggressive metastatic tumor phenotypes.

As a test of these concepts, we selected three experimental
models from our panel of cell lines. The AT/RT cell line BT16
was used to establish an experimental model to evaluate the
effects of virus homing and cytotoxicity in intracranial le-
sions. The SKNAS neuroblastoma cell line was used to
examine the effects on orthotropic tumors. Lastly, the highly
metastatic sarcoma cell line 143B was used to evaluate the
ability of the virus to suppress the lung lesions formed by
intravenous inoculation of tumor cells.

Data presented in Figure 3 show the successful establish-
ment of brain lesions by BT16 cells and the effective suppres-
sion of these lesions by intravenous injection of vvDD (3A, 3B).
Compared to the dead virus control, the tumors were smaller
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Figure 3 — vwvDD inhibits the growth of intracranial AT/RT tumeors in CD-1 nude mice. BT16mGFPf{Luc cells were stereotactically implanted

into the brain of CD-1 nude mice. After allowing two weeks for tumors to establish, mice were randomized into two groups (four animals each)

that received a single intravenous dose of either live (vwwDD) or killed vwwDD (DV). The sizes of the tumors were quantified by the bioluminescent

signals emitted from the tumors using the Xenogen IVIS 200 system as described in methods (A). The growth of the tumors was monitored at

weekly intervals and plotted (B). Two weeks after treatment, the animals were sacrificed and photomicrographs of the brain tissues were taken to

detect GFP-expression (green, tumor) and mCherry signals (red, virus). Representative pictures are given (C).

on day seven, with no additional growth observed on day four-
teen after virus treatment. However, a continued increase in
tumor volume was noted in control animals. In addition, we
also found that viral replication occurs in areas occupied by
the tumor and outside of the normal brain tissue. Total brain
tissue from these animals was removed and subjected to
simultaneous imaging with GFP (tumor) and RFP (viral replica-
tion). Representative photographs from two brain specimens
presented in Figure 3C show the enhanced RFP activity in
areas with GFP (white arrows).

We also evaluated the effect of vvDD on SKNAS neuroblas-
toma tumors established in the flank of the animals (Figure 4).
Loss of tumor growth was noted in all animals that received
vvDD in comparison to animals that received dead virus. As
seen with BT16 cells, an initial growth of the tumors on day
seven did not advance further in treated animals compared
to control.

To evaluate whether vvDD has effects against tumor
metastasis, we established a lung metastasis model using
143B osteosarcoma cells (Figure 5). Tumor cells were given
intravenously and formed, as described by other investiga-
tors, significant lung lesions (Figure 5A). The animals were
then randomized to receive either vvDD or an equal concen-
tration of dead virus control. These studies show that vvDD
significantly reduced the growth of lung lesions formed by
143B osteosarcoma cells (Figure 5 A, B).

In addition, we also assessed the overall survival rates of
tumor bearing animals treated with vvDD or dead virus con-
trol. Animals were followed for 80—150 days and their corre-
sponding survival data are presented in Figure 6. In all three
cases, survival rates were significantly increased in vvDD
treated animals compared to controls.

4. Discussion

In the last fifty years, clinical trials, combination therapy reg-
imens and advances in surgical and radiation techniques have
provided a significant increase in the overall survival of pedi-
atric cancer patients. In spite of these improvements, cancer
remains the most common cause of death between late in-
fancy and early adulthood. In particular, patients with meta-
static and/or relapsed disease continue to endure extremely
poor outcomes, despite the use of intense treatment regimens
that often carry significant risk, including acute toxicity and
long term side effects. In many instances, further increases
in dose intensity or drug combinations are no longer viable op-
tions due to uncertain efficacy and intolerable toxicities.
Hence, novel approaches for the treatment of refractory pedi-
atric malignancies are needed.

The purpose of this study was to determine if there is pre-
clinical evidence that i.v. vvDD be useful in selected pediatric
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Figure 4 — In vivo activity of vvDD against neuroblastoma xenografts. CB17 SCID mice received SKNASmCherryfLuc neuroblastoma cells in the

right flank to establish subcutaneous tumors. Bioluminescence imaging was carried out weekly to confirm tumor growth. Two weeks after tumor

implantation, animals were assigned randomly into two groups to receive a single intravenous dose of 5 X 107 PFU/mouse of vwDD or an

equivalent dose of killed virus. Bioluminescent imaging was carried out at weekly intervals (A) and after approximately two weeks of receiving

treatment, the animals were sacrificed and the size of tumor tissues was assessed (B).

