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ABSTRACT

High-grade tumors in the brain are among the deadliest of cancers. Here, we took a promising oncolytic virus, vesicular stomati-
tis virus (VSV), and tested the hypothesis that the neurotoxicity associated with the virus could be eliminated without blocking
its oncolytic potential in the brain by replacing the neurotropic VSV glycoprotein with the glycoprotein from one of five differ-
ent viruses, including Ebola virus, Marburg virus, lymphocytic choriomeningitis virus (LCMV), rabies virus, and Lassa virus.
Based on in vitro infections of normal and tumor cells, we selected two viruses to test in vivo. Wild-type VSV was lethal when
injected directly into the brain. In contrast, a novel chimeric virus (VSV-LASV-GPC) containing genes from both the Lassa virus
glycoprotein precursor (GPC) and VSV showed no adverse actions within or outside the brain and targeted and completely de-
stroyed brain cancer, including high-grade glioblastoma and melanoma, even in metastatic cancer models. When mice had two
brain tumors, intratumoral VSV-LASV-GPC injection in one tumor (glioma or melanoma) led to complete tumor destruction;
importantly, the virus moved contralaterally within the brain to selectively infect the second noninjected tumor. A chimeric vi-
rus combining VSV genes with the gene coding for the Ebola virus glycoprotein was safe in the brain and also selectively targeted
brain tumors but was substantially less effective in destroying brain tumors and prolonging survival of tumor-bearing mice. A
tropism for multiple cancer types combined with an exquisite tumor specificity opens a new door to widespread application of
VSV-LASV-GPC as a safe and efficacious oncolytic chimeric virus within the brain.

IMPORTANCE

Many viruses have been tested for their ability to target and kill cancer cells. Vesicular stomatitis virus (VSV) has shown substan-
tial promise, but a key problem is that if it enters the brain, it can generate adverse neurologic consequences, including death.
We tested a series of chimeric viruses containing genes coding for VSV, together with a gene coding for the glycoprotein from
other viruses, including Ebola virus, Lassa virus, LCMV, rabies virus, and Marburg virus, which was substituted for the VSV gly-
coprotein gene. Ebola and Lassa chimeric viruses were safe in the brain and targeted brain tumors. Lassa-VSV was particularly
effective, showed no adverse side effects even when injected directly into the brain, and targeted and destroyed two different
types of deadly brain cancer, including glioblastoma and melanoma.

Patients diagnosed with high-grade gliomas in the brain have
a poor prognosis and generally succumb to the tumor within a

year (1, 2). Similarly, melanoma metastases in the brain also are a
death sentence, with a similar or worse prognosis than glioma (3).
Surgery, radiation, and chemotherapeutics can extend life mod-
estly but often at the expense of quality of life. One approach to
eliminating tumors is with oncolytic viruses, viruses that target
and either destroy the tumor directly or generate an immune re-
sponse against the infected tumor.

One virus that is effective at targeting tumors is vesicular sto-
matitis virus (VSV) (4). VSV is a rapidly replicating negative-
strand enveloped RNA virus. The broad tropism of its envelope
glycoprotein, G, facilitates the rapid targeting and infection of
many types of cells, including cancer cells (5). VSV effectively
targets tumors due to mutations in cancer cells that lead to deficits
in interferon (IFN)-based antivirus immunity (4, 6). However,
VSV bearing the native VSV G protein generates a detrimental
infection of normal neurons (7, 8, 9, 10, 11, 12) that can lead to
potential adverse consequences, including neurological dysfunc-
tion or death (13).

Although multiple strategies for attenuating VSV bearing the
native G protein have met with some success (14, 15, 16, 17, 18, 19,
20, 21), the neurotropism inherent to any VSV bearing the native

G protein remains a major obstacle to safety. This raises the ques-
tion of whether substituting binding glycoproteins from other
nonrelated viruses might result in chimeric viruses with reduced
neuronal infection and neuron death. Ebola and Marburg virus
are members of the Filoviridae family and have a single negative-
strand RNA genome; Lassa fever virus and lymphocytic chorio-
meningitis virus (LCMV) are members of the Arenaviridae family
with an ambisense single-strand RNA genome. Both virus families
have an envelope and show broad tissue tropism attributable to
wide expression of their respective receptors or coreceptors, in-
cluding the Niemann-Pick C1 cholesterol transporter (22, 23) and
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T-cell immunoglobulin and mucin domain protein (TIM-1) for
filoviruses and �-dystroglycan (24) for arenaviruses. The low-
density lipoprotein (LDL) receptor may be the native VSV recep-
tor (25).

Although all these native viruses are dangerous, with Ebola,
Marburg, and Lassa viruses requiring biohazard level 4 contain-
ment, chimeric viruses that express some of their genes, particu-
larly the glycoprotein gene, appear to be well tolerated within the
brain (26, 27). We postulated that if a glycoprotein, particularly
one with a broad-spectrum binding potential from another virus,
were substituted for the VSV G, we might avoid the neurotoxicity
associated with VSV but retain the ability of the virus to target and
destroy multiple types of cancer within the brain. Previous work
showed that lentivirus vectors pseudotyped with the Ebola virus
glycoprotein showed no transduction in the brain, whereas pseu-
dotyping with LCMV, VSV, or Mokola virus (rabies virus relative)
(28) did lead to central nervous system (CNS) transfection. Sim-
ilarly, a rabies virus with the Ebola virus glycoprotein substituted
for the rabies virus glycoprotein was safe within the brain (29).
Here, we tested a series of chimeric VSVs bearing the glycoprotein
of five other viruses to identify an optimal candidate for oncolytic
virotherapy in the brain. Substitution of the Lassa virus glycopro-
tein for the VSV glycoprotein yielded excellent results, eliminating
the neurotoxicity of native VSV while retaining a strong ability to
target and kill tumor cells within the brain.

MATERIALS AND METHODS
Viruses and cells. The VSV-wtG (where wt is “wild type”) included the
Indiana serotype for the G protein. Chimeric VSVs expressing the glyco-
protein from the Josiah strain of Lassa fever virus (VSV-LASV-GPC), the
SAD B19 strain of rabies virus (VSV-RABV-G), the Armstrong 53b strain
of lymphocytic choriomeningitis virus (VSV-LCMV-GPC), the Mayinga/
Zaire strain of Ebola virus (VSV-EBOV-GP), or the Musoke strain of
Marburg virus (VSV-MARV-GP) were used as described previously (8,
30, 31, 32, 33); in all the chimeric viruses used here, the native VSV G
protein gene was deleted, and the glycoprotein gene from one of the other
viruses was substituted for VSV in the same gene position from which the
VSV G protein gene had been deleted. As per convention, the glycoprotein
precursor gene from Lassa virus and LCMV is denoted by GPC, and the
glycoprotein gene from Ebola and Marburg viruses is denoted by GP. The
primary VSV-EBOV-GP used lacked the mucin-like sequence of the na-
tive molecule. A green fluorescent protein (GFP) reporter gene was engi-
neered into the first genome position of these VSVs. We also used VSV-
EBOV-GP and VSV-LASV-GPC that did not express any reporter genes
(34); this VSV-EBOV-GP contained the full-length Ebola virus GP, in-
cluding the mucin-like domain. For in vitro experiments, viruses were
propagated on Vero cells, purified, and concentrated using sucrose gradi-
ent centrifugation (35). For in vivo experiments, viruses were propagated
on Vero cells and filter purified according to a protocol described previ-
ously (36). Plaque titers for all viruses were determined on Vero cells prior
to experiments.

