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Cancer is a leading cause of morbidity and mortality worldwide, necessitating the continuing development of new therapeutics to combat the disease. However, current treatment
modalities, such as radiation and chemotherapy, can lead to
debilitating side effects, as well as the selection of more aggressive malignant disease (63). The use of viral agents is a
further option presently being considered for the treatment of
cancer. This strategy is based on observations that numerous
types of viruses preferentially replicate in cancer cells versus
normal cells, since the former type appear to have acquired
defects in innate immune signaling processes that would usually prevent efficient replication (5). The ability to genetically
manipulate many of these viral agents also affords an opportunity to increase their therapeutic efficacy by stimulating antitumor immune responses or increasing bystander effects (35,
44, 45). Viruses being considered for oncolytic agents include
measles virus, adenovirus, herpes simplex virus, and vesicular
stomatitis virus (VSV) (48).
VSV is an 11-kb negative-strand RNA virus of the family
Rhabdoviridae. It is nontransforming, has a low seroprevalence, causes minimal morbidity and mortality in humans, and
is genetically malleable, allowing transgenes of interest to be
incorporated into the genome to generate recombinant VSV
(rVSV). For example, it has been demonstrated that rVSVs
designed to express cellular genes that modulate immunity,
such as beta interferon (IFN-␤) genes, exhibit effective onco-
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lytic activity with increased antitumor immune responses (44,
49). Genetically modifying the VSV genome itself is also possible and has proved useful in anticancer strategies. For example, VSVs harboring a mutation of the matrix (M) gene that
renders the protein incapable of blocking mRNA export from
the nucleus enabled the stimulation of robust innate immune
responses following the infection of cancer cells that were
characterized by an increase in IFN-␤ and interferon-stimulated gene (ISG) production (59, 61). The triggering of innate
immune responses is essential to facilitate upregulation of antigen-presenting machinery, stimulate NK cell activity, and induce anticancer cytokines.
Recently, it was reported that the p53 tumor suppressor
protein could inhibit tumor formation through mechanisms
that involved the stimulation of innate immunity, including
cross talk with the IFN system (53, 55, 62). p53 is a welldocumented regulator of many ubiquitous cellular processes
and is mutated or deleted in more than 50% of all cancers.
Further, p53 is known to potently modulate signal transduction
pathways, including cellular senescence and cell cycle pathways
(29). Additionally, p53 can affect the expression of several
transcriptional gene expression profiles, including those involving DNA repair and apoptosis (26, 29). It has also previously
been observed that reactivation of p53 in murine tumor models
can increase innate immune antitumor activity (62). Given this,
we considered whether the incorporation of p53 into VSV
would increase host antitumor innate immune responses that,
in conjunction with direct oncolytic activity, could facilitate
tumor clearance. We therefore incorporated the murine p53
(mp53) gene into VSV, hypothesizing that this could yield a
more effective cancer therapeutic agent.
In addition to generating a VSV p53-expressing vector with
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Vesicular stomatitis virus (VSV), a negative-strand RNA rhabdovirus, preferentially replicates in and
eradicates transformed versus nontransformed cells and is thus being considered for use as a potential
anticancer treatment. The genetic malleability of VSV also affords an opportunity to develop more potent
agents that exhibit increased therapeutic activity. The tumor suppressor p53 has been shown to exert potent
antitumor properties, which may in part involve stimulating host innate immune responses to malignancies.
To evaluate whether VSV expressing p53 exhibited enhanced oncolytic action, the murine p53 (mp53) gene was
incorporated into recombinant VSVs with or without a functional viral M gene-encoded protein that could either
block (VSV-mp53) or enable [VSV-M(mut)-mp53] host mRNA export following infection of susceptible cells. Our
results indicated that VSV-mp53 and VSV-M(mut)-mp53 expressed high levels of functional p53 and retained the
ability to lyse transformed versus normal cells. In addition, we observed that VSV-⌬M-mp53 was extremely
attenuated in vivo due to p53 activating innate immune genes, such as type I interferon (IFN). Significantly,
immunocompetent animals with metastatic mammary adenocarcinoma exhibited increased survival following
treatment with a single inoculation of VSV-⌬M-mp53, the mechanisms of which involved enhanced CD49bⴙ NK
and tumor-specific CD8ⴙ T cell responses. Our data indicate that VSV incorporating p53 could provide a safe,
effective strategy for the design of VSV oncolytic therapeutics and VSV-based vaccines.
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normal viral genes, we also generated a recombinant VSV
expressing p53 with a defective M protein: amino acids 52 to 54
of the M protein were mutated from DTY to AAA. This
mutation prevents the M protein from binding to the Rae1Nup98 mRNA export complex and allows cells infected with
VSV-M(mut) to efficiently export mRNA from the nucleus,
such as type I IFN and other virus- or p53-activated host genes
(16, 59, 61). This facilitates the initiation of stronger innate
immune responses, which can facilitate antitumor immunity in
tumor cells, as well as prevent viral infection of cells with intact
innate immune signaling pathways.
MATERIALS AND METHODS

