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Vesicular stomatitis virus (VSV) has long been regarded as a promising recombinant vaccine platform and
oncolytic agent but has not yet been tested in humans because it causes encephalomyelitis in rodents and
primates. Recent studies have shown that specific tropisms of several viruses could be eliminated by engi-
neering microRNA target sequences into their genomes, thereby inhibiting spread in tissues expressing cognate
microRNAs. We therefore sought to determine whether microRNA targets could be engineered into VSV to
ameliorate its neuropathogenicity. Using a panel of recombinant VSVs incorporating microRNA target se-
quences corresponding to neuron-specific or control microRNAs (in forward and reverse orientations), we
tested viral replication kinetics in cell lines treated with microRNA mimics, neurotoxicity after direct intra-
cerebral inoculation in mice, and antitumor efficacy. Compared to picornaviruses and adenoviruses, the
engineered VSVs were relatively resistant to microRNA-mediated inhibition, but neurotoxicity could never-
theless be ameliorated significantly using this approach, without compromise to antitumor efficacy. Neuro-
toxicity was most profoundly reduced in a virus carrying four tandem copies of a neuronal mir125 target
sequence inserted in the 3�-untranslated region of the viral polymerase (L) gene.

Vesicular stomatitis virus (VSV) is a nonsegmented, nega-
tive-strand rhabdovirus widely used as a vaccine platform as
well as an anticancer therapeutic. While VSV is predominantly
a pathogen of livestock (34), it has a very broad species tro-
pism. The cellular tropism of VSV is determined predomi-
nantly at postentry steps, since the G glycoprotein of the virus
mediates entry into most tissues in nearly all animal species
(10).

Though viral entry can take place in nearly all cell types, in
vivo models of VSV infection have revealed that the virus is
highly sensitive to the innate immune response, limiting its
pathogenesis (4). VSV is intensively responsive to type I inter-
feron (IFN), as the double-stranded RNA (dsRNA)-depen-
dent PKR (2), the downstream effector of pattern recognition
receptors MyD88 (32), and other molecules mediate shutdown
of viral translation and allow the adaptive immune response to
clear the virus. The vulnerability of the virus to the type I IFN
response, typically defective in many cancers, has been ex-
ploited to generate tumor-selective replication (49), such that
the virus is now poised to enter phase I trials. However, the
virus remains potently neurotoxic, causing lethal encephalitis
not only in rodent models (7, 22, 53) but also in nonhuman
primates (25).

VSV very often infiltrates the central nervous system (CNS)
through infection of the olfactory nerves (41). When adminis-
tered intranasally, the virus replicates rapidly in the nasal ep-
ithelium and is transmitted to olfactory neurons, from which it
then moves retrograde axonally to the brain and replicates
robustly, causing neuropathogenesis. While intranasal inocu-

lation does cause neuropathy in mice, neurotoxicity following
viral administration also occurs when the virus is delivered
intravascularly (47), intraperitoneally (42), and (not surpris-
ingly) intracranially (13). Previously, other groups have modi-
fied the VSV genome to be more sensitive to cellular IFNs (49)
and have actually encoded IFN in the virus (36). However, the
former can result in attenuation of the virus, such that it has
reduced anticancer potential, while the latter still results in
lethal encephalitis (unpublished results). In order to mitigate
the effects of VSV infection on the brain without perturbing
the potent oncolytic activity of the virus, we utilized a micro-
RNA (miRNA) targeting paradigm, whereby viral replication
is restricted in the brain without altering the tropism of the
virus for other tissues.

To redirect the tissue tropism of anticancer therapeutics, we
(26) and others (11, 14, 55) have previously exploited the
tissue-specific expression of cellular miRNAs. miRNAs are
�22-nucleotide (nt) regulatory RNAs that regulate a diverse
and expansive array of cellular activities. Through recognition
of sequence-complementary target elements, miRNAs can ei-
ther translationally suppress or catalytically degrade both cel-
lular (6) and viral (50) RNAs. We have determined that cel-
lular miRNAs can potentially regulate numerous steps of a
virus life cycle and that this regulation of the virus by endog-
enous miRNAs can then abrogate toxicities of replication-
competent viruses (27; E. J. Kelly et al., unpublished data).

miRNAs are known to be highly upregulated in many dif-
ferent tissues, including (but not limited to) muscle (40), lung
(44), liver (15, 44), spleen (44, 46), and kidney (51). In addi-
tion, the brain has a number of upregulated miRNAs, with
each different subtype of cell having a unique miRNA profile.
miR-125 is highly upregulated in all cells in the brain (neurons,
astrocytes, and glia cells), while miR-124 is found predomi-
nantly in neuronal cells (48). Glial cells and glioblastomas are
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thought to have decreased expression of miR-128 compared to
neurons (17), while miR-134 is particularly abundant in den-
drites of neurons in the hippocampus (43). In addition to these
miRNAs, the tumor suppressor miRNA let-7 and miRs 9, 26,
and 29 (51) are also found to be enriched in the brain, with
expression varying not only between different cell types and
regions of the brain but also temporally (48).