Human glioma U87 and U118 were obtained from ATCC (Manassas,
VA), mouse glioma CT2A was a gift from T. Seyfried (Boston College,
Chestnut Hill, MA), and human melanoma were provided by Yale SPORE
in Skin Cancer. Normal human glial cells were derived from human tem-
poral lobectomies (37). Normal human embryonic neurons were pur-
chased from Sciencell (Carlsbad, CA). The human cancer cell lines
SJSA-1, BT-549, T-47D, HCT116, SW480, T24, and RT4 were kindly pro-
vided by S. Mella (Yale University Cancer Center), and the DU-145 line
was from B. Gullen (Yale University). Stably transfected tumor cells ex-
pressing red fluorescent protein (RFP) (rU87 and rYUMAC) were gener-
ated as described earlier (38). Primary cultures of mouse brain were gen-
erated by dissociating the cortex of E17 mice for predominantly neuronal

cultures and whole brain tissue of P1 mice for mixed neuronal/glia cul-
tures. Cells were plated in minimum essential medium (MEM) (Invitro-
gen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS)
overnight before medium was replaced with Neurobasal/B27 medium
(Invitrogen). Melanoma cells were maintained in Opti-MEM–5% FBS,
melanocyte medium containing additional supplements listed elsewhere
(38). Glioma cells, human glia, and fibroblasts were maintained in MEM-
10% FBS (Invitrogen). All cultures were kept in a humidified atmosphere
containing 5% CO2 at 37°C.

Mouse procedures. Six- to 8-week-old male Swiss Webster mice re-
ceived the following virus doses: intracranially (i.c.), 3.6 � 104 PFU in 1 �l
into the right striatum (2 mm lateral and 0.5 mm rostral to Bregma at a
3-mm depth); intravenously (i.v.), 106 PFU in 100 �l via tail vein injec-
tion; intranasally (i.n.), 2.5 � 105 PFU in 25 �l in each nostril. Stereotactic
application of virus or tumor cells was performed under full anesthesia
using ketamine and xylazine (100 and 10 mg/kg of body weight, respec-
tively). Uni- and bilateral intracranial glioma and melanoma xenografts
were established in 4- to 6-week-old male CB17 SCID mice by injection of
5 � 104 cells each into the left and right striatum (37, 38). Fifteen days after
tumor placement, mice received virus either via a unilateral intratumoral
injection (3.6 � 104 PFU in 1 �l) or via tail vein injection (106 PFU in 100
�l). Mice were monitored daily and euthanized if one of the following
conditions was observed: (i) weight loss of 25% or more, (ii) immobility,
(iii) occurrence of adverse neurological symptoms, or (iv) reaching the
end of the observation period of the survival study. For histologic analysis
of early states of viral infection, mice were sacrificed at day 2 or 8 after viral
inoculation.

After being given an anesthetic overdose, mice were transcardially
perfused with 4% paraformaldehyde. Brains were harvested and stored in
4% paraformaldehyde, dehydrated in 30% sucrose solution, and cut into
20- to 30-�m coronal sections with a cryostat. For detection of infectious
virus in designated mice after short (2 days) and long (�60 days) exposure
to VSV-LASV-GPC, tissue samples were collected under sterile conditions
from brain, lung, blood, and liver after euthanasia. Tissues were mechan-
ically homogenized in phosphate-buffered saline (PBS) using a microcen-
trifuge tube tissue grinder. Part of the resultant tissue suspension was
plated onto BHK monolayers and assessed for the presence of GFP-posi-
tive cells 24 h later.

To test the capability of VSV-LASV-GPC to induce antibody produc-
tion, adult Swiss Webster mice received an intranasal and intramuscular
primary VSV-LASV-GPC inoculation (at concentrations listed above)
followed by a boost 4 weeks later. Two weeks later, mice were euthanized
and bled, and serum was collected. Antibody-containing serum was di-
luted 1:50 to 1:10,000. Brain sections from noninfected transgenic mice
expressing GFP in hypocretin neurons were used to target GFP. Brain
sections of alpha/beta interferon receptor (IFN-�/�)-R-knockout mice
infected with VSV-LASV-GPC were used to study virus reporter gene
expression. rU87 and rYUMAC cells were tested for pathogens before
tumor grafting and found to be pathogen free. All animal experiments
adhered to institutional guidelines and were approved by the Yale Uni-
versity Animal Care and Use Committee.

Rat procedures. The safety of intracranial VSV-LASV-GPC in rats was
tested. Stereotactic coordinates and applied virus dose equaled those in rat
tumor models described in the following. Syngeneic brain tumor models
were established via stereotactic injection of 50,000 cells in 3 �l suspen-
sion into the right striatum (0.7 mm rostral of Bregma, 3.5 mm lateral, 5
mm deep) of 7- to 8-week-old Lewis rats (rat CNS-1 glioma). Seven days
after tumor placement, rats received a single intracranial injection of 3 �l
suspension containing 1.2 � 105 PFU of VSV-LASV-GPC into the area of
the tumor. Rats with gliomas were euthanized at 3 days postinoculation
(dpi) and brains were harvested. Other rats were given intracranial injec-
tion of VSV-LASV-GPC in safety studies.

In vitro experiments. Viral infection of mixed neuronal/glial cultures
and U87, U118, and melanoma tumor cultures was monitored by GFP
expression of infected cells. Cultures were assessed for the presence of

Wollmann et al.

6712 jvi.asm.org July 2015 Volume 89 Number 13Journal of Virology

http://jvi.asm.org


cytopathic effects before and after virus application. Cytopathic effects
were noted as the appearance of rounding, blebbing, and syncytium for-
mation. For analysis of infection characteristics of chimeric VSVs on
mixed neuronal/glial cultures, the morphology of infected cells was used
as a guide for identifying neuronal or glial infection by the virus. Identi-
fication of cell type was later corroborated by immunohistochemistry for
NeuN and glial fibrillary acidic protein (GFAP) as described previously
(39). Mixed human brain cultures were established by first plating a glial
monolayer. Two days later, human neurons were seeded onto the glial
monolayer. After 7 days in culture and morphological confirmation of
neuron process outgrowth, cultures were inoculated with VSV-wtG or
VSV-LASV-GPC (multiplicity of infection [MOI] of 1). GFP expression
was quantified 24 h later.

