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Abstract
Purpose—Rhabdoid tumors are highly aggressive pediatric tumors that are usually refractory to
available treatments. The purpose of this study was to evaluate the therapeutic potential of two
oncolytic viruses, myxoma virus (MV) and an attenuated vesicular stomatitis virus (VSVΔM51), in
experimental models of human rhabdoid tumor.

Experimental Design—Four human rhabdoid tumor cell lines were cultured in vitro and treated
with live or inactivated control virus. Cytopathic effect, viral gene expression, infectious viral titers,
and cell viability were examined at various time points after infection. To study viral oncolysis in
vivo, human rhabdoid tumor cells were implanted s.c. in the hind flank or intracranially in CD-1 nude
mice and treated with intratumoral (i.t.) or i.v. injections of live or UV-inactivated virus. Viral
distribution and effects on tumor size and survival were assessed.

Results—All rhabdoid tumor cell lines tested in vitro were susceptible to productive lethal
infections by MV and VSVΔM51. I.t. injection of live MV or VSVΔM51 dramatically reduced the size
of s.c. rhabdoid tumor xenografts compared with control animals. I.v. administration of VSV ΔM51

or i.t. injection of MV prolonged the median survival of mice with brain xenografts compared with
controls (VSVΔM51: 25 days versus 21 days, log-rank test, P = 0.0036; MV: median survival not
reached versus 21 days, log-rank test, P = 0.0007). Most of the MV-treated animals (4 of 6; 66.7%)
were alive and apparently “cured” when the experiment was arbitrarily ended (>180 days).
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Conclusions—These results suggest that VSVΔM51 and MV could be novel effective therapies
against human rhabdoid tumor.

Rhabdoid tumors are rare but highly aggressive neoplasms that occur predominantly in infants
and children who are <2 years old. Although originally described as a tumor of the kidney
composed partly or entirely of rhabdoid cells (1), rhabdoid tumor can develop in most soft
tissues, including the liver, lung, and thymus, as well as the brain and spinal cord (2,3).
Rhabdoid tumors arising in the kidney or in extrarenal sites outside of the central nervous
system are generally called malignant rhabdoid tumors. Rhabdoid tumor in the central nervous
system, called atypical teratoid/rhabdoid tumor, was first recognized in 1987 (4), and is usually
composed of rhabdoid cells juxtaposed with areas of primitive neuroepithelial cells,
mesenchymal tissue, and/or epithelial tissue. The prognosis of patients with atypical teratoid/
rhabdoid tumor is very poor, as these tumors progress rapidly and are often refractory to
available treatments (2). Current estimates suggest a 2-year survival rate of only 15% for
children diagnosed with atypical teratoid/rhabdoid tumor (5) and new treatments are urgently
needed.

The cellular origin of rhabdoid tumor is not known. Given the ability of rhabdoid tumor to
arise in multiple tissue sites and to differentiate along neural, epithelial, and mesenchymal
lines, it has been proposed that the cell of origin is a primitive progenitor cell that may be
derived from the neural crest (3). Despite the variability observed in tumor location and
histology, most rhabdoid tumors share a similar genetic origin and are characterized by the
presence of mutations or deletions of the hSNF5/INI1 gene on chromosome band 22q11.2
(5–7). Approximately 70% of primary tumors carry mutations and/or deletions in both copies
of the hSNF5/INI1 gene, whereas an additional 20% to 25% of tumors have reduced expression
at the RNA or protein level, indicating that loss-of-function of the INI1 protein is a central
event in the development of malignant rhabdoid tumor (5).

Although the precise mechanisms through which loss of INI1 leads to tumorigenesis are
unclear, several in vitro and in vivo studies suggest that loss of INI1 perturbs key cell cycle
control and DNA repair mechanisms such as the p16INK4a-Rb-E2F and p53 pathways (5,8,
9). INI1 is an invariant protein in the SWI/SNF chromatin-remodeling complex, which
regulates cellular gene expression programs by facilitating transcriptional activation and
repression (10). The SWI/SNF complex is also implicated in the regulation of IFN signaling
pathways that are important in the control of cell growth/apoptosis and in antiviral responses.
In response to viral infection, normal cells rapidly up-regulate the expression and secretion of
type 1 IFNs, which bind to cell surface receptors on both infected and neighboring uninfected
cells and initiate signals that induce the expression of multiple genes with antiviral functions.
Many tumor cells are known to have diminished responsiveness to IFN (11), which allows
them to escape IFN-mediated growth control pathways, but also weakens their resistance to
viral infection. Recently, knockdown of INI1 expression using RNA interference in
mammalian cells was shown to block the cellular antiviral responses by inhibiting the
expression of IFN- and virus-inducible genes (12). If loss of INI1 impairs the innate antiviral
response in rhabdoid tumor, these tumors might be particularly susceptible to treatment with
oncolytic viruses.