MicroRNAs have previously been exploited to modulate the
tissue tropism of nonreplicating lentiviral vectors (8, 9), as well
as curbing known toxicities of replication-competent picorna-
viruses (5, 26), adenoviruses (11), herpes simplex virus 1 (33),
and influenza A virus (39). In addition, a recombinant VSV
encoding a tumor suppressor target was found to be responsive
to sequence-complementary miRNAs in vitro, possibly by af-
fecting expression of the matrix (M) protein (14), and evidence
from Dicer-deficient mice suggests that endogenously ex-
pressed microRNA targets within the P and L genes of VSV
could restrict enhanced pathogenicity of the virus (37). How-
ever, in vivo protection from neuropathogenesis by this means
has not been demonstrated for VSV.

Here we evaluate the efficiencies of different brain-specific
miRNAs for shutting down gene expression and extensively
characterize the ability of miRNA targeting to attenuate
the neurotoxicity of vesicular stomatitis virus in vivo. We con-
structed and evaluated recombinant VSVs with miRNA target
(miRT) insertions at different regions of the viral genome, with
special focus upon those affecting viral L expression. In addi-
tion, we looked at the regulatory efficiency of different brain-
specific miRNAs and the impact of miRT orientation on VSV
replication and determined the impact of the virus on oncolytic
activity in vivo.

MATERIALS AND METHODS

Cell culture and lentiviral vector production. H1-HeLa, 293T, and BHK cells
were obtained from American Type Culture Collection (ATCC), Manassas, VA,
and were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) in 5% CO2. Cath.A was purchased
from ATCC and maintained in RPMI plus 4% FBS and 8% horse serum.
NB41A3 was purchased from ATCC and maintained in Ham’s F12 medium plus
3% FBS and 15% horse serum. Primary rat astrocytes were purchased from
Lonza Corporation (Basel, Switzerland) and cultured according to the manufac-
turer’s instructions. Lentiviral vectors were obtained by transfection of 10 �g
each of lentiviral transfer plasmid (pHR-sin-F.Luc miRT), generously provided
by Y. Ikeda, and lentiviral packaging plasmid (CMV �R8.91), with 3 �g VSV-G
packaging construct pMD.G, in a T75 flask. Supernatant was harvested at 72 h
posttransfection and filtered through a 0.45-�m syringe filter.

Viruses. Plasmid DNA for VSV encoding luciferase was kindly provided by
Glen Barber (University of Miami, Miami, FL). miRTs were cloned into novel
NotI restriction sites. Restriction sites were generated in the 3�-untranslated
region (3�UTR) of the M or L gene by overlap extension PCR with the following
primers: M (S), CTAACTTCTAGCTTCTGCGGCCGCGAACAATCCCCGG
TTTACTC; M (AS), GAGTAAACCGGGGATTGTTCGCGGCCGCAGAAG
CTAGAAGTTAG; L (S), GAGATTAAAAAATCATGCGGCCGCGAGGAG
ACTCCAAACTTTAAG; and L (AS), CTTAAAGTTTGGAGTCTCCTCGCG
GCCGCATGATTTTTTAATCTC.

MicroRNA target sites (see Fig. 2) were flanked with NotI sites. miRNAs were
purchased as oligonucleotides from Integrated DNA Technologies (Coralville,
IA) and were annealed in STD buffer as previously described (26).

Recombinant VSVs (rVSVs) were generated as follows. BHK cells were
plated at a density of 1.5 � 106 cells/10-cm dish. Cells were infected with vaccinia
virus encoding T7 polymerase (VfT7) the next day, at a multiplicity of infection
(MOI) of 10 for 1 h. Virus was then removed, and cells were transfected with 2.5
�g pVSV miRT, 0.7 �g pB1-N, 1.25 �g pB1-P, and 0.5 �g pB1-L (N, P, and L
plasmids were provided by Glen Barber, University of Miami), using 15 �l of
Fugene 6 transfection reagent (Roche) according to the manufacturer’s instruc-

tions. Cells were incubated for 3 h at 37°C, and the medium was then replaced
with DMEM plus 10% FBS. After 48 h, culture medium was harvested, filtered
twice through a 0.45-�m filter, and overlaid onto BHK cells in a 10-cm dish.
Forty-eight hours later, if cytopathic effect (CPE) was observed, the culture
medium was harvested, subjected to low-speed centrifugation, and filtered
through a 0.45-�m filter. The supernatant was loaded on top of sucrose (10%
[wt/vol]) and centrifuged at 70,000 � g for 2 h to pellet the particles. For virus
titration, BHK cells were grown on 96-well plates and infected with serially
diluted virus stock. Fifty percent tissue culture infectious dose (TCID50) values
were determined by the Spearman and Karber equation.