Plaque assay was used to assess viral replication. Serial virus dilutions
were used on monolayers of cells. A 0.5% agar solution in MEM was used
as a semisolid overlay. For IFN pretreatment, cultures were incubated for
8 h with recombinant hybrid interferon type I IFN-� A/D (Sigma-Aldrich;
catalog no. I4401) at a concentration of 100 IU/ml. To test the generaliza-
tion of the oncolytic effect of VSV-LASV-GPC to other human cancer
types, 8 human tumor cell types were infected at an MOI of 3 (primary
inoculation). Two hours later, inoculum was removed and cultures were
washed 3 times with PBS before the addition of fresh medium. Twenty-
four hours later, infection rates were determined by GFP expression. To
assess the capability of VSV-LASV-GPC to propagate in these tumor cul-
tures, the supernatant from 24 h postinoculation (hpi) was filtered to
remove cellular debris and transferred onto an uninfected monolayer of
the same tumor designation (secondary inoculation). In some experi-
ments, plaque size was measured (n � 60 plaques/cell type/virus) and
means and standard errors of the means (SEMs) were determined as an
approach to compare infection and replication of different chimeric vi-
ruses on different cell types, as described previously (21, 38).

Image analysis. Virus-infected cultures and histological sections of
mouse brain were analyzed using a fluorescence microscope (IX 71; Olympus
Optical, Tokyo, Japan). A fluorescence stereomicroscope (SZX12; Olympus
Optical) was used for whole-brain scanning before sectioning.

Quantitative reverse transcription (RT)-PCR. Mouse neuronal cul-
tures and U87 glioma cells were cultured in 6-well plates. VSV-LASV-
GPC or VSV-wtG was added at an MOI of 1, and cultures were incubated
for 20 min at 4°C to test virus binding or for 30 min at 37°C to test virus
binding and internalization, as described elsewhere (37). Experiments
were performed in duplicate. Cells were washed five times with PBS prior
to RNA isolation using TRIzol reagent (Invitrogen, Carlsbad, CA). A Stra-
tascript reverse transcriptase kit (Stratagene) was used for cDNA genera-
tion. TaqMan gene expression assays (Applied Biosystems, Foster City,
CA) were used to quantify the expression of �-actin and VSV genomes
using an ICycler iQ real-time PCR system (Bio-Rad, Hercules, CA). For
specific VSV genome detection (excluding viral mRNA), primers were
designed to yield a product that spanned the junction between N and P
genes. PCR samples were measured in triplicates, normalized to �-actin
expression, and compared to the expression of VSV-LASV-GPC binding
to neurons as a reference (threshold cycle [��CT] method).

Statistical analysis. Statistical significance was determined by Stu-
dent’s t test, analysis of variance (ANOVA), and chi-square test. P values
of 	0.05 were considered statistically significant. Survival studies were
nonblinded. Mice were allocated to the experimental or control group
based on cage number. Power analysis was employed to determine the
group size for survival experiments of tumor-bearing mice and of virus-
injected mice.

RESULTS
Chimeric viruses infect glioma. Five chimeric VSVs were studied
in which the VSV glycoprotein was replaced (8, 30, 31, 32, 33) by
the glycoprotein genes from other viruses, including Lassa fever
virus (LASV), rabies virus (RABV), LCMV, Ebola virus (EBOV),
and Marburg virus (MARV). These chimeric viruses were first

compared with a control VSV that retained the normal VSV gly-
coprotein (VSV-wtG) using in vitro tests. All chimeric viruses and
VSV-wtG also encoded GFP in the first genomic position (Fig. 1A)
and were examined first in human glioblastoma (GBM) to deter-
mine whether these viruses would infect human glioma. All six
viruses infected U87 and U118 glioma cells in vitro 24 h postinoc-
ulation (hpi) (Fig. 1B).

To compare relative levels of infection and replication for each
of the six viruses on several tumor cell types, we performed a
quantitative plaque size analysis on glioma, melanoma, and nor-
mal human brain cells at 24 hpi (Fig. 1C and D). Plaque size gives
insight into the ability of a virus to both infect and replicate within
particular cell types and allows intervirus comparisons indepen-
dent of viral titer as measured on any particular standard cell line,
which may be more susceptible to one virus than another. All five
chimeric viruses showed robust plaques of relatively similar size
on U87 glioma cells; the largest plaques were generated by VSV-
wtG (P 	 0.01, ANOVA with Tukey-Kramer post hoc test), show-
ing it manifested the fastest replication and infection rate, as ex-
pected (Fig. 1D). Within the chimeric viruses, VSV-LASV-GPC
showed the largest plaque size on U118 glioma cells (P 	 0.01),
which were universally less susceptible to the chimeric viruses
than U87 glioma. On U373 glioma cells, VSV-MARV-GP and
VSV-RABV-G showed slightly smaller plaques than the other
three chimeric viruses. On melanoma cells, VSV-MARV-GP
showed slightly larger plaques than the other chimeric viruses. All
viruses also showed some infection of normal cells. Although
VSV-wt showed the largest plaques on both glioma and mela-
noma, it also showed large plaques on normal brain tissue, an
undesirable phenotype. Typical of VSV-infected cells (37, 40), in-
fected cells died, as confirmed by staining with membrane-imper-
meant dyes (not shown).

The data described above show that all chimeric viruses did
infect tumor cells with variation between the different viruses. A
critical aspect of any potential oncolytic virus, particularly within
the brain, is whether the virus will infect normal brain cells, par-
ticularly neurons, and whether the level of infection will be re-
duced compared with that of VSV that retained the normal wild-
type glycoprotein. We tested the relative infection of all six viruses
on brain cultures that included neurons and glia. The relative
infection of mouse neurons versus glia is shown in Fig. 2A, exam-
ined at a time when uninfected cells were still apparent. VSV-wtG
showed the greatest relative level of neuronal infection (around
90% neurons and 10% glia). VSV-LASV-GPC and VSV-LCMV-
GPC showed the least neuronal infection relative to astrocyte in-
fection.

To move forward to in vivo analyses of safety and efficacy, we
decided to test two viruses, one from the arenavirus family (Lassa
virus and LCMV) and another from the filovirus family (Ebola
and Marburg viruses). In selecting viruses for in vivo testing, we
reasoned that VSV-LASV, -LCMV, and -EBOV had the greatest
overall growth capacity (plaque size) across different human glio-
mas (P 	 0.05) (Fig. 1D). Among these three, LASV and EBOV
showed evidence of attenuated growth capacity (plaque size)
compared to that of VSV-wtG in human brain and astrocytes (Fig.
1D). Although LASV and LCMV showed the lowest neuron-to-
glia infectivity ratios (Fig. 2A), attenuation of infection in astro-
cytes is also important to safety in the brain. Together, the in vitro
data point to VSV-LASV-GPC as having a good combination of
glioma infectivity (Fig. 1C and D), low neuronal tropism
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(Fig. 2A), and reduced infection of normal glia where VSV-LASV-
GPC showed less infection in brain and astrocyte cultures than
VSV-wt or VSV-LCMV-GPC. VSV-EBOV-GP was selected as a
second candidate, with the glycoprotein representative of the filo-
virus family to include for in vivo testing being another virus with
broad glioma tropism, slightly greater infection of glioma than
VSV-MARV-GP (Fig. 1D), and evidence of reduced neurotro-
pism compared to that of VSV-wt.