or donkey anti-goat (Santa Cruz), at 1:5,000. The image was resolved using
chemiluminescence (Super Signal) and captured by autoradiography (Kodak
Film).
p53 luciferase assay. Firefly p53-luc (Clontech; 250 ng) and Renilla pRLTK
(50 ng) were transfected as described previously into 70% confluent C57BL/6
MEFs and TS/A and B16(F10) cells grown in 12-well plates 4 h prior to infection.
The cells were then infected as described above at the desired MOI. After 24 h,
the cells were lysed using 1⫻ luciferase cell culture lysis reagent (CCLR), and
luciferase assays were performed using a Luciferase Assay System and a Renilla
Assay System (Promega).
p53 DNA microarray. C57BL/6 MEFs and TS/A cells were grown to 70%
confluence in 6-well plates and infected as described previously at the indicated MOI. After 8 h incubation, total RNA was collected using an ArrayGrade Total RNA Isolation Kit (SA Biosciences). cDNA and biotin-labeled
cRNA were then generated using TrueLabeling-AMP 2.0 (SA Biosciences).
The labeled cRNA was then hybridized to an Oligo GEArray DNA Microarray (OMM-027) and resolved using chemiluminescent detection and autoradiograph capture.
Mouse studies. Female BALB/c mice (6 to 8 weeks old) were acquired from
Jackson Laboratory. Female BALB/c athymic nude (CAnN.Cg-Foxn1nu/Crl)
mice were acquired from Charles River. All mice were housed under pathogenfree conditions.
Toxicity. Female BALB/c (n ⫽ 7) or nude (n ⫽ 5) mice were injected with
VSV intravenously (i.v.) in 100 l PBS in the tail vein or in 10 l PBS intranasally
(i.n.). The mice were then monitored for survival. Additionally, mice were sacrificed if they displayed gross morbidity or if they developed hind limb paralysis.
Tumor studies. BALB/c (n ⫽ 7) or nude (n ⫽ 5) mice were injected with 1⫻
105 TS/A-luc cells i.v. Three days later, the mice were injected with 5 ⫻ 107 or
5 ⫻ 108 PFU of rVSV. The survival of the mice was monitored daily. The
surviving mice were rechallenged with 2 ⫻ 105 TS/A-luc cells and monitored
daily for survival.
ELISPOT. We followed the protocol for the enzyme-linked immunospot
(ELISPOT) assay as previously described in detail (R&D) (1). Female BALB/c
mice (n ⫽ 5) were injected i.v. in the tail vein with 1 ⫻ 105 TS/A-luc cells. Three
days later, the mice were infected with 5 ⫻ 107 PFU of the indicated rVSV i.v.,
and 10 days postinfection, the mice were sacrificed and the spleens were removed. TS/A-luc cells treated with mitomycin C (25 g/ml) were used as the
target. The plates were analyzed the following day using an ELISPOT reader.
Multiplex ELISA and flow cytometry. Female BALB/c (n ⫽ 6) mice were
infected with 5 ⫻ 107 PFU rVSV i.v. Twenty-four (n ⫽ 3) and 96 (n ⫽ 3) hours
postinfection, the sera, spleens, and thymuses were collected. The sera were
stored at ⫺80°C and used for multiplex enzyme-linked immunosorbent assay
(ELISA) (Millipore). The sera were incubated overnight at 4°C with agitation
with a mix of antibody-coated beads. The next day, samples were incubated with
detection antibodies for 1 h at room temperature and run on a Luminex 100
machine. The spleens and thymuses were passed through a 0.2-m mesh, and
cells were recovered in 3 ml of RPMI 1640. The cells were then centrifuged at
1,400 rpm, and red blood cells were lysed using 1 ml of ACK buffer (red blood
cell lysis buffer [0.15 M NH4Cl, 1 M KHCO3, 0.1 mM Na2 EDTA]) for 5 min,
centrifuged again, and washed with 1⫻ PBS. The cells were counted, and two
groups of 1 ⫻ 106 cells were stained for 4-color flow cytometry using CD4phycoerythrin (PE) (BD 557308), CD8-peridinin chlorophyll protein (PerCP)
(BD 553036), B220-fluorescein isothiocyanate (FITC) (BD 553088), CD49ballophycocyanin (APC) (eBioscience 17-5971-81), CD11c-FITC (BD 553801),
CD11b-APC (BD553312), F4/80-PE (eBioscience 12-4801-80), or major histocompatibility complex class II (MHC-II)-eflour450 (eBioscience 48-5321-80) on
ice in darkness for 20 min. The cells were then washed once with PBS and fixed
with 1 to 4% paraformaldehyde and stored in the dark at 4°C until samples were
run on flow cytometry (BD-LSRI).
IFN-␤ ELISA. BALB/c mice (n ⫽ 3) were mock infected or infected with 5 ⫻
107 PFU rVSV. Six hours postinfection, blood was collected by submandibular
bleeding. The blood was then incubated for 1 h at 4°C and centrifuged at 13,000
rpm in order collect serum. Samples were diluted 1:50 and assessed by IFN-␤
ELISA (PBL Interferonsource).
In vivo imaging of mice. Mice were imaged as previously described (58).
Statistics. All statistical analysis was performed using GraphPad Prism 5.