In vitro cytotoxic activity. The cytotoxicity of rVSVs on cell lines was measured
using a standard MTT [3-(4,5-dimethylthiazolyl-2)-2,-5-diphenyltetrazolium bro-
mide] assay. Briefly, cells were mock infected or infected with rVSV (MOI � 0.2;
2 h at 37°C), unabsorbed virus was washed, and cells were seeded into 96-well
microplates at 104 cells per well in 0.1 ml medium. Plates were incubated for 24,
followed by the addition of 0.01 ml of MTT to each well. The mixture was
incubated for 4 h at 37°C. Formazan was extracted from the cells with 0.1 ml
detergent, and the color intensity was measured with a microplate enzyme-linked
immunosorbent assay reader. Experiments were performed in quadruplicate,
and results were recorded as percent absorbance relative to that of untreated
control cells.

miRNA mimics. miRNA mimics were purchased from Ambion. A control
miRNA mimic corresponded to a Caenorhabditis elegans miRNA with no pre-
dicted miRTs in mammalian cells, according to the manufacturer. miRNA mim-
ics were transfected with Mirus RNA transfection reagent at 200 nM. At 4 h
post-mimic transfection, cells were infected with rVSV at an MOI of 0.2, unless
another time is noted. At 24 h postinfection, cells were harvested for MTT
viability assay and supernatant was harvested for titration.

One-step growth curves. BHK cells were incubated with rVSV at an MOI of
3.0 for 2 h at 37°C. Following this incubation, cells were washed and resuspended
in fresh growth medium at predetermined time points (2, 4, 6, 8, 10, 24, and
48 h), and cell pellets were harvested and frozen at �80°C. At the completion of
all time points, the samples were thawed and cell pellets were cleared from the
samples by centrifugation, providing a cleared cell lysate fraction.

In vivo experiments. All animal protocols were reviewed and approved by the
Mayo Clinic Institutional Care and Use Committee. ICR-SCID mice were ob-
tained from Taconic, and BALB/c mice were purchased from Jackson Labora-
tories. Mice were irradiated and implanted with 5 � 106 CT26 cells in the right
flank. When tumors reached an average size of 0.5 by 0.5 cm, tumors were
treated with rVSV. Tumor volume was measured using a hand-held caliper, and
blood was collected by retro-orbital bleeds. For intracranial administration, VSV
was administered in 10 �l of Opti-MEM carrier.

MicroRNA analysis. Small RNAs were harvested from all cell lines with an
Ambion miRVana microRNA isolation kit according to the manufacturer’s in-
structions. RNA was resuspended in 50 �l nuclease-free water and quantified by
spectrophotometry. For analysis of miRNA expression, an Applied Biosystems
TaqMan microRNA assay system was used. For each miRNA analyzed, 5 ng of
small RNA was subjected to quantitative PCR (qPCR) in triplicate on a Strat-
agene Mx4000 qPCR system.

Statistical analyses. The GraphPad Prism 4.0 program (GraphPad Software,
San Diego, CA) was used for data handling, analysis, and graphic representation.
Survival curves were plotted according to the Kaplan-Meier method, and survival
function across treatment groups was compared using log-rank test analyses.

RESULTS

Vesicular stomatitis virus causes lethal neurotoxicity in mice.
Vesicular stomatitis virus is capable of causing lethal enceph-
alitis in rodents via almost any administration route. Direct
intracranial injection of the virus, however, results in develop-
ment of neuropathogenesis faster and at a lower dose than
infections initiated at other sites. In order to provide the most
stringent evaluation of viral restriction in the brain, we first
analyzed the propensity of an engineered VSV containing a
firefly luciferase reporter (VSV-Luc) to cause lethal encepha-
litis when the virus was administered intracerebrally. We first
investigated the time course of gene expression in immuno-
compromised mice inoculated with 1 � 104 VSV-Luc particles
and examined the luciferase expression kinetics post-viral ad-
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ministration. Not surprisingly, luciferase expression (a marker
for viral gene expression) was visible in the brain at 24 h
postadministration, and expression continued to increase until
animals were euthanized or succumbed to neurotoxicity.
Often, the onset of paralysis occurred at the time that luciferase
was visualized in the