To corroborate further the relative lack of infection of neurons
of the chimeric viruses, we compared VSV-LASV-GPC and VSV-

EBOV-GP to two VSVs that expressed the VSV glycoprotein in
vivo; one of the VSVs was further attenuated by including an M51
mutation which enhances the antiviral innate immune response
against the virus by reducing the ability of VSV to attenuate cellu-
lar antiviral responses (41). Injection of either VSV-wtG with or
without the M51 mutation into the normal brain generated lethal
consequences, with a median survival of 3.5 days for VSV-wtG
(n � 6) and 8 days for the attenuated strain VSV-wtG with the
M51 mutation (n � 6) (Fig. 2B) consistent with previous obser-
vations (42). This underlines the neurotoxicity of VSV with nor-

FIG 1 Productive infection of glioma cultures by chimeric VSVs. (A) Schematic shows the gene order, relative size of the genes, and substitution of the VSV
glycoprotein (G) gene with glycoprotein genes from 5 other viruses. Glycoproteins from Lassa virus and LCMV are denoted by GPC; those from Ebola and
Marburg viruses are denoted GP. (B) In initial experiments, we found that all chimeric viruses infected two human gliomas, U87 and U118, using an MOI of 0.1
and studied at 24 h postinoculation; infection is demonstrated by the GFP reporter. A phase-contrast image is shown below each corresponding image of viral
infection indicated by GFP. (C) Representative virus plaques are shown, and relative plaque size is indicated by the GFP fluorescence for U118 glioma, a
melanoma (501mel), Vero cells, and control human brain cells. Scale bar in millimeters. Plaques were allowed to develop for 20 to 24 h. In comparison of different
viruses on a particular cell type, measurements were all done at the same time. (D) Plaque size was measured as an indicator of virus infection and replication and
shown relative to the native VSV-wt. The size of each black circle shows the mean size of 60 randomly chosen and measured plaques 24 h after inoculation. SEM
is shown by the black line on the upper right side of each circle.
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mal VSV-G protein, even when attenuated. In striking contrast,
direct injections of VSV-LASV-GPC or VSV-EBOV-GP (3.6 �
104 PFU in 1 �l) into normal mouse brains exerted no adverse
effect in �112 days (n � 8 each virus; P 	 0.001; chi-square test)
(Fig. 2B), and 100% of the intracerebrally inoculated mice sur-
vived. In another experiment, we compared VSV-LASV-GPC
with VSV-IFN, a type I IFN-expressing virus modeled after one
(43) currently in clinical trials for the treatment of liver cancer
(NCT01628640). All mice (n � 9) receiving intracranial VSV-IFN
died within 12 days, consistent with reports of this virus infecting
brain tissue if blood-borne tumor cells bind to the meninges (44);
all mice that received VSV-LASV-GPC (n � 4 here) survived with
no adverse side effects (Fig. 2C). Similarly, VSV-LASV-GPC in-
jected into the rat brain (n � 3) also showed no sign of neurotox-
icity (�80 days). No VSV-LASV-GPC or infected cells were
detected in the brain or elsewhere (liver, spleen, blood) by histo-
logical analysis or culture of inoculated mouse tissue at the con-
clusion of the experiment, suggesting the total elimination of the
virus.

The injections of VSV-LASV-GPC and VSV-EBOV-GP were
viable, as euthanasia at 2 dpi revealed limited infection of glia
within the brain. However, by 8 dpi, few or no infected normal
cells could be found. VSV-LASV-GPC and VSV-EBOV-GP were
also injected intravenously (n � 5 each), and an additional set of
mice were inoculated at combined intranasal/intramuscular/sub-
cutaneous sites (n � 5, total 8 � 106 PFU VSV-LASV-GPC); none
of these mice showed signs of viral pathogenicity, and no virus
could be harvested from these mice 2 months postinoculation. We
also tested intracranial injection of a different VSV-LASV-GPC
that contained no GFP. In a 6-week time frame following brain
infection, no adverse effects were identified in the infected mice
(n � 5), showing that the attenuation mediated by inclusion of the
GFP gene in the first genomic position was not critical for CNS
safety.

Basis for selective infection. To elucidate mechanisms whereby
the chimeric viruses appeared to show strong infection of glioma but
less infection of normal neurons and glia, we examined the innate
immune response. In contrast to the strong protective effect of type I

FIG 2 Chimeric viruses show reduced neuron infection and safety in the brain. (A) Mouse brain cultures were inoculated with VSV-wtG and VSV chimeras
(MOI of 5). At 24 hpi, expression of GFP by neurons or glia was analyzed in duplicate cultures, and the relative fraction of neuronal or glial infection is displayed.
Noninfected cells were not included. (B) Stereotactic viral injection (3.6 � 104 PFU) into the right striatum of adult Swiss Webster mice with VSV-wtG and
VSV-�M51 strains (n � 6 each) resulted in strong neurotoxicity and death. In contrast, all mice injected with VSV-LASV-GPC and VSV-EBOV-GP (n � 8 each)
survived. (C) Similar intracranial injection of VSV-IFN (n � 7) or VSV-LASV-GPC (n � 4) into striatum. Two additional mice received VSV-IFN in the
hypothalamus; both died in 3 days (not included on graph). (D) Human neuronal cultures inoculated with virus (MOI of 1) show significantly reduced infection
with VSV-LASV-GPC and VSV-EBOV-GP compared to the strong infection with VSV-wtG.
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IFN on cultures of normal human neurons, glia, or fibroblasts (Fig.
3B), IFN had little effect in attenuating infection by VSV-LASV-GPC
of U87 human glioma, as virtually all glioma cells were infected and
GFP positive by 24 h postinoculation (Fig. 3A).

These data are consistent with the view that a primary mecha-
nism underlying the selective VSV-LASV-GPC infection of cancer
cells over normal glia is related to deficiencies in innate immunity.
The lack of cancer cell protection by added IFN points to a defi-
cient IFN response among VSV-LASV-GPC-susceptible tumors,
similar to the mechanism suggested for the enhanced relative sus-
ceptibility of a number of tumor types to native VSV and to several
other viruses, including Newcastle disease virus, reovirus, and

myxoma virus (45, 46, 47). The observation that normal brain
cells in SCID mice which are deficient in T- and B-cell antiviral
defenses showed little infection and no adverse effects from VSV-
LASV-GPC in the brain further supports the view that an innate
immune mechanism is protective of normal brain cells.