RESULTS
Generation of oncolytic VSV-M(mut)-mp53 and VSV-mp53.
To determine whether novel VSVs expressing p53 have an
improved ability to modulate innate and adaptive immune
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Cells and transfection. C57BL/6 and 129/B6 mouse embryonic fibroblasts
(MEFs) were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 5% penicillin-streptomycin,
and 1% nonessential amino acids. B16(F10) cells were maintained in DMEM
supplemented with 10% FBS, 5% penicillin-streptomycin, and 1.5 g/liter sodium
bicarbonate. BHK cells were maintained in DMEM supplemented with 10%
FBS and 5% penicillin-streptomycin; TS/A and TS/A-luc cells were maintained
in RPMI 1640 supplemented with 10% FBS, 5% penicillin-streptomycin, and 10
mg/ml puromycin for TS/A-luc. C57BL/6 MEFs were transfected using Lipofectamine LTX and Plus reagents (Invitrogen); all other cell lines were transfected
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol.
Generation of VSV-mp53 and VSV-DM-mp53. In order to obtain the mp53
cDNA, PCR was performed using Pfx super mix (Invitrogen) and the oligonucleotides FWD (5⬘-TTATGTCGACATGACTGCCATGGAGGAGTC-3⬘) and
REV (5⬘-GCTAGCAGCCCTGAAGTCATA-3⬘) with the pORF-mp53 construct as a template (Invivogen). The PCR product was then ligated into pCRBlunt II Topo (Invitrogen), and the sequence was verified. mp53 was then
digested using SalI and NheI restriction enzymes (NEB) and gel purified. mp53
was then cloned into the XhoI and NheI sits of VSV-XN2 and VSV-M(mut).
VSV-M(mut) was generated by mutating amino acids 52 to 54 of the M protein
from DTY to AAA using a site-directed mutagenesis kit (Stratagene) with the
following oligonucleotides: for amino acid 52 D to A, FWD, 5⬘ GGAGTTGAC
GAGATGGCCACCTATGATCCGAATC, and REV, 5⬘ GATTCGGATCATA
GGTGGCCATCTCGTCAACTCC; for amino acid 53 T to A, FWD, 5⬘ GGA
GTTGACGAGATGGACGCCACCTATGATCCGAATC, and REV, 5⬘ GATT
CGGATCATAGGTGGCGTCCATCTCGTCAACTCC; and for amino acid 54
Y to A, FWD, 5⬘ TTTGGAGTTGACGAGATGGACACCGCTGATCCGAAT
CAATTAAG, and REV, 5⬘ CTTAATTGATTCGGATCAGCGGTGTCCATC
TCGTCAACTCCAAA. Virus was then grown using a virus recovery protocol
described previously (34). Purification and concentration were achieved using
sucrose centrifugation. Viral titers were obtained using the standard plaque
assay.
Virus infections. MEFs and TS/A and B16(F10) cells were seeded in 6 or
12-well plates and grown to 70% confluence. After washing with 1⫻ phosphatebuffered saline (PBS), the cells were infected with rVSVs at the indicated multiplicity of infection (MOI), which was calculated as follows: (number of cells ⫻
MOI)/titer ⫽ ml virus needed. The cells were incubated with virus for 1 h at 37°C
in serum-free DMEM with rocking every 15 min. The cells were washed with
PBS twice, and complete medium was added to the cells.
Cell viability. C57BL/6 MEFs and TS/A and B16(F10) cells were grown to
70% confluence in 12-well plates. The cells were then infected as described above
at the indicated MOIs. After incubation for 6, 12, 24, and 48 h, cells were
collected, washed with PBS twice, and suspended in annexin V buffer (BD;
51-66121E). The cells were then stained using annexin V-eFluor 450 (1 g/ml;
eBioscence) and propidium iodide (1 g) and then used for flow cytometry. Cells
were considered dead when they shifted from being annexin V single positive
(early apoptotic) to annexin V-propidium iodide double positive (late apoptotic).
Western blotting. Infected cells were collected and lysed in radioimmunoprecipitation assay (RIPA) buffer containing protease and phosphatase inhibitors.
Protein concentrations were determined using Coomassie Plus Protein Assay
Reagent (Thermo; 1856210), and the optical density (OD) was read at 595 nm.
Equal amounts of protein were subjected to SDS-PAGE, transferred onto a
polyvinylidene difluoride (PVDF) membrane, and blocked using 5% milk in
PBS-Tween (0.1% Tween 20). The membranes were then immunoblotted using
antibodies against p53 (Santa Cruz; SC-99), p53 phosphorylated at serines 18 and
389 (Cell Signaling; 9284 and 9281), and VSV-G (Sigma; V5507). The membranes were probed with a secondary antibody, goat anti-mouse, goat anti-rabbit,
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responses that may result in increased antitumor efficacy and
safety in vivo, the mp53 gene was cloned between the G and L
proteins of VSV (VSV-XN2). As an additional experiment,
murine p53 was similarly cloned into VSV harboring a mutation in the M protein [VSV-M(mut)] so that the resultant virus
could not block host mRNA export, including innate immunerelated transcripts that could conceivably be triggered by heterologous p53 activity. The resulting plasmids were then used
to recover functional viral particles as previously described
(34) (Fig. 1A). To verify that the resulting VSV-M(mut)-m
and VSV-mp53 retained oncolytic specificity, normal C57BL/6
MEFs or tumor [murine mammary adenocarcinoma TS/A or
murine melanoma B16(F10)] cells were infected at an MOI of
0.01, 0.1, 1, and 5 for 24 h. Cytopathic effect (CPE) was observed using bright-field microscopy (Fig. 1B). Our results indicated that only the TS/A and B16(F10) tumor lines exhibited
the characteristics of infection as manifested by CPE, in contrast to the normal MEFs (5). The MEFs and tumor cells were
then lysed and examined by immunoblotting to confirm the
expression of the mp53 transgene (Fig. 1C). This analysis indi-