solid tumors. Preferably, these preclinical models must deter-
mine: 1. is vvDD capable of replication and subsequent cyto-
toxicity in cell lines established from refractory pediatric
solid tumors; and 2. is vvDD able to target and replicate in
both the primary and metastatic tumors in vivo, following
i.v. administration. We show here that vvDD infects, repli-
cates and induces cell lysis in a majority of cell lines. Overall,
11 tumor cell lines were studied, representing a spectrum of
molecular abnormalities and growth characteristics seen in

their respective tumor types in patients. Interestingly, even
within the same tumor type, significant variations in sensi-
tivity were seen among cell lines. For example, among the
NB cell lines, greater sensitivity to vvDD was seen in IMR5
cells, whereas IMR32 cells appear to show relative resistance
to the virus. Similarly, the metastatic OS cell line 143B showed
lower tumor lysis compared to other OS cell lines, although
dose dependent cell killing was noted (Figure 2). In general, a
correlation was noted between the ability of the virus to
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Figure 5 — Evaluation of vwDD activity in the metastatic sarcoma experimental model. 143B cells labeled with mCherryFluc were injected

intravenously through the tail vein of CB17 SCID mice to generate a commonly used model of lung metastatic lesions. Imaging analysis showed

progressively increasing lung lesions in these animals. After allowing 14 days for the lesions to establish, the animals received a single dose of

vvDD or killed virus (5 animals per group). Bioluminescent imaging was carried out at weekly intervals for up to 3 weeks (A) and corresponding

tumor size measurements were made from the images (B) (N.S.: not statistically significant).

replicate (as shown by viral titers, Figure 1) and the relative tu-
mor cytotoxicity in different cell lines, suggesting that the
oncolytic effects are related to viral activity. Nevertheless,
there were a few outliers which implicated an alternative
mechanism of cell killing. For example, vvDD replicated in
RH30 and 143B comparably, and yet, RH30 were sensitive to
cytotoxicity. IMR32 had similar replication kinetics as SK-N-
BE2, and yet, was more resistant to virus killing than the latter.

The molecular mechanisms responsible for the variations
in susceptibility of tumor cells to oncolytic viruses have not
been completely elucidated. Interestingly, a report by Tumilo-
wicz and colleagues published more than forty years ago
demonstrated the relative resistance of IMR32 cells to viruses,
particularly in their experiments with the human enterovirus
group (Tumilowicz et al., 1970). Some molecular characteris-
tics of IMR32 cells as the possible critical determinant of viral

infection comes from studies that showed that after treat-
ment with all-trans retinoic acid (RA), IMR32 cells became
significantly more sensitive to Newcastle disease virus (NDV)
(Reichard et al., 1992). Similarly, the potential mechanisms
behind viral susceptibility of IMRS cells have been investi-
gated previously. For example, polio virus (PV) infection of
IMRS cells has been shown to resultin c-Jun N-terminal kinase
(JNK)-mediated Bax dependent apoptosis (Autret et al., 2007).
It has also been shown that an increase in mitochondrial
Ca*" concentration in IMR5 cells by PV contributes to mito-
chondrial dysfunction and apoptosis (Brisac et al., 2010).
Although vaccinia virus infects most of the tumors studied,
the molecular mechanisms that govern tumor selectivity are
yet to be identified. vvDD depends on the availability of viral
transformation genes present in the tumor cells for their repli-
cation (Kirn and Thorne, 2009). For example, thymidine kinase
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Figure 6 — vvDD treatment prolongs the survival of tumor bearing
mice. Inmunocompromised mice were xenografted with AT/RT,
neuroblastoma, or metastatic sarcoma cells. Animals were
randomized and treated with a single dose of vvDD (5 x 107 PFUs/
mouse) or an equivalent dose of killed virus. Animal survival was
followed for 3—5 months. The data are presented as Kaplan—Meier
curves and show that vwDD treatment increased median survival of
animals bearing (A) AT/RT (nu mice, intracranial tumor model,

P = 0.049, log-rank test), (B) neuroblastoma (CB17 mice,
subcutaneous model, P = 0.0018, log-rank test) and (C) metastatic
sarcoma (CB17 mice, lung metastatic model, P = 0.007, log-rank

test). Arrows indicate time of viral inoculation.

(TK) is almost undetectable in normal cells at Go phase,
whereas this kinase is constitutively over-expressed regard-
less of cell cycle stages in many cancers (Hengstschlager
et al., 1994). Such variation may be one of the factors that
determine the efficacy of vvDD in different tumors. Identi-
fying new markers of vvDD activity or resistance will help to
stratify patients to maximize the effectiveness of these agents
in clinical studies.