Oncolytic viruses are attractive new tools for the treatment of cancer due to their ability to
infect and kill tumor cells, while sparing normal cells (for review, see ref. 11). Oncolytic viruses
specifically target cancer cells because many of the same genetic defects that promote
tumorigenesis also compromise the antiviral defenses of the cell. A number of different viruses,
including both naturally occurring and genetically engineered strains, have shown promising
results in preclinical testing (13–19) and in clinical trials (20,21).

Wu et al. Page 2

Clin Cancer Res. Author manuscript; available in PMC 2010 March 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Oncolytic viruses used for human cancer therapy should ideally meet several criteria (11,22).
Such viruses should efficiently replicate within cancer cells and spread within tumors, but be
restricted from infecting normal cells, and they should be able to be effectively delivered to
multiple sites to treat invasive cells and disseminated metastases. Other desirable properties of
oncolytic viruses include the ability to genetically engineer the virus to improve its safety and
efficacy, as well as a nonpathogenic profile in humans, so that it is safe for patients, their
families, and the community. Both myxoma virus (MV) and vesicular stomatitis virus
(VSVΔM51), an attenuated strain of vesicular stomatitis virus, fulfill many of these criteria.

MV is a rabbit-specific poxvirus that causes the lethal disease myxomatosis in the European
rabbit (23). Like other poxviruses, its large double-stranded DNA genome is amenable to the
potential insertion of large, therapeutically relevant, eukaryotic genes (23,24) and it is
nonpathogenic in all other vertebrate species tested, including humans (25,26). Despite this
narrow species selectivity, MV has oncolytic activity against human tumor cells in vitro and
in vivo (15,27,28).

Vesicular stomatitis virus is a negative-stranded RNA virus belonging to the Rhabdoviridae
family that is capable of infecting a wide variety of cell types, although it is not known to cause
any disease in humans (29). Wild-type VSV is a potent oncolytic virus, but it is lethal when
administered to animals that have not been prophylactically treated with IFN (30). The viral
matrix (M) protein blocks IFN induction in cells infected with VSV, an event that is critical
for successful viral replication, as IFN severely restricts VSV growth (29,31). The attenuated
VSVΔM51 strain has a single amino acid deletion of methionine-51 (M51) of the M protein,
rendering it unable to block cellular IFN responses (30), thereby selectively targeting
VSVΔM51 to tumor cells with defective IFN responses (22,32). VSVΔM51 is well tolerated
when injected i.v., and this method of systemic administration has the advantage of enabling
the virus to target invasive multifocal tumors, including those that have widely metastasized
(19,30,33,34).

In this study, we evaluated the efficacy of VSVΔM51 (19,30) and MV (15,23) in experimental
models of rhabdoid tumor. Both of these viruses have significant oncolytic activity in other
brain tumor models, including glioma and medulloblastoma, which, like atypical teratoid/
rhabdoid tumor, are aggressive, invasive, and difficult to treat (15,19,35). Here, we show that
VSVΔM51 and MV are effective and safe oncolytic agents against in vitro and in vivo
experimental models of malignant rhabdoid tumor. The results of this study suggest that further
investigation of the utility of oncolytic viruses in the treatment of malignant rhabdoid tumor
is warranted.

Materials and Methods
Cell lines and animals

Rhabdoid tumor cell lines [BT-12, BT-16, STM-91-01 (36), and TM-87-16 (37)] were
maintained in RPMI 1640 (Hybri-care, American Type Culture Collection) supplemented with
20% fetal bovine serum, 1% L-glutamine, and 1% insulin-transferrin-selenium (Life
Technologies) at 37°C in a humidified 5% CO2 incubator. BT-12 and BT-16 were established
from brain tumors, whereas STM-91-01 and TM-87-16 were from the lung or a retroperitoneal
mass, respectively. Each of the cell lines has loss of INI1 due to a homozygous mutation or
deletion of the INI1 gene. The human glioma cell line, U87, and murine fibroblast NIH 3T3
cells were purchased from the American Type Culture Collection and were cultured in DMEM/
F12 medium containing 10% fetal bovine serum. Cultures were routinely tested for
Mycoplasma contamination.
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CD-1 nude mice (female, 6–8 weeks old) were purchased from Charles River Canada. The
animals were housed in groups of three to five in a vivarium maintained on a 12-h light/dark
schedule with a temperature of 22 ± 1 °C and a relative humidity of 50 ± 5%. Food and water
were available ad libitum. All procedures were reviewed and approved by the University of
Calgary Animal Care Committee and were carried out in accordance with the Care and Use of
Experimental Animals Guide issued by the Canadian Council on Animal Care.