cated that both VSV-mp53 and VSV-M(mut)-mp53 efficiently
expressed the mp53 transgene in tumor cell lines [TS/A and
B16(F10)] permissive for VSV replication. These data emphasize that VSV can efficiently express the p53 gene and that
normal MEFs do not support robust viral replication.
To further evaluate whether VSV-mp53 or VSV-M(mut)mp53 retained the ability to replicate efficiently in and kill
transformed cells, normal MEFs and TS/A or B16(F10) cells
were infected with the above-mentioned rVSVs. The results
indicated that VSV-mp53 and VSV-M(mut)-mp53, as well
as control VSV-green fluorescent protein (GFP) and VSVM(mut)-GFP, effectively killed TS/A and B16(F10) cells and
replicated to similar titers within 24 h (Fig. 2A to C). Importantly, VSV-mp53 and VSV-M(mut)-mp53 retained oncolytic
specificity, since MEFs remained largely unaffected by rVSV
infection (Fig. 2A) (5, 6). Indeed, MEFs generated 2 to 3 log
units less virus as measured 24 h postinfection than TS/A or
B16(F10) cells (Fig. 2D to F). Moreover, viruses expressing
p53 replicated even less in MEFs than control VSV-GFP. Our
analysis indicates that MEFs are not robustly permissive to
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FIG. 1. VSV-M(mut)-mp53 and VSV-mp53 retain oncolytic ability and express mp53. (A) Schematic representation of VSV p53 constructs.
(B) Bright-field microscopy of VSV-M(mut)-mp53- and VSV-mp53-infected cells at MOIs of 0.01 and 5 24 h postinfection. Mock, mock infection.
(C) Immunoblot analysis for VSV and mp53 protein expression in infected C57BL/6 MEFs and TS/A or B16(F10) cells infected at MOIs of 0.01,
0.1, 1, and 5 24 h postinfection.
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FIG. 2. VSV-M(mut)-mp53 and VSV-mp53 replication in vitro. C57BL/6 MEFs and TS/A or B16(F10) cells were infected with rVSVs at an
MOI of 0.1, 1, or 5. Cells and supernatants were collected 6, 12, 18, and 24 h postinfection. (A, B, and C) Cell death at each time point as
determined by annexin V-propidium iodide staining. (D, E, and F) Supernatants were analyzed by the standard plaque assay to determine the
replication of rVSVs. (Two-way analysis of variance [ANOVA]/Bonferroni posttest: ⴱ, P ⬍ 0.001; ⴱⴱ, P ⬍ 0.0001; blue asterisks, VSV-M(mut)mp53 versus VSV-mp53; orange asterisks, VSV-M(mut)-mp53 versus VSV-⌬M; green asterisks, VSV-M(mut)-mp53 versus VSV-M(mut)-GFP;
black asterisks, VSV-M(mut)-mp53 versus VSV-GFP). The error bars indicate standard deviations.

VSV infection compared to transformed TS/A and B16 cells
(59). This may be due to MEFs having intact innate immune
pathways that could combat infection. These data clearly suggest that insertion of mp53 into either the XN2 or M(mut)
background does not inhibit the replicative or oncolytic abilities of these viruses in vitro.

Expressed mp53 is phosphorylated and activates transcription of target genes. It is well known that mp53 undergoes a
variety of posttranslational modifications, such as phosphorylation, ubiquitination, sumoylation, acetylation, and neddylation, in order to regulate its activity (9, 33, 38, 52). For example, murine p53 can be activated by phosphorylation on serine
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FIG. 3. Expressed mp53 is functional. (A) C57BL/6 MEFs and TS/A or B16(F10) cells were infected with rVSV at MOIs of 0.1 and 5. The cells
were lysed 24 h postinfection (pi) and used for immunoblot analysis. (B) C57BL/6 MEFs or TS/A cells were transfected with a p53 luciferase
reporter and then infected at an MOI of 0.1 or 5. Luciferase levels were assessed 24 h postinfection. (ⴱ, P ⫽ 0.0366; one-way ANOVA.) The error
bars indicate standard deviations. (C) C57BL/6 MEFs or TS/A cells were infected at an MOI of 10 or 1, respectively, and mp53 target gene mRNA
expression was determined.

18. This event is carried out by DNA-dependent protein kinase
(DNA-PK) in response to cellular stress, which causes dissociation of p53 from its negative regulator, MDM-2 (an E3
ubiquitin ligase), and allows p53 stabilization (36, 52). In addition, serine 389 can be phosphorylated, which induces the
p53 oligomerization necessary for DNA binding and transcription activation activities (13, 27). To evaluate whether mp53

expressed by VSV-mp53 or VSV-M(mut)-mp53 was active,
mock- or rVSV-infected cell lysates were immunoblotted using
phosphorylation-specific murine p53 antibodies. This analysis
confirmed efficient expression of the mp53 transgene that correlated well with the ability of rVSV to preferentially replicate
in transformed cells (Fig. 3A). Additionally, membranes were
probed with phosphoserine 18- or 389-specific antibodies to
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TABLE 1. VSV-M(mut)-mp53 is highly attenuated in vivo
rVSV toxicity in BALB/c micea
Virus