To test whether the intrinsic IFN system is essential for the
resistance of the brain to VSV-LASV-GPC, we injected VSV-
LASV-GPC into the brains of transgenic mice (n � 5) lacking the
type I IFN receptor. Although IFN-�/�-R
/
 mice with intrace-
rebral infection from VSV-LASV-GPC survived longer than those
with VSV-wtG (n � 3) (Fig. 3D to G), all these mice ultimately
died within a week of CNS inoculation. These data support the

FIG 3 Survival and oncoselectivity following infection with VSV-LASV-GPC are interferon dependent. (A and B) IFN-� protects nontumor cells from
VSV-LASV-GPC infection. Cultures of human U87 glioma (A) and normal cells, including human glia, human fibroblasts, and human neurons (B), were treated
with 100 IU/ml IFN-� for 8 h before being infected with VSV-LASV-GPC at an MOI of 0.1. In spite of IFN treatment, strong viral infection was seen on glioma
cells at 24 hpi; in contrast, little VSV-LASV-GPC infection was found on nontumor normal human cells. Scale bar, 100 �m. (C) Cultures containing human
neurons and glia were infected with VSV-wtG or VSV-LASV-GPC at an MOI of 1 in the presence or absence of 100 IU/ml IFN-�, respectively. IFN had little effect
in reducing infection of neurons by VSV-wtG but substantially attenuated infection of neurons by VSV-LASV-GPC (P 	 0.05). (D) Intracranial injection of
VSV-wtG (n � 3) and VSV-LASV-GPC (n � 5) into IFN-�/�-R
/
 mice resulted in death within 3 days (VSV-wtG) and 7 days (VSV-LASV-GPC). VSV-LASV-
GPC injection in normal mice (IFN-�/�-R�/�) did not result in neurotoxicity or mortality in any mice. (E to G) Typical microscopic images of injected striatum
sections showing VSV-LASV-GPC infection in IFN-�/�-R
/
 and IFN-�/�-R�/� mice. Scale bar, 100 �m. (H) Binding of VSV-wtG and VSV-LASV-GPC was
assessed by qRT-PCR following incubation at 4°C, and binding and internalization at 37°C on neurons or U87 glioma cells (n � 3; SEM). (I) Quantification of
viral replication in neurons and U87 glioma cells was assessed by plaque assay at 15 and 24 hpi. VSV-wtG produced equal titers of progeny in both neurons and
glioma. (J) In contrast, VSV-LASV-GPC progeny production was strongly reduced in neurons compared to human glioma.
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view that an innate IFN-mediated immune response is critical for
both short- and long-term survival after VSV-LASV-GPC infec-
tion of the brain.

The findings described above motivated a comparison of the
binding of VSV-wtG and VSV-LASV-GPC to glioma cells and
neurons. As judged by quantitative RT-PCR, both viruses bound
similarly to glioma cells and to neurons at 4°C (Fig. 3H), a cold
temperature at which endocytosis is inhibited. At 37°C, approxi-
mately 2 logs more virus became cell associated than at 4°C, indi-
cating effective and similar rates of binding plus internalization in
both cell types and for both viruses. We then examined the ability
of infected glioma cells and neurons to generate progeny virions.
On gliomas, both VSV-wtG (Fig. 3I) and VSV-LASV-GPC (Fig.
3J) showed substantial virus replication. In contrast, replication of
VSV-LASV-GPC was greatly attenuated in neurons, by 4.5 logs rela-
tive to VSV-wtG, which showed robust replication in neuron cultures
(Fig. 3I and J). Together, these data suggest that although both VSV-
wtG and VSV-LASV-GPC bind to glioma cells and neurons, VSV-
LASV-GPC replicates poorly in neurons. In neurons, a block to rep-
lication appears most likely to occur at the point of endosomal escape
and uncoating, which may in part be dependent on glycoprotein me-
diation or possibly a subsequent step.

VSV-LASV-GPC targets and destroys brain gliomas. As the
studies described above showed no adverse effect of VSV-LASV-
GPC or VSV-EBOV-GP in the CNS, we next tested whether the
virus might target and destroy brain tumors. Fifteen days after
implant of red fluorescent human glioma into the SCID mouse
brain, VSV-LASV-GPC (106 PFU in 100 �l) was injected intrave-
nously (tail vein). The virus crossed the blood-brain barrier in the
area of tumors and showed a highly selective tumor infection and
complete destruction of tumor cells within the brain. Mice with
brain tumors survived only if treated with VSV-LASV-GPC, with
no adverse effect as of 80 days (Fig. 4). Mice with brain tumors that
did not receive virus all died from the tumor (median survival of
29 days; n � 8; Fig. 4A and C). The chimeric virus VSV-EBOV-GP
also targeted brain tumors after intravenous inoculation (Fig. 4A
and D); VSV-EBOV-GP extended life minimally (median survival
of 34 days; n � 8). Histological analysis showed large tumors in
mice not treated with virus (Fig. 4C) and selective but incomplete
infection of the tumor treated with VSV-EBOV-GP (Fig. 4D). In
contrast, few tumor cells if any were found following treatment
with VSV-LASV-GP (Fig. 4E), suggesting highly selective infec-
tion and destruction of glioma. This is consistent with low-mag-
nification examination of tumor-bearing brain from mice treated
with virus where no red tumors were seen in the brain of mice
receiving intravenous VSV-LASV-GPC (Fig. 4B). In another
short-term experiment, mice showed near-complete infection of
bilateral tumor masses 8 days postinoculation, with little infection
outside the tumor area, suggesting a rapid and selective VSV-
LASV-GPC anti-tumor action (n � 4).

Using a syngeneic rodent tumor model, we tested whether
VSV-LASV-GPC would infect rat glioma in immunocompetent
rats. VSV-LASV-G showed selective strong cytolytic infection of
rat CNS-1 glioma tumors after intracerebral inoculation, with lit-
tle detectable infection of normal brain (Fig. 4F to H), demon-
strating that VSV-LASV-GPC selectively infects glioma not only
in mice but also in immunocompetent rats.

A major problem with high-grade gliomas in humans is tumor
cell migration within the brain; thus, neurosurgical removal or
focused radiation may eliminate the main tumor body but is gen-

erally unable to eliminate the large number of cells migrating from
the tumor into the brain. To model this, we implanted the left and
right side of the SCID mouse brain with human glioma (in stria-
tum). Fifteen days later, VSV-LASV-GPC was stereotactically in-
jected unilaterally, only into the tumor on the right side of the
brain. Eight days later, the brains were examined; we chose an
8-day postinoculation survival as a probable point when the in-
jected tumor might be completely infected or destroyed but when
the contralateral tumor might still show an ongoing infection.
VSV-LASV-GPC had completely destroyed the inoculated tumor
on the right side of the brain, and the virus had migrated to the
contralateral left tumor and begun the process of infection and
destruction without infecting the intervening normal brain (Fig.
5A and B). Remarkably, VSV-LASV-GPC selectively destroyed the
brain tumor with no adverse effects to the intervening SCID
mouse brain. These observations are consistent with the view that
the virus was suppressed in normal brain cells by a T- and B-cell-
independent mechanism.