Viruses and cell infection
VSVΔM51, an attenuated VSV strain derived from the Indiana serotype of VSV, was propagated
on Vero cells. This recombinant virus was modified by deletion of methionine 51 in the M
protein and insertion of an extra cistron encoding green fluorescent protein (GFP) between the
G and L sequences (30). The MV used, vMyxgfp, was derived from strain Lausanne and has
a GFP cassette driven by a synthetic vaccinia virus early/late promoter inserted between open
reading frames M135R and M136R of the myxoma genome (38); it was propagated on BGMK
cells. Inactivated control virus [“dead” virus (DV)] was prepared by irradiating live viruses
with UV light for 1 h.

For experiments examining cytopathic effect and cell viability, cells were grown to 50%to 60%
confluence in 96-well plates and then infected with different doses of VSVΔM51 [multiplicity
of infection (MOI) = 0, 0.01, 0.1, or 1] or MV (MOI = 0, 1, 10, or 40) for 1 h at 37°C in 50 µL
of culture medium. Fresh medium (150 µL) was added, and cells were cultured until the time
points indicated in each experiment. Cell viability was measured 72 h post infection using the
3-(4,5-dimethylthiazol-2-yl)-,5-diphenyltetrazolium bromide (MTT) assay as previously
described (13). All experiments were done in triplicate. Phase-contrast and fluorescent images
of cells were taken using a Carl Zeiss inverted microscope (Axiovert 200M) mounted with a
Carl Zeiss digital camera (AxioCam MRc).

Viral recovery assay
Rhabdoid tumor cell lines were infected in vitro with 0.1 MOI of vMyxgfp or VSVΔM51, as
described above. At different time points after infection (0, 24, 48, 72, and 96 h), the cell culture
plates were frozen and thawed twice to lyse cells and release viral particles. Viral titers of
vMyxgfp and VSVΔM51 in the cell lysates were determined using a standard plaque-forming
assay with BGMK or L929 cells, respectively (15,19). Serial dilutions of cell lysates were
cultured on confluent layers of BGMK or L929 cells, and viral titers were determined by
counting fluorescent viral foci 48 h later using a Zeiss Axiovert microscope and a × 2.5 low-
power objective. Viral titers were calculated based on 10,000 cells.

In vivo studies in a CD-1 nude mouse model with s.c. malignant rhabdoid tumor xenografts
CD-1 nude mice received a s.c. injection of 5 × 105 STM-91-01 cells in the hind flank. When
palpable tumors measuring ~16 mm2 (length × width) were present, MV (n = 4) or
VSVΔM51 (n = 4) was injected intratumorally [i.t.; 1 × 107 plaque-forming units (pfu)/mouse/
injection] on three separate occasions at intervals of 2 days. Animals receiving i.t. injections
of PBS (n = 4) were used as mock controls. Tumor size was measured every 3 days after virus
injection for 1 month.

In vivo studies in a CD-1 nude mouse model with atypical teratoid/rhabdoid tumor brain
xenografts

The stereotactic techniques used to implant atypical teratoid/rhabdoid tumor cells in the brains
of CD-1 nude mice have been described previously (13). Mice were anesthetized, a burr hole
was drilled through a scalp incision, and BT-16 tumor cells (2 × 105 per mouse) were inoculated
into the right putamen under the guidance of a stereotactic frame (Kopf Instruments). Live or
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inactivated VSVΔM51 (5 × 108 pfu/mouse/injection) was injected i.v. via the tail vein 8, 10,
and 12 days after atypical teratoid/rhabdoid tumor cell implantation. Live or inactivated MV
was injected i.t. (1 × 107 pfu/mouse/injection) 8, 10, and 12 days after tumor implantation.

Mice were monitored daily and were sacrificed when they lost 20% of their body weight or
had difficulty ambulating, feeding, or grooming. Tumor size was assessed 25 days after the
first injection of virus. Mice were anesthetized, perfused intracardially with PBS, and then
fixed with 4% paraformaldehyde. The whole brain was cut into coronal sections, and the section
with the largest amount of tumor was used to measure tumor size by quantitating the tumor
area and the total brain area using ImagePro software. For experiments assessing survival,
animals were monitored for 180 days, at which point the experiment was terminated.