VSV-M(mut)-mp53
VSV-mp53
VSV-M(mut)
VSV-GFP
VSV-M(mut)-mp53
VSV-mp53
VSV-M(mut)
VSV-M(mut)-GFP
VSV-GFP
VSV-M(mut)-mp53
VSV-mp53
VSV-M(mut)
VSV-M(mut)-GFP
VSV-GFP

Dose
(PFU/mouse)

Route

Mortality

% Mortality

1 ⫻ 108
1 ⫻ 108
1 ⫻ 108
1 ⫻ 108
5 ⫻ 108
5 ⫻ 108
5 ⫻ 108
5 ⫻ 108
5 ⫻ 108
1 ⫻ 109
1 ⫻ 109
1 ⫻ 109
1 ⫻ 109
1 ⫻ 109

I.v.
I.v.
I.v.
I.v.
I.v.
I.v.
I.v.
I.v.
I.v.
I.v.
I.v.
I.v.
I.v.
I.v.

0/7
0/7
0/7
1/7
0/7
5/7
5/7
5/7
7/7
1/7
7/7
6/7
7/7
7/7

0
0
0
14
0
71
71
71
100
14
100
86
100
100

a
BALB/c mice (n ⫽ 7) were infected i.v. with increasing doses of rVSV, and
mortality was monitored. Log rank tests results were as follows: for mice treated
with 1 ⫻ 108 PFU, P ⫽ 0.0042; for mice treated with 5 ⫻ 108 PFU, P ⫽ 0.0256;
for mice treated with 1 ⫻ 109 PFU, P ⫽ 0.0257.

treated with VSV-M(mut) survived infection with 1 ⫻ 109 PFU
[one died shortly after inoculation with VSV-M(mut)-mp53,
but not through virus-induced encephalitis]. This experiment
highlighted that mp53 expression in an M-defective VSV perhaps had an additive effect, since mice infected with VSV-⌬M
or VSV-mp53 exhibited increased mortality compared to VSVM(mut)-mp53. These data demonstrated that VSV-M(mut)mp53 is highly attenuated and yet retains in vitro oncolytic
activity and could thus be suitable for examination as a cancer
therapeutic using in vivo tumor models.
To assess the antitumor efficacy of VSV-M(mut)-mp53 and
VSV-mp53, we chose a BALB/c syngeneic tumor model using
TS/A mammary adenocarcinoma cells stably transfected with a
luciferase reporter (TS/A-luc) developed by our laboratory
(17, 41). Wild-type BALB/c mice (n ⫽ 7) were injected i.v. with
1 ⫻ 105 TS/A-luc cells. Three days later, the mice were treated
with 5 ⫻ 107 or 5 ⫻ 108 PFU of VSV-M(mut)-mp53, mock
treated, or treated with 5 ⫻ 107 PFU of control virus VSVGFP, VSV-mp53, or VSV-M(mut). One advantage of TS/Aluc is that this reagent allows in vivo monitoring of tumor
growth using an in vivo imaging system (IVIS). Measurement
of luciferase activity can thus be used to assess the relative
tumor burden. Representative images, along with luciferase
signal quantification, from days 14 and 28 after tumor administration are shown for mock-, VSV-M(mut)-mp53-, and VSVmp53-treated mice (Fig. 4A). Noticeably, luciferase activity is
absent in mice treated with VSV-M(mut)-mp53 up to 28
days after tumor inoculation. This strategy, using a single
dose (5 ⫻ 107 PFU) of VSV-M(mut)-mp53, significantly
protected BALB/c mice from TS/A-luc tumor-induced death
compared to similar doses of control rVSVs (n ⫽ 7; P ⫽
0.0045). Mice treated with VSV-M(mut), VSV-mp53, VSVGFP, and an increased dose (5 ⫻ 108 PFU) of VSV-M(mut)mp53 had median survival times ranging from 40 to 75 days.
However, less than 50% of VSV-M(mut)-mp53 mice treated
with 5 ⫻ 107 PFU succumbed over 120 days posttreatment, and
thus, a mean could not be determined (Fig. 4B).
Because VSV-M(mut)-mp53 exhibited low toxicity, we also
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determine if virus-expressed mp53 is phosphorylated on serine
residues necessary for stabilization and transcriptional activation (Fig. 3A). Confirmation that mp53 is indeed phosphorylated on serines 18 and 389 provided initial evidence that mp53
produced during viral replication is capable of being activated
and may be able to initiate the transcription of target genes.
Next, to ascertain if VSV-expressed phosphorylated mp53 is
transcriptionally active, we performed a p53 luciferase reporter
assay (Fig. 3B). Essentially, VSV-mp53 and VSV-M(mut)mp53 were used to infect normal or tumor cells transiently
expressing a luciferase reporter gene under the control of a p53
promoter element. This analysis indicated that permissive
TS/A cells exhibited an increase in luciferase expression compared to normal MEFs following infection with VSVs expressing p53. This is likely due to TS/A cells supporting high levels
of viral replication. However, MEFs also exhibited some luciferase expression after infection with rVSVs expressing p53,
suggesting that modest amounts of heterologous p53 may be
being produced in these cells, albeit at very low levels. However, it has been shown that VSV infection can also modestly
induce the activation of mp53 through a cross talk mechanism
involving the type I IFN response (55). An important observation from this experiment was that luciferase expression was higher in cells infected with VSV-M(mut)-mp53,
presumably because more luciferase mRNA was able to escape from the nucleus for translation (Fig. 3B) (15). To extend
this examination further, the ability of virus-encoded mp53 to
activate transcription was additionally assessed using a p53
microarray harboring 112 p53-inducible genes (Fig. 3C). MEFs
and TS/A cells were infected at an MOI of 10 or 1, respectively,
for 1 h and lysed 8 h postinfection to retrieve cellular mRNA.
The result indicated that infection with VSV-M(mut)-mp53
induced the robust production of the known p53-inducible
MDM-2 (red boxes) and p21 (blue boxes) genes (Fig. 3C).
Presumably, most of the other genes on the panel were not
detected, since p53 may only weakly regulate these genes.
One gene, encoding PTTG1 (pituitary tumor-transforming 1;
yellow boxes) was observed to be induced in normal MEFs
infected with VSV-M(mut) or VSV–IFN-␤, possibly because it
has interferon-inducible transcription sites in its promoter region. These data highlight the potential advantage of using the
VSVs with a defective matrix (M) protein, since MDM-2 and
p21 mRNA induction were only robustly observed in cells
infected with VSV-M(mut)-mp53, which cannot block host
cell mRNA export. Additionally, these data confirm that
virus-expressed murine p53 especially from VSV-M(mut),
not only is appropriately posttranslationally modified, at
least by phosphorylation on serines 18 and 389, but is transcriptionally active.
VSV-M(mut)-mp53 is highly attenuated in BALB/c mice. To
start to evaluate the in vivo effects of VSV-⌬M-mp53, we
carried out preliminary toxicity assays using murine models.
BALB/c mice (n ⫽ 7) were infected i.v. with increasing doses
of 1 ⫻ 108 to 1 ⫻ 109 PFU of VSV-M(mut)-mp53, VSV-mp53,
VSV-M(mut)-GFP, VSV-GFP, or VSV-IFN-␤ (Table 1). Mice
infected with VSV-GFP exhibited toxicity at doses of 1 ⫻ 108
to 5 ⫻ 108. In contrast, VSV-mp53, VSV-M(mut), and VSVM(mut)-GFP appeared more attenuated in mice (5 ⫻ 108 or
1 ⫻ 109 PFU). Surprisingly, 84% (6/7) of the mice treated with
VSV-M(mut)-mp53 compared to 14% (1/7) of the mice
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hypothesized that using an increased dose of agent would lead
to enhanced antitumor clearance. However, treatment with
5 ⫻ 108 PFU VSV-M(mut)-mp53 protected only 14% of animals compared to treatment at a lower dose (5 ⫻ 107 PFU), at
which approximately 71% of mice survived (Fig. 4B). It is thus
possible that the increased viral presence biases the immune
response to the excess of viral antigens rather than tumor cell
antigens. The stimulation of antitumor cell activity by VSV
oncolytic therapy is known to greatly facilitate tumor cell clearance (44, 46). Surviving mice previously treated with VSVM(mut)-mp53 (n ⫽ 4) were rechallenged with 2 ⫻ 105 TS/Aluc cells to determine if lasting immunity against the tumor was
apparent. Our results indicated that immunologic memory is
indeed generated against TS/A-luc by VSV-M(mut)-mp53 and
that tumor clearance is likely facilitated by the host immune
response, since 75% of the mice survived tumor rechallenge up
to an additional 250 days until sacrifice. One of the rechallenged mice did succumb to tumor regrowth, however, likely
indicating immune escape of the tumor, but only after doubling