VSV-LASV-GPC infects melanoma. We next asked whether
VSV-LASV-GPC was selective for gliomas or was able to target
other types of metastatic brain cancer. Melanomas are the deadli-
est form of skin cancer, and one of the chief problems is metastasis
into the brain (48). Red fluorescent human melanoma was in-
jected into the left and right sides of the brain (Fig. 6A), similar to
the glioma experiments described above. VSV-LASV-GPC was
subsequently injected unilaterally into the right-side melanoma,
and the mice were euthanized 8 days later. VSV-LASV-GPC not
only caused complete destruction of the injected tumor mass on
the right side (Fig. 6B, D, and F), it also crossed the midline and
showed good infection of the noninjected contralateral melanoma
(Fig. 6B, C, and E), with no neuron infection in the intervening
brain. The partial infection of the contralateral melanoma was
expected and was probably due to the short, 8-day period of post-
inoculation survival.

A primary complication with both glioma and melanoma is the
migration of cancer cells away from the main tumor body and into
the brain. VSV-LASV-GPC showed substantial potential for at-
tacking single migrating melanoma cells without infecting the
normal neurons or glia in between (Fig. 6G to I). The virus com-
pletely eliminated all detectable tumor cells in the main tumor
body, and no melanoma cells could be detected migrating away
from the right tumor, suggesting the virus eliminated all traces of
the right melanoma within 8 days.

Because VSV-LASV-GPC infected two unrelated brain tumor
types, glioma and melanoma, we also tested it on other types of
human cancer cells that sometimes metastasize into the brain.
VSV-LASV-GPC infected (Fig. 7, middle column) and replicated
in (Fig. 7, right column showing secondary inoculation by super-
natant) colon, prostate, breast, bone, and bladder cancer cells (Fig.
7), suggesting its oncolytic potential was not restricted to glioma
and melanoma within the brain. We also tested a virus-resistant
sarcoma with upregulated interferon-stimulated genes (49) and
found that, similar to other viruses, including VSV, Sindbis, and
cytomegalovirus, VSV-LASV-GPC infection was highly attenu-
ated in these cells (not shown).

Immune system activation. In addition to a direct oncolytic
attack on cancer cells, oncolytic viruses can also initiate an
attack by the immune system on tumor cells. To test whether
VSV-LASV-GPC would evoke a humoral immune response,
mice were inoculated intranasally and intramuscularly with
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FIG 4 Intravenous VSV-LASV-GPC destroys brain glioma and prolongs life indefinitely. CB17 SCID mice with unilateral striatal xenografts of human
RFP-expressing rU87 glioma were treated with a single intravenous injection of either VSV-LASV-GPC, VSV-EBOV-GP (each 100 �l of 106 PFU), or saline
(control) 15 days after tumor placement. (A) Kaplan-Meier curve showing modest survival benefit of VSV-EBOV-GP-treated mice compared to untreated
control (median survival of 29 versus 34 days; n � 8 each group). In contrast, VSV-LASV-GPC-treated mice showed complete survival throughout the
observation period (80 days, n � 8). Histological analysis showed no residual viable tumor mass, only scar tissue and tumor cavity (E). (B) The panel displays
representative brains for each group. Brains from untreated control mice showed massive expansion of the tumor mass (pink), causing a significant midline shift
of the longitudinal cerebral fissure. Large tumor mass and midline shift is also seen in brains from mice treated with VSV-EBOV-GP, indicating limited
therapeutic effect. In contrast, brains from VSV-LASV-GPC-treated mice (top row) showed no visible expansion of the brain at the end of the observation period.
(C) In control mouse, red glioma expanded substantially. (D) Mouse treated with VSV-EBOV-GP showed selective infection in tumor, but the infection was not
complete. (E) Intravenous VSV-LASV-GPC completely eliminated tumor by 79 days. The majority of VSV-LASV-GPC-treated brains showed an empty tumor
cavity, indicating successful oncolysis. (F) Syngeneic rat brain tumor model was established by stereotactically grafting RFP-expressing CNS-1 rat glioma into
Lewis rats into the right striatum. VSV-LASV-GPC was applied to the area of the tumor 7 days after tumor placement; rats were euthanized 3 days later.
VSV-LASV-GPC caused widespread oncolysis in the central portions of CNS-1 tumors with dead or dying cells, resulting in fading of the RFP and GFP signals
and a morphological shift to cell debris (open arrowheads in panel G) from the whole-cell architecture seen in noninfected CNS-1 glioma (white arrowheads in
panel H). Infection was restricted to the tumor. These data support the view that VSV-LASV-GPC not only targets human glioma but can also selectively infect
rodent glioma within the rodent brain.
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this virus. VSV-LASV-GPC generated high titer antisera to
VSV-LASV-GPC-infected cells (Fig. 8, top row) and also to the
GFP transgene expressed by the virus (Fig. 8, bottom row).
Antisera with dilutions out to 1:10,000 generated positive im-
munostaining of GFP-expressing neurons from transgenic
mice with no virus present, suggesting the potential for a sec-
ondary systemic immune response against VSV-LASV-GPC-
infected gliomas as reported for wild-type VSVs (50). It is in-
teresting to note that a chimeric VSV-LCMV-GPC was recently

shown to be only weakly immunogenic with regard to the gen-
eration of neutralizing antibodies against the virus (27). VSV-
LASV-GPC appeared to completely eliminate human brain tu-
mors in our experiments; the strong immune response against
tumors initiated by virus infection could serve to augment tu-
mor eradication in the event of incomplete direct tumor de-
struction (51). Chimeric VSVs that generate a strong immune
response may be beneficial in terms of evoking a strong second-
ary immune response against tumor-related antigens.

FIG 5 VSV-LASV-G infects widespread gliomas within brain. CB17 SCID mice received bilateral xenografts of RFP-expressing rU87 glioma. Fifteen days
later, the right-side tumor was injected stereotactically with 1 �l (3.6 � 104 PFU) of VSV-LASV-GPC. Brains were harvested 8 days later. (A) Analysis for
expression of RFP (tumor) and GFP (virus infection) revealed a consistently bright fluorescent signal on the left noninjected side and faint or absent signal
together with substantial dead cell glioma debris on the injected right side. These observations suggest successful ipsilateral tumor oncolysis and
progressive infection contralateral to the side of virus inoculation. Images show a dorsal view of uncut brains of 4 mice taken with an Olympus
fluorescence microscope. (B) Coronal sections from the striatum (from panel A above) showed little residual tumor or infected cells with faint
RFP-positive tumor debris at the injected right-side tumor (microscopic images in panel B); the noninjected left side (L) showed VSV-LASV-GPC
infection due to contralateral spread of the virus within the brain. The right side (R) showed only tumor remnants remaining after virus infection.
Micrographs were made from a dorsal view of the whole brain.
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DISCUSSION

Although VSV has shown considerable promise in selectively tar-
geting and destroying many different types of tumors both outside
and within the brain, the possibility of adverse neuronal effects
within the brain potentially leading to motor dysfunction (52),
behavioral disturbances (12), or death (13, 52) has been a block to

forward progress. Here, we show that eliminating the native gly-
coprotein from the VSV genome and substituting glycoproteins
from other viruses greatly reduces infection and cytolysis of neu-
rons. All five chimeric VSVs tested showed considerably reduced
neuron tropism and replication compared with the natural VSV
glycoprotein. Not only were the two chimeric viruses tested safe