For assessment of viral replication in vivo, nude mice with established BT-16 brain xenografts
were injected i.t. with MV (5 × 106 pfu/mouse) or VSVΔM51 (5 × 108 pfu/mouse) 12 days after
tumor implantation. On days 1, 3, 7, 14, and 21 after infection, mice were sacrificed and
perfused with sterile PBS. Images of the whole brain were taken with a Leica MZ-FLIII
fluorescence stereomicroscope using a standard GFP filter set. Brain tumor tissues were then
stored frozen for viral culture, or embedded in OCT for H&E staining and
immunohistochemistry for viral antigens.

For viral recovery assays done on brain tumor tissue, mice were perfused with PBS before
euthanization and brain tumor tissue was removed under sterile conditions. The tissue was
washed twice with PBS and homogenized using a Pellet Pestles Kit (VWR International) or
homogenizer (Ultra-Turrax T25, Janke & Kunkel), followed by a freeze-thaw protocol to
release virus from cells. Supernatants were clarified by centrifugation, diluted, and analyzed
using a standard plaque-forming assay, as described above.

Immunohistochemistry for viral protein expression
Frozen sections were fixed with 4% paraformaldehyde for 20 min, followed by three washes
with PBS. The sections were exposed to a rabbit polyclonal myxoma antibody, M-T7 (7,38),
diluted 1:2,000 in PBS containing 2% bovine serum albumin or a rabbit polyclonal VSV
antibody at a 1:3,000 dilution in PBS for 24 h at 4 °C. Biotinylated anti-rabbit IgG (Vector
Laboratories) was used as a secondary antibody. Sections were then incubated with avidin
conjugated to horseradish peroxidase (Vectastain ABC immunohistochemistry kit, Vector
Laboratories), and staining was visualized by the addition of 3,3′-diaminobenzidine. To
visualize MV and VSV antigens, sections were mounted and viewed with a Zeiss inverted
microscope (Axiovert 200M) and a Carl Zeiss camera (AxioCam MRc) to obtain images.

Statistical analyses
Statistical Analysis Software (SAS Institute, Inc.) and GraphPad Prism (version 4; GraphPad
Software, Inc.) were used for statistical analyses. Two-way ANOVA and the Mann-Whitney
test were used to compare the tumor sizes in the s.c. and brain xenograft models, respectively.
Survival curves were generated using the Kaplan-Meier method and compared using the log-
rank test.

Results
VSVΔM51 and MV productively infect and kill rhabdoid tumor cell lines in vitro

We evaluated the permissiveness of infection and the extent of cell killing by VSVΔM51 and
MV in four rhabdoid tumor cell lines. Two of these cell lines (BT-12 and BT-16) were derived
from atypical teratoid/rhabdoid tumors. STM-91-01 cells were derived from a lung metastasis
in a child with a renal malignant rhabdoid tumor (36), whereas TM-87-16 cells were isolated
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from a malignant pleural effusion in a patient with a retroperitoneal mass (37). Each cell line
was exposed to live or UV-inactivated-DV VSVΔM51 (1 MOI) or MV (10 MOI), cultured for
72 h, and then examined for evidence of viral infection. As shown in Fig. 1, all of the rhabdoid
tumor cell lines examined were permissive to VSVΔM51 and MV infection, although to
different degrees. Visible cytopathic effect was evident in the altered cell morphology and
decreased cell numbers were present in cultures exposed to live virus, compared with the DV-
treated cells (Fig. 1A and C). The expression of virally encoded GFP in all of the live virus –
treated rhabdoid tumor cell lines confirmed the presence of a productive viral infection in the
cells (Fig. 1A and C). None of the DV-treated cells showed any evidence of CPE or GFP
expression. We have previously shown that the human glioma cell line U87 is permissive to
infection with MV and VSVΔM51, whereas the murine fibroblast cell line NIH 3T3 is resistant
to infection by both viruses (15,19), and we used these cell lines as positive and negative
controls. As expected, CPE and GFP expression were observed when U87 cells were exposed
to live MV and VSVΔM51, but were not observed in similarly treated NIH 3T3 cells (Fig. 1A
and C).

A cell viability assay (MTT) confirmed the results from the CPE assays and quantified the
extent of cell killing by MV and VSVΔM51

All four of the malignant rhabdoid tumor cell lines were susceptible to killing by MV, and
extensive cell death was observed 72 h postinfection at an MOI of 10 (Fig. 1B). Similarly, all
malignant rhabdoid tumor cell lines examined were susceptible to infection and killing by
VSVΔM51, as <30% of the cells remained viable 72 h after infection with 0.1 MOI of live virus
(Fig. 1D). There was no evidence of any effect on cell viability in DV-treated cells (Fig. 1B
and D).