the median survival time of the naïve mice (60 versus 30.5 days;
P ⫽ 0.004) (Fig. 4C).
VSV-M(mut)-mp53 stimulates antitumor immunity. Our analysis indicated that antitumor immune responses were generated by mice with TS/A treated with VSV-M(mut)-mp53 (Fig.
4C). We therefore sought to determine if VSV-M(mut)-mp53
was able to modulate the immune compartment and host antitumor responses (Fig. 5A and B). We inoculated mice (n ⫽ 6)
with VSV-M(mut)-mp53, VSV-M(mut), VSV-mp53, or VSVGFP and measured splenic CD8⫹ cells (Fig. 5A). We then
performed an ELISPOT assay using mitomycin C-treated TS/
A-luc cells as targets to determine if VSV-M(mut)-mp53 increased the number of tumor-specific IFN-␥-secreting T cells
compared to control viruses (Fig. 5B). Indeed, tumor-bearing
mice that received VSV-M(mut)-mp53 had elevated numbers
of tumor-specific CD8⫹ T cells compared to controls receiving
VSV-M(mut) and VSV-GFP. We then repeated the toxicity
and tumor model experiments in athymic BALB/c nude mice
to further establish the necessity for an intact adaptive immune
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FIG. 4. VSV-M(mut)-mp53 protects immunocompetent mice from TS/A-luc formation. (A) Mock- or rVSV-treated mice were anesthetized
and injected intraperitoneally (i.p.) with a luciferin substrate, and luciferase activity was detected using the IVIS. Representative images from
mock-, VSV-M(mut)-mp53-, and VSV-mp53-treated mice are shown. Luciferase radiance is an indicator of tumor burden and is quantified using
Living Image software (right). (B) BALB/c mice (n ⫽ 7) were initially given 1 ⫻ 105 TS/A-luc cells i.v. on day 0 and were then either mock or rVSV
treated [5 ⫻ 107 PFU or 5 ⫻ 108 PFU VSV-M(mut)-mp53 only] on day 3. The mice were then monitored for survival (*, P ⫽ 0.0045; log rank
test). (C) Previously treated or naïve mice (n ⫽ 4) were challenged with 2 ⫻ 105 TS/A-luc cells on day 120 (day 0 for rechallenge), and survival
was monitored (*, P ⫽ 0.0091; log rank test).
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compartment for complete tumor clearance. It has previously
been reported that mice lacking T cells succumb to i.v. and i.n.
VSV infection at low doses approximately 3 to 4 weeks after
exposure (57). To determine the role of T cell activity in p53
action, athymic BALB/c nude mice (n ⫽ 5) were infected i.v.
with 5 ⫻ 107 PFU or i.n. with 5 ⫻ 108 PFU VSV-⌬M-mp53,
VSV-mp53, or control rVSVs, and their survival was monitored for 80 or 120 days (Table 2). Surprisingly, these mice
tolerated i.v. treatment with 5 ⫻ 107 PFU of VSVM(mut) or