Brain tumors, such as AT/RT, constitute a group of most
difficult to cure malignancies in pediatrics. OVs have been
investigated in several preclinical and clinical trials (Russell
et al,, 2012; Donnelly et al., 2012). Initial clinical studies using
oncolytic viruses to treat brain tumors clinical studies have
not produced major improvements in outcome. Many of

studies have used intratumoral administration of the virus
which essentially confines the treatment to a single adminis-
tration (Geletneky et al., 2012). Of consequence to clinical use-
fulness, poxviruses possess a number of attributes as a
therapeutic agent, including their capability for rapid replica-
tion, systemic spread, and demonstrated clinical safety (Kirn
et al., 2008). We have also demonstrated that i.v. vvDD local-
izes to intracranial tumors and metastatic lesions (Figures 3,
5). Previous studies have shown that intratumoral injection
of poxviruses can lead to measurable tumor regression (Park
et al., 2008; Mastrangelo et al., 1999). In addition, these viruses
have the propensity to rapidly spread for effective target local-
ization, thus providing an advantage for the treatment of mul-
tiple metastatic lesions.

Importantly, the ability of vaccinia virus with appropriate
vectors to target tumors of distinct phenotypes provides a sig-
nificant therapeutic advantage to their use in a range of
distinct tumor types (Rojas and Thorne, 2012). Traditionally,
the host antiviral immune response has been considered to
be a major limitation to oncolytic therapies. However, it is
becoming increasingly evident that by virtue of its ability to
overcome immune suppression in the tumor locale, the anti-
viral immune response may be harnessed for considerable
therapeutic advantage. For example, JX-594 (Pexa-Vec), that
functions as an oncolytic as well as an immunotherapeutic
vaccinia virus, has been evaluated in a number of clinical
studies. Additionally, the immune regulatory components of
virotherapy can also be extended to generate long term im-
mune surveillance against tumor recurrence. However, the
major experimental limitation of our analysis is the use of im-
mune compromised animals. Nevertheless, a number of inno-
vative experimental strategies are being developed to reduce
the impact of this drawback (Chillén et al., 1998; Beer et al.,,
1998). Also, smallpox immunization was discontinued in
1978, thus essentially eliminating pre-existing immunity to
these viruses in the pediatric population.

In our study, a single administration of vvDD results in
significantly decreased tumor progression and prolonged ani-
mal survival. It has been shown previously that the oncolytic
poxvirus JX-594 can selectively infect tumor tissue after intra-
venous infusion, in a dose-related fashion. Normal tissues
were not affected clinically (Breitbach et al., 2011). Whether
multiple doses of vvDD will be more effective is unclear. It
has been shown previously that in the glioma model, animals
treated with multiple doses of vvDD did not demonstrate
longer survival compared to those that received single dose
(Lun et al., 2009). In a recent publication, Heo and colleagues
have reported the findings of a randomized phase 2 dose-
finding trial (n = 30) of patients with advanced hepatocellular
carcinoma (HCC). In this study JX-594 demonstrated oncolytic
and immunotherapeutic tumor responses and dose-related
survival in individuals with HCC (Heo et al., Feb 10 2013).

The in vivo studies presented in this report involved signif-
icantly immunocompromized hosts. In patients, the ultimate
clinical utility of this approach can be compromised by the im-
mune response generated against the virus. However, our pre-
vious studies have found evidence for activity of vvDD in
immunocompetent animals (Lun et al., 2009). Furthermore,
immunosuppressive agents such as rapamycin or cyclophos-
phamide are able to enhance vvDD replication and promote
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oncolysis (Lun et al., 2009). Additional studies are needed to
evaluate the specific role of the host immune system and its
interaction with vvDD in the net clinical efficacy of this treat-
ment approach.

The rapid growth in knowledge of direct and immune sys-
tem mediated antitumor activity of viruses in the past decade
has helped to advance the field of viral oncolytics signifi-
cantly and has brought about the realization of this approach
as a feasible alternative in treating malignancies that are
currently considered to be incurable. Consequently a number
of viruses have already entered or are being actively evalu-
ated for early phase clinical trials in children. Leading among
these are modified forms of the vaccinia virus that carry a
number of key attributes that make it a sound choice for
active investigation for future therapeutics in pediatric pa-
tients. As the essential first step in this process, we show
here that vvDD can infect and replicate in cell lines derived
from pediatric tumors and demonstrate its tolerability and
ability to localize in intracranial and metastatic tumors
following intravenous administration. As viral infection is
highly dependent on host tumor tissue properties, our data
on multiple tumor lines from three distinct pediatric tumors
provide supportive information for further studies to develop
vvDD in future therapeutic opportunities in refractory child-
hood malignancies.
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