The ability of viral progeny produced during an infection to spread and infect other cells within
the main tumor mass, as well as invasive and metastatic cells, is important for the therapeutic
efficacy of replication-competent oncolytic viruses. Therefore, we evaluated the amount of
infectious, replication-competent virus produced following infection of rhabdoid tumor cells
in vitro with 0.1 MOI of VSVΔM51 or MV. In all the malignant rhabdoid tumor cell lines
examined, VSVΔM51 and MV titers were substantially elevated compared with the original
input viral titer as early as 24 h postinfection, with titers remaining at elevated levels for up to
96 h (Fig. 2). A similar increase in viral titer was observed in virus-treated positive control
U87 cells (Fig. 2). In contrast, there was no evidence of viral propagation in the nonpermissive
NIH 3T3 cells, where viral titers did not increase above the original input dose at any time
point examined (Fig. 2).

VSVΔM51 and MV have antitumor activity in a s.c. mouse model of human malignant rhabdoid
tumor

Having determined that MV and VSVΔM51 could infect and kill rhabdoid tumor cells in
vitro, we next designed a series of experiments to determine if oncolysis by these viruses would
also be observed in vivo. A human malignant rhabdoid tumor xenograft mouse model was
created by injecting STM-91-01 cells s.c. in the hind flank of CD-1 nude mice. When the tumors
had grown to ~16 mm2 in size (length × width), the mice were treated with three separate i.t.
injections of live MV or VSV ΔM51 (1 × 107 pfu/injection/mouse) at intervals of 2 days. As
shown in Fig. 3B, tumors injected with live MV or live VSVΔM51 began to decrease in size 6
to 9 days after the first virus injection and continued to shrink over the 30-day time course
examined. One tumor injected with MV disappeared completely, and only small residual
tumors were present in the remaining MV-treated animals (Fig. 3A and B; two-way ANOVA,
P < 0.0001). VSVΔM51 was even more effective than MV, with the disappearance of tumors
in all of the VSVΔM51-treated mice by 30 days after virus treatment (Fig. 3A and B; two-way
ANOVA, P < 0.0001). Tumors in mock control animals, which were injected with PBS,
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continued to increase in size during the entire time course of the experiment, eventually
reaching an average size of 65 mm2 (Fig. 3A and B).

VSVΔM51 and MV productively and selectively infect human rhabdoid tumor brain xenografts
in CD-1 nude mice

In the flank model described above, STM-91-01 cells (derived from a lung metastasis of a renal
tumor) were used to examine the efficacy of the oncolytic viruses at an extracranial site. To
investigate the efficacy of MV and VSVΔM51 against intracranial atypical teratoid/rhabdoid
tumor in vivo, we established a mouse xenograft model of human atypical teratoid/rhabdoid
tumor by implanting BT-16 atypical teratoid/rhabdoid tumor cells into the brains of CD-1 nude
mice.

To assess the efficacy of intracranial BT-16 model, we used MV and VSV in the individual
routes of delivery for each virus. Previously, we have shown that animals given intracranial
administration of VSVΔM51 will die within a few days even at very low doses, whereas systemic
administration using tail vein injection is well tolerated and has oncolytic activity against
human glioma brain xenografts (19). Conversely, we have shown that MV delivered
intracranially is safe and well tolerated (15) but when delivered i.v. as assessed using the BT-16
intracranial rhabdoid model, is undetectable in the tumor even at time points as early as 24 and
72 h following administration (Fig. 4A). Consistent with these data, we found that i.v.
administration of MV did not prolong survival of animals bearing BT-16 intracranial tumors
(Fig. 4B). Therefore, to determine whether VSVΔM51 and MV were able to productively infect
and replicate within the brain xenograft tumors, we optimized the mode of delivery for each
individual virus. Twelve days after tumor implantation, animals were given an i.t. injection of
MV (1 × 107 pfu/mouse/injection) or an i.v. injection of VSVΔM51 (5 × 108 pfu/mouse/
injection). Animals were sacrificed at various time points after virus injection (3 animals per
time point), and the expression of virally encoded GFP in the whole brain was visualized by
immunofluorescence microscopy (Fig. 5A and C). At all time points examined, GFP expression
was evident only in the tumor, and was not observed in other regions of the brain (Fig. 5A and
C; top 2 rows of each panel). Viral GFP expression was observed up to 7 days after injection
of VSVΔM51 (Fig. 5C), but persisted at least 21 days after mice were injected with MV (Fig.
5A). Immunohistochemical staining for MV or VSVΔM51 viral proteins confirmed the presence
and distribution of each virus within the tumor (Fig. 5A and C, bottom 2 rows of each panel).
To further examine the ability of the viruses to replicate in vivo, we isolated brain tumor tissue
from animals at each time point (3 mice per time point) and did viral recovery assays to quantify
the amount of infectious virus. MV titers reached maximal levels 7 to 14 days after virus
treatment (Fig. 5B), whereas VSVΔM51 titers peaked at 3 days postinfection (Fig. 5D). In
addition, there was no evidence of infectious MV or VSVΔM51 in the contralateral,
nonimplanted brain hemisphere (data not shown).