TABLE 2. VSV-M(mut)-mp53 toxicity in nude mice
rVSV Toxicity in BALB/c nude micea
Virus

VSV-M(mut)-mp53
VSV-mp53
VSV-M(mut)
VSV-GFP
VSV-M(mut)-mp53
VSV-M(mut)-mp53
VSV-mp53
VSV-M(mut)
VSV-GFP

Dose
(PFU/mouse)

Route

Mortality

% Mortality

5 ⫻ 107
5 ⫻ 107
5 ⫻ 107
5 ⫻ 107
1 ⫻ 109
5 ⫻ 108
5 ⫻ 108
5 ⫻ 108
5 ⫻ 108

I.v.
I.v.
I.v.
I.v.
I.v.
I.n.
I.n.
I.n.
I.n.

0/5
5/5
0/5
3/5
3/5
5/5
5/5
5/5
5/5

0
100
0
60
60
100
100
100
100

a
Athymic BALB/c nude mice (n ⫽ 5) were infected with 5 ⫻ 107 PFU i.v. and
5 ⫻ 108 PFU i.n. and observed for mortality.

VSV-M(mut)-mp53. This analysis indicates that protection
from modest i.v. doses of VSV-M(mut)-mp53 is likely due to
modulation of the innate immune response, possibly involving
the production of type I IFN, and not T cells. It is known that
p53 can be induced by IFN signaling, can enhance IFN signaling, and can play a role in antiviral responses to VSV, since p53
knockout mice display increased susceptibility to VSV infection (39, 40, 55). Interestingly, however, all Nude mice succumbed to rVSVs following i.n. inoculation (Table 2). This
may be due to rapid VSV transmission to the central nervous
system (CNS) via olfactory nerve infection, resulting in increased morbidity (47). We next assessed rVSV antitumor
efficacy using TS/A-luc in athymic BALB/c nude (n ⫽ 5) mice
with the treatment schedule previously described (Fig. 5C). All
nude mice treated with rVSV succumbed to tumor formation,
highlighting the requirement for an intact T cell compartment
in eliciting protection from TS/A-luc tumor formation.
In addition to modulating CD8⫹ T cells, it was also possible
that treatment with VSV-M(mut)-mp53 could alter additional
antitumor immune effector mechanisms, including cytokine profiles, in treated mice. To further elucidate the mechanisms of
protection and reduced toxicity manifested by VSV-M(mut)mp53, we sought to characterize the spleens and cytokine profiles of mice after rVSV administration (Fig. 6). In addition to
CD8⫹ T cells (Fig. 5A), the population of CD49b⫹ cells, an
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FIG. 5. VSV-M(mut)-mp53 modulates T cells and is attenuated in athymic BALB/c nude mice. (A) BALB/c mice (n ⫽ 3) were infected with
5 ⫻ 107 PFU rVSV; 96 h postinfection, the spleens were removed and total splenocytes were assessed for the percentage of CD8⫹ cells by flow
cytometry (*, P ⫽ 0.0069; one-way ANOVA). (B) BALB/c mice (n ⫽ 6) were initially given 1 ⫻ 105 TS/A-luc cells i.v. on day 0 and were then either
mock treated or treated with 5 ⫻ 107 PFU rVSV on day 3. On day 13, the mice were sacrificed, and total splenocytes were used for an IFN-␥
ELISPOT with mitomycin C-treated TS/A-luc cells as the target (*, P ⬍ 0.0001; one-way ANOVA). Horizontal lines indicate means of results.
(C) Athymic BALB/c nude mice (n ⫽ 5) were injected with 1 ⫻ 105 TS/A-luc cells on day 0, mock treated or treated with 5 ⫻ 107 PFU rVSV on
day 3, and then observed for survival (P ⫽ 0.2077; log rank test).
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NK cell marker, also increased in the spleens of mice infected
with VSV-M(mut)-mp53 96 h postinfection (Fig. 6A). Serum
cytokine levels were then tested using multiplex and IFN-␤
ELISAs. Treatment with VSV-⌬M-mp53 or control rVSVs led
to the expected increases in antiviral-induced cytokines, such
as tumor necrosis factor alpha (TNF-␣) and RANTES (references 30 and 31 and data not shown). However, treatment with
VSV-M(mut)-mp53 appeared to blunt the production of inflammatory cytokines, such as interleukin 6 (IL-6) and IP-10,
since reduced levels were observed in VSV-M(mut)-mp53infected mouse serum (Fig. 6B and C). IL-6 has been shown to
facilitate angiogenesis and tumor cell growth, indicating that its
suppression may benefit tumor clearance (2, 8). IP-10 is a
proinflammatory chemoattractant that induces immune cell
infiltration in response to viral infection and may have antitumor effects in some situations (4, 14, 43). Moderated levels of
IP-10 may allow a more optimal antitumor response to occur
and mitigate some infiltration of immune cells, possibly reducing CNS toxicity. Furthermore, VSV-⌬M-mp53 significantly
increased the amount of IFN-␤ present in the serum 6 h
postinfection (Fig. 6D). The cytokine profiles in these mice
may begin to explain the reduced toxicity displayed by VSVM(mut)-mp53, for example, by limiting inflammatory responses and increasing IFN-␤ production, which could limit
virus spread as well as facilitate increased tumor clearance.