FIG 6 VSV-LASV-GPC targets intracranial melanoma. RFP-expressing rYUMAC melanoma cells were injected bilaterally into the striatum of CB17 SCID mice
(see control, left column in panel A) as a model for melanoma metastasis. Fifteen days later, the right-side tumor was injected stereotactically with 1 �l (3.6 � 104

PFU) VSV-LASV-GPC. At 8 dpi, brains were harvested and analyzed for expression of RFP (tumor) and GFP (virus infection). Here, a dorsal view of the whole
brain (n � 4) is shown, with red indicating the melanoma and green (GFP) the presence of virus. (B) Coronal sections from the striatum showed little residual
tumor or infected cells with faint RFP-positive tumor debris at the injected right-side tumor; the noninjected left side showed VSV-LASV-GPC infection due to
contralateral spread of the virus with minimal infection of intervening normal brain. (C and D) VSV-LASV-GPC injected into the right melanoma completely
eliminated it and then began to infect and destroy the noninfected left melanoma. (E and F) Higher magnification showing the initial signs of infection in the left
melanoma and the complete loss of melanoma cells on the injected side. (G, H, and I) Panel G shows red melanoma cells migrating away from the main tumor
body, panel H shows GFP-labeled virus-infected cells, and panel I shows the merged image, demonstrating that only melanoma cells were infected by the virus.
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within the brain, but direct injection of either VSV-LASV-GPC or
VSV-EBOV-GP into the brains of SCID mice lacking the normal
complement of B and T immune cells generated no adverse effect,
and the innate immune system within the brain eliminated the
virus. Importantly, after intravenous inoculation, the chimeric vi-

ruses VSV-LASV-GPC and VSV-EBOV-GP were able to cross the
blood-brain barrier and selectively infect brain tumors with little
or no infection of normal neurons or glia and no virally mediated
adverse effects. VSV-LASV-GPC completely eliminated brain tu-
mors and prolonged the lives of tumor-bearing mice indefinitely.
VSV containing the Ebola virus glycoprotein also crossed the
blood-brain barrier and selectively targeted the brain tumor but
showed only partial infection of the glioma and only a modest
survival benefit in mice bearing brain tumors.

Vesicular stomatitis virus safety in the brain. The most prob-
lematic aspect of using VSV either as an oncolytic virus or as a
vaccine vector against more dangerous viruses, including Ebola
virus (34), HIV, and other pathogenic viruses, has been the con-
cern about adverse effects of the virus within the brain (42, 52).
VSV neurotoxicity can be reduced by generating peripheral im-
munity in advance of intracerebral inoculation (42) or by admin-
istering exogenous type I interferon or via intracerebral viral vec-
tors that generate interferon (53). Attenuated VSVs have been
constructed by a number of molecular alterations, including re-
duction of cytoplasmic amino acids in the G protein, mutations in
the M gene, particularly at M51, and adding genes upstream of
viral genes to reduce the expression of viral genes (11, 14, 16, 17),
but most of these resultant VSVs still retain negative side effects in
the brain due to neuronal infection leading to neuron death. Even
a VSV that expresses interferon and is currently in clinical trials
(VSV-IFN), although attenuated, is problematic and can be lethal
if it gains access to the brain. None of these previous recombinant
strategies directly eliminate the lethal neurotropism of the virus
within the brain conferred by the native VSV glycoprotein. In
contrast, we show in the current study that all five G protein chi-
meric viruses used showed reduced neuron infection, and the two
tested in vivo showed complete safety within the brain. Even sub-
stitution of the glycoprotein from rabies virus, which has well-
known neuronal targeting, still showed reduced infection of neu-

FIG 7 Infection of VSV-LASV-GPC generalizes to a wide variety of human
tumors. Eight human tumor lines (see phase-contrast images in left column)
originating from bone, breast, prostate, colon, and bladder cancer were in-
fected with VSV-LASV-GPC at an MOI of 3 (primary inoculation). Two hours
later, virus inoculum was removed and cells were washed 3 times. At 24 h after
infection, all tumor lines showed infection as indicated by GFP expression
(middle column). To test for viral propagation in these tumors, supernatant
was filtered (0.22 �m) and transferred to uninfected tumor dishes (secondary
inoculation; right column). Twenty-four hours later, positive GFP expression
indicates transfer of viral progeny produced by tumors infected during pri-
mary inoculation.

FIG 8 VSV-LASV-GPC induces humoral response and antibody production
against virus and GFP transgene. Serum from mice injected and boosted with
VSV-LASV-GPC intranasally (5 � 105 PFU in 50 �l) and intramuscularly (2 �
105 PFU in 20 �l) was diluted and used for immunostaining of cells infected
with VSV-LASV-GPC. The top row displays example images of sections of
brains from IFN-�/�-R
/
 mice showing widespread infection with VSV-
LASV-GPC. Antibodies raised in VSV-LASV-GPC-immunized mice labeled
infected cell bodies and processes. The same serum was used to test for labeling
of a GFP transgene. Sections of transgenic mice expressing GFP in hypocretin
neurons were used. In the absence of VSV-LASV-GPC, the antiserum selec-
tively labeled GFP-positive neurons red, indicating that VSV-LASV-GPC
evokes an immune response to nonviral antigens associated with the virus.
Control nonimmune serum immunostaining was negative.
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rons compared with that of the VSV glycoprotein and has been
suggested as safe in the rodent brain (8), underlining the impor-
tance of eliminating the VSV glycoprotein to block adverse effects
in the brain.

Neither VSV-EBOV-GP nor VSV-LASV-GPC injected intra-
cerebrally into normal mice, immunocompromised SCID mice,
or rats evoked any adverse action, whereas similar concentrations
of other VSVs with the native G, including attenuated VSV-CT9-
M51 (38), VSV-wtG, VSV-mIFN, and VSV-M51 (Fig. 2B), were
lethal. VSV-LASV-GPC was previously shown safe in rodents after
intraperitoneal injection, but intracranial safety was not investi-
gated (34). Our results here show that both VSV-LASV-GPC and
VSV-EBOV-GP are safe in the rodent brain. The GFP reporter
gene in both VSV-LASV-GPC and VSV-wtG provides some atten-
uation to both viruses by reducing expression of other VSV genes;
in spite of this, VSV expressing the wild-type glycoprotein was still
lethal within the brain even when carrying the attenuating GFP
gene, whereas VSV-LASV-GPC and VSV-EBOV-GP were safe in
the brain, suggesting that safety in the brain is due to the absence
of the neurotoxic VSV glycoprotein. This view is further sup-
ported by our data showing safety of VSV-LASV-GPC in chimeric
viruses that did not express the GFP gene. The lack of VSV-LASV-
GPC infection of neurons in the rodent brain parallels our in vitro
studies with human neurons showing reduced infection, suggest-
ing the virus may also be safe in the human brain. This would be
consistent with the finding that VSV-EBOV-GP exhibited no ad-
verse consequence when injected into the primate brain (26).