VSVΔM51 and MV inhibited tumor growth and prolonged survival of mice bearing atypical
teratoid/rhabdoid tumor brain xenografts

As an initial assessment of the antitumor activity of the viruses in the atypical teratoid/rhabdoid
tumor model, CD-1 nude mice bearing BT-16 brain xenografts were treated with live or UV-
inactivated (DV) VSVΔM51 (i.v., 5 × 108 pfu/mouse/injection) or MV (i.t., 1 × 107 pfu/mouse/
injection) 8, 10, and 12 days after tumor implantation, and tumor size was measured 25 days
after implantation. We found that all DV-treated animals had large tumors [which occupied,
on average, 44% (DV, MV) and 45% (DV, VSVΔM51) in coronal sections of the brain; Fig.
6A and C]. Tumors in mice treated with i.v. VSVΔM51 were significantly smaller than those
in DV-treated controls (occupied on average, 35% of coronal sections of brain; Mann-Whitney,
P = 0.0068, Fig. 6D). The largest reduction in tumor size was observed in mice injected i.t.
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with MV, which was considerably more effective than i.v. VSVΔM51 (tumors occupied, on
average, 10% of coronal section of brain; Mann-Whitney, P = 0.0003; Fig. 6B).

We then examined the effect of virus treatment on survival. I.t. administration of live MV
dramatically prolonged survival (mean time not reached) compared with the DV controls
(mean, 21 days; 95% confidence interval, 19–23 days; log-rank test, P = 0.0007), and four of
six mice treated with live MV were long-term survivors and apparently “cured” (Fig. 6E).
Because only two of the live MV-treated mice died, the median survival of the live MV-treated
animals was not reached (>180 days). Systemic administration of VSVΔM51 was less effective
than i.t. MV, as all of the mice treated with live VSVΔM51 eventually died, although the median
survival of the live VSVΔM51-treated animals was significantly longer (mean, 25 days; 95%
confidence interval, 23–27 days) than the DV control group (mean, 21 days; 95% confidence
interval, 20–23 days; log-rank, P = 0.0036; Fig. 6F).

Discussion
At present, there is no standardized treatment regimen for malignant rhabdoid tumor or atypical
teratoid/rhabdoid tumor and most children are treated with a combination of surgery,
chemotherapy, and/or radiation (5,7). Despite aggressive multimodality treatment, the
prognosis for most patients is extremely poor; in the case of atypical teratoid/rhabdoid tumor,
few patients (≤20%) survive >12 months after diagnosis (39,40). Here, we evaluated a novel
therapeutic approach using two different oncolytic viruses, VSVΔM51 and MV, and show that
both of these viruses are effective oncolytic agents against in vitro and in vivo experimental
models of rhabdoid tumor.

Although the molecular signaling defects in rhabdoid tumor cells that render them susceptible
to infection with these oncolytic viruses are not fully understood, other work suggests that
several pathways are likely to be important. Permissiveness to MV infection is closely
correlated with the level of activated Akt kinase, and nonpermissive tumor cells become
susceptible to MV oncolysis after expression of a constitutively active Akt mutant (28,41).
Consistent with these results and previously published data (42), we found that all four tumor
cell lines had higher levels of phosphorylated Akt than the nonpermissive NIH3T3 cell line
(Supplementary Figure). Thus, MV could be a useful therapeutic agent in at least a subset of
rhabdoid tumor. Cui et al. (12) have shown that normal functioning of INI1 in SWI/SNF
complexes in HeLa cells is essential for the up-regulation of many genes in response to type I
IFN. Because VSVΔM51 replication is strongly inhibited by IFN, defective IFN signaling
caused by the loss of INI1 is likely to be an important determinant of rhabdoid tumor
permissiveness to VSVΔM51. Although further work is necessary to confirm that the IFN
response in rhabdoid tumor cells is similarly inhibited by the loss of INI1, inactivation of the
INI1 gene in virtually all rhabdoid tumors suggests that IFN sensitive oncolytic viruses such
as VSVΔM51 may be effective against a majority of rhabdoid tumors.