DISCUSSION
A variety of recombinant VSVs have been developed as
therapeutic agents to treat cancer (17, 18, 44, 46). This has
been done by generating viruses harboring mutated VSV proteins [VSV-M(mut)] and/or inserting transgenes that modulate
the innate and adaptive immune responses. Here, our data
clearly demonstrate that the insertion of mp53 into the VSVM(mut) background produces a highly attenuated and effective
rVSV. It is well known that rVSV preferentially replicates in
and kills transformed cells in vitro and in vivo, and VSVM(mut)-mp53 retains this ability (11). Furthermore, the mp53
transgene appears functional and is at least phosphorylated on
serines 18 and 389. As described above, phosphorylation on
serine 18 enables dissociation of mp53 from MDM-2, an E3
ubiquitin ligase that negatively regulates mp53 by targeting it
for proteasomal degradation. Phosphorylation on serine 389
allows oligomerization and DNA binding to occur, which are
necessary steps for transcription activation of p53 (21, 27, 37,
51). Phosphorylated mp53 expressed from rVSV activated a
luciferase reporter gene under the control of a p53-responsive
promoter more potently when expressed from the VSV-M(mut)
background. This included clearly enhanced expression of
MDM-2 and p21 mRNAs, which are known mp53 targets. The
tumor suppressor p53 has the ability to exert many effects when
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FIG. 6. VSV-M(mut)-mp53 modulates NK cell and cytokine profiles. (A, B, and C) BALB/c mice (n ⫽ 6) were treated with 5 ⫻ 107 PFU rVSV
i.v.; 24 and 96 h postinfection, splenocytes and sera were collected. (A) The splenocytes were stained for flow cytometry to determine the number
that were CD49b⫹ (*, P ⬍ 0.0001; one-way ANOVA). (B and C) Sera were used for a multiplex ELISA in which IL-6 (B) and IP-10 (C) showed
significant differences (*, P ⬍ 0.0001; one-way ANOVA). (D) BALB/c mice (n ⫽ 3) were infected with 5 ⫻ 107 PFU rVSV. Six hours postinfection,
sera were collected, and ELISA was used to assess IFN-␤ (*, P ⫽ 0.0003; one-way ANOVA). Horizontal lines indicate means of results.
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IFN-␤. However, treatment with high doses of rVSV can lead
to increased expression of these molecules, which can cause
lethality by inducing a fatal cytokine storm (25). Our data
indicated that VSV-M(mut)-mp53 administration led to a reduction in the serum levels of IL-6 and IP-10 24 h after treatment while serum IFN-␤ levels were elevated 6 h postinfection.
mp53 has been reported to be a potential negative regulator of
IL-6 and suppressor of macrophage activation (2, 32, 50). IL-6
can act as a proinflammatory cytokine that signals through the
IL-6r␣-gp130 receptor complex and activates JAKs, which in
turn activate a number of STAT molecules (23). IL-6 is also
the primary mediator of the acute-phase fever response and
could be a component of inflammatory responses seen with
increased doses of rVSV (19). IP-10 (CXCL10) levels were
also reduced in the sera of VSV-M(mut)-mp53-treated mice.
IP-10 is a proinflammatory chemokine that functions as a chemoattractant for macrophages, dendritic cells (DC), and NK
cells by binding to CXCR3 (3, 14). The reduction in serum
IP-10 may reduce immune cell infiltration into sites where the
furtherance of inflammation may be deleterious to the host.
Furthermore, the decreased inflammation associated with
VSV-M(mut)-mp53 could allow a more finely tuned antitumor
response to occur by not biasing the immune response against
the viral infection. Thus, it is possible that a reduction in the
expression of IL-6 and IP-10, along with the suppression of
macrophage activation in the presence of increased levels of
IFN-␤, may facilitate a reduction in VSV-M(mut)-mp53 toxicity and enhance antitumor efficacy. However, it is also important to note that the innate immune system can have disparate effects on oncolytic viruses. For example, rVSV has
been combined with pretreatment histone deacetylase inhibitors, which can effectively blunt the antiviral response and
facilitate increased tumor oncolysis (42). It has also been observed that the innate immune response can have negative
impacts on the effects of other oncolytic viruses (20). Therefore, our results may be limited to the VSV-M(mut)-mp53
construct and the model systems used. Nevertheless, our data
indicate that VSV-M(mut)-mp53 is a potent oncolytic vector
with enhanced safety and efficacy. Thus, VSV-M(mut)-mp53
could be considered for further studies to examine the potential of this therapy as a future anticancer treatment.
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