Mechanisms of selectivity. Our data suggest the advantage of
the Lassa virus glycoprotein is that it allows a selective block to
replication in neurons but not in a wide variety of human tumors.
This block to neuron infection appears not to be at the binding or
internalization steps but at a step further downstream in the life
cycle, possibly at the uncoating/endosomal escape step in neu-
rons, given the importance of the glycoprotein to this process (54).

Similar to wild-type VSV, type I IFN is important to the selec-
tivity and safety of VSV-LASV-GPC; mice lacking type I IFN re-
ceptor succumbed to virus inoculation. We reported previously
that whereas type II and III IFN may also contribute to immunity
in the brain (39), type I IFN is necessary for survival with virus
infection. The impairment of innate immunity characteristic of
oncogenically transformed cells allows VSV-LASV-GPC to repli-
cate rapidly, with cytolytic consequences for tumor cells. The ad-
dition of IFN to glioma had little to no effect on the infectivity of
VSV-LASV-GPC but provided additional protection to normal
neurons and glia. The exquisite tumor selectivity of VSV-LASV-
GPC is thus a consequence of both reduced neurotropism (via
substitution of the LASV-GPC for the VSV G protein) and virus
susceptibility to endogenous IFN in normal cells. The virus is able
to very selectively infect and destroy tumors whether entering
from the bloodstream into the brain or by traveling from an in-
fected tumor to a distant locus of tumor cell growth in the con-
tralateral brain, all without substantive infection of the interven-
ing healthy brain tissue. The fact that the innate immune system
appears able to contain VSV-LASV-GPC suggests that the virus
may prove safe to treat the increased incidence of cancers found in
patients with compromised adaptive immune systems, for in-
stance with AIDS.

Both VSV-LASV-GPC and VSV-EBOV-GP infected and killed
glioma in vitro, and both infected and killed glioma in vivo after
intravenous inoculation. However, VSV-LASV-GPC completely

eliminated tumor cells and prolonged life indefinitely, whereas
VSV-EBOV showed incomplete tumor infection in histological
analysis and only a very modest survival benefit. These data sup-
port the view that in vitro studies of this sort are inferential and
that, ultimately, in vivo experiments are needed. There are several
factors that might underlie the reduced efficacy of VSV-EBOV-GP
compared with VSV-LASV-GPC in vivo, including in vivo trans-
formation of tumors to forms that are more resistant to infection
by some viruses (55) and the existence of a greater number of cells
and mechanisms for defeating virus infections even in immuno-
compromised mice that might be differentially activated or atten-
uated by viral glycoproteins. Furthermore, we cannot rule out the
possibility that some types of tumors may show a greater in vivo
susceptibility to VSV-EBOV-GP than found with gliomas here.

Vaccine vector. VSV is a promising vaccine platform, and even
single inoculations generate strong cellular and humoral immu-
nity (56, 57, 58). Importantly, the risk of neurotoxicity can be
reduced or eliminated by substitution of the Lassa virus glycopro-
tein for the VSV glycoprotein. VSV-LASV-GPC may prove bene-
ficial as a vaccine vector, given its potent immunogenicity. Immu-
nogenic viral vectors could be generated against other pathogenic
organisms by substituting a gene coding for a pathogen protein in
place of the GFP gene while retaining the LASV-GPC in place of
the neurotoxic VSV glycoprotein. Use of the Lassa virus glycopro-
tein in place of the VSV glycoprotein may provide a safer vector
for immunization against a number of pathogenic microorgan-
isms compared with wild-type VSV.

Lassa virus glycoprotein. That genes from potentially lethal
viruses such as Ebola, Marburg, Lassa, or rabies virus can be inte-
grated to generate a chimeric virus that is not only safe but poten-
tially beneficial in selectively attacking and killing brain cancer is
remarkable. This raises the question of whether other genetic
combinations of two or more unrelated viruses might have similar
beneficial effects. Lassa virus is a member of the Old World group
of arenaviruses that tend to bind to similar receptors. In contrast,
related arenaviruses from the New World group, including Sabia,
Machupo, and others, bind to different receptors, for instance,
transferrin receptor 1 (59), and thereby merit experimental atten-
tion related to their oncolytic potential. There are undoubtedly
other virus glycoproteins unrelated to the 6 compared here that
may prove useful to target tumor cells without the adverse neuro-
nal side effects of VSV G. Small-molecule inhibitors such as ST-
193 that block viruses pseudotyped with Lassa virus glycoprotein
but not VSV or LCMV glycoproteins provide a further safety fac-
tor to control infection by VSV-LASV-GPC if needed (60). Lassa
virus and LCMV share a binding protein on the cell surface, but
unlike LCMV, the Lassa virus glycoprotein requires binding to
sialyltransferase ST3GAL4-dependent LAMP1 within lysosomes
to mediate cell infection (61), underlining potential differences in
cell tropism between the two chimeric viruses.

VSV-LASV-GPC targets multiple cancers. VSV-LASV-GPC
is effective not only against gliomas (which arise within the brain)
but also against melanoma, a cancer that arises in the skin but
metastasizes into the brain, resulting in death within a few months
of entering the brain. We also find a strong viral infection in other
types of human cancer cells, including prostate, breast, colon, and
bladder, which can sometimes metastasize into the brain. The
broad infectivity and cytolysis of multiple types of cancer cells
suggest that VSV-LASV-GPC may also be effective in targeting
other types of brain tumors not tested here, including meningi-
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oma, astrocytoma, ependymoma, and oligodendroglioma, and
this possibility merits further testing. The elimination of neurot-
ropism by substitution of the Lassa virus glycoprotein for the VSV
glycoprotein would provide an increased level of brain safety, even
if the virus were used to target peripheral cancers.

In vitro testing suggested VSV-LASV-GPC showed a good com-
bination of reduced neurotropism and broad infectivity across differ-
ent gliomas. Similar to VSV-LASV-GPC, VSV-LCMV-GPC had a
reduced neurotropism and showed a somewhat reduced infectivity of
gliomas tested here. A recent paper (27) showed that VSV-LCMV
also has the potential to target brain tumors; however, questions re-
main as to which glycoprotein will prove to be the most useful. The
humoral response to VSV-LCMV was greatly reduced compared
with that of VSV-wtG (27). We show here that VSV-LASV-GPC gen-
erated robust humoral immunity and antibody formation against
virally expressed exogenous genes, including GFP. It remains an open
question as to whether low viral immunogenicity of LCMV-GPC will
ultimately represent an advantage, because it allows for repeat admin-
istration, or a disadvantage. The reduced humoral immune response
to VSV-LCMV might lead to an incomplete elimination of the virus
by the immune system, leading to chronic infection and/or a less
potent stimulation of antitumor immunity. The generation of a
strong immune response to infected cancer tissue is an important
benefit to the efficacy of oncolytic viruses in immunocompetent
hosts.
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