Despite a rapidly increasing number of studies examining the utility of oncolytic viruses against
many cancers, there have been few comparisons of the efficacy or toxicity of multiple oncolytic
viruses in a single model (19,43). Here, we have directly compared the oncolytic efficacy of
MV and VSVΔM51 in vivo in a s.c. flank model of malignant rhabdoid tumor using the same
dose and mode of administration for both viruses. Our results show that both viruses were able
to significantly shrink tumors when injected directly into the tumor mass, although
VSVΔM51 was somewhat more effective than MV. These observations are consistent with our
in vitro results, which showed that although both viruses productively infect and kill rhabdoid
tumor cells, generally the rhabdoid tumor cell lines examined were sensitive to lower doses of
VSVΔM51, and VSVΔM51 replicated to higher titers than MV in malignant rhabdoid tumor cells
that were exposed to the same initial dose of each virus. We were unable to directly compare
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the efficacy of i.t. injection in the brain xenograft model used here due to the toxicity of
intracerebral administration of VSVΔM51 (19). In the brain xenograft model, i.t. injection of
MV was much more effective than systemic administration of VSVΔM51. Viral recovery assays
showed that VSVΔM51 rapidly replicated in the atypical teratoid/rhabdoid tumor xenografts in
vivo, reaching titers higher than those observed for MV (Fig. 5B and D); however, this response
was short lived and infectious VSVΔM51 was no longer detectable in the tumor tissue after 14
days. In contrast, although MV titers increased more slowly, MV infection in vivo was much
more persistent, with elevated titers present at least 21 days after virus treatment. This persistent
infection may have allowed MV to more efficiently spread within the tumor, leading to
infection and oncolysis of many more tumor cells. Other studies of oncolytic viruses have
shown that insufficient viral delivery and spread is a key limitation in the treatment of brain
tumors (11,30,44,45). In the future, strategies designed to improve the spread of VSVΔM51

within the brain and within tumors might improve the efficacy of systemic VSVΔM51 treatment.
However, because MV is safe and nontoxic when injected intracerebrally (15), and was
effective in the brain xenograft mouse model used here, i.t. administration of MV could be
particularly advantageous in the treatment of atypical teratoid/rhabdoid tumor tumors.
Systemic administration of VSVΔM51, on the other hand, would potentially be better suited to
the treatment of extracranial malignant rhabdoid tumor, particularly in situations where
metastatic lesions were present.

Another consideration in selecting treatment modalities is related to the underlying genetic
etiology of rhabdoid tumor. Patients with malignant rhabdoid tumor and atypical teratoid/
rhabdoid tumor often have a germline mutation or deletion of the INI1 gene that predisposes
them to the development of rhabdoid tumors (5). It is not known whether the nontumor cells
in these patients have impaired IFN responses, or whether there is sufficient INI1 expression
from the normal allele to protect nontumor cells from viral therapy. Under these circumstances,
i.t. therapy may be safer than i.v. therapy, which will also need to be considered when designing
studies in patients with rhabdoid tumor.

Although this study shows that VSVΔM51 and MV have potent oncolytic activity in several
preclinical models of malignant rhabdoid tumor, both of the in vivo models used here are limited
by the use of immunocompromised mice. In immunocompetent animals, antiviral immune
responses can severely limit delivery of virus to the tumor, especially when administered i.v.
(46). We have recently described a novel strategy in which virus is administered in carrier cells,
which hide viral antigens during delivery and circumvent the host immune responses that
normally impede viral delivery (46). Enhancement of viral oncolysis by the use of combination
therapy with other drugs that sensitize tumor cells to viral infection and/or diminish antiviral
immune responses may also be useful. In this regard, we have recently shown that the oncolytic
activity of MV is synergistically increased when used in combination with rapamycin both in
vitro (28) and in vivo in a murine brain xenograft model of medulloblastoma (47). Further
evaluation of the safety and efficacy of MV and VSVΔM51 in immunocompetent tumor models
that incorporate these and other strategies is needed to determine whether oncolytic virotherapy
will be useful in the treatment of malignant rhabdoid tumor.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Rhabdoid tumor cell lines are susceptible to oncolysis by MV and VSVΔM51 in vitro. A,
rhabdoid tumor cell lines were infected with 10 MOI of live MV or UV-inactivated dead MV
(MV/DV). CPE (middle column) and expression of virally encoded GFP (right column) were
evident in all malignant rhabdoid tumor cell lines 72 h after exposure to live MV
(magnification, × 200). B, relative cell viability was measured using MTT assays 72 h
postinfection with the indicated MOI of MV. C, tumor cell lines were infected with 1 MOI of
live or UV-inactivated dead VSVΔM51 (VSV/DV). CPE (middle column) and expression of
virally encoded GFP (right column) were evident in all rhabdoid tumor cell lines 72 h after
exposure to live VSVΔM51 (magnification, × 200). D, relative cell viability was measured using
MTT assays 72 h postinfection with the indicated MOI of VSVΔM51. U87 glioma cells and
NIH 3T3 cells served as positive and negative controls, respectively.
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Fig. 2.
Oncolytic viruses replicate in rhabdoid tumor cell lines in vitro. Rhabdoid tumor cell lines were
infected with 0.1 MOI of MV or VSV ΔM51.Viral titers of (A) MV or (B) VSVΔM51 in rhabdoid
tumor cells were determined using a standard focus or plaque formation assay on BGMK or
L929 cell lines, respectively. Green fluorescent foci were viewed and counted under the
fluorescent microscope, and viral titers were based on 10,000 cells. Titers of MV and
VSV ΔM51 increased in all four rhabdoid tumor cell lines by 24 h postinfection, and remained
elevated over original input doses up to 96 h postinfection. U87 glioma cells and NIH 3T3
cells served as positive and negative controls, respectively.
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Fig. 3.
I.t. injection of MV and VSVΔM51 reduced the size of s.c. malignant rhabdoid tumor in CD-1
nude mice. Mice bearing STM-91-01 (5 × 105 cells per mouse) s.c. tumors in their hind flank
were injected i.t. with MV or VSVΔM51 (1 × 107 pfu/mouse/injection, three injections at 2 d
intervals) or PBS as a control (four mice in each treatment group). A, representative
photographs of the effect of various treatments on mice implanted with s.c. malignant rhabdoid
tumor xenografts. Black arrows, s.c. tumors. Large tumors were present in control mice injected
with PBS (mock), whereas no tumor or only small residual tumors were present after treatment
with MV and VSVΔM51. B, tumor sizes in each group were measured and compared (Δ,
MV;▼,VSVΔM51;■, PBS). Points, mean of the tumor size; bars, 95% confidence interval.
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Fig. 4.
Distribution and survival of i.v. administered MV in nude mice bearing BT-16 rhabdoid tumors.
A, nude mice bearing BT-16 intracranial tumors were treated with MV (i.v.) at a dose of 5 ×
107 pfu/mouse (the highest dose of virus available) 10 d after tumor cell implantation. Animals
were sacrificed at different time points (24 h, 72 h) after virus infection. Top and middle lane,
photomicrograph of GFP-labeled virus present in the rhabdoid tumor (n = 3 mice per group;
magnification, × 20). Arrows, GFP virus expression. Bottom row, immunohistochemical
staining for MT-7 protein (arrow, brown staining; magnification, ×100). Left column, MV i.t
(5 × 106 pfu/mice) as a positive control. B, Kaplan-Meier showing the survival of BT-16 tumor-
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bearing mice after i.v. administration of PBS (DV, n = 4; MV, n = 4). All P values are two-
sided. I.v. delivery of MV did not prolong survival (DV and MV, log-rank test, P = 0.4807).
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Fig. 5.
In vivo distribution of MV and VSVΔM51 in CD-1 nude mice bearing atypical teratoid/rhabdoid
tumor brain xenografts. MV (A) and VSVΔM51 (C) viral GFP expression were observed in
vivo using immunofluorescence microscopy (first and second row). Immunohistochemical
staining of MV and VSVM51 proteins on consecutive brain sections (bottom two rows) confirms
the presence of viral proteins in the rhabdoid tumor cells (brown staining; magnification, top
to bottom, ×25, ×100).Viral recovery assays done with tumor tissue confirmed the presence of
infectious, replication-competent MV (B) and VSV ΔM51 (D) in vivo at various time points
after injection of viruses. Control tumors were injected with UV-inactivated (DV) MV (A) or
UV-inactivated (DV) VSV ΔM51 (C).

Wu et al. Page 19

Clin Cancer Res. Author manuscript; available in PMC 2010 March 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
MV and VSVΔM51 decrease tumor size and prolongs survival of CD-1 nude mice bearing
atypical teratoid/rhabdoid tumor brain xenografts. BT-16 cells were implanted in the brains of
nude mice (2 × 105 cells per mouse) on day 0. Live or UV-inactivated (DV) MV (1 ×107 pfu/
mouse/injection, i.t.) or VSVΔM51 (5 × 108 pfu/mouse/injection, i.v.) were injected on days 8,
10, and 12. Treatment with MV (A and B) or VSVΔM51 (C and D) significantly reduced the
size of atypical teratoid/rhabdoid tumor brain xenografts 25 d after tumor implantation. Bars,
95% confidence intervals. E, the median survival of MV-treated mice (n = 6) was significantly
longer than that of DV controls (n = 5, log-rank, P = 0.0007). F, VSVΔM51 – treated (F) mice
(n = 6) also survived longer than DV controls (n = 5, log-rank, P = 0.0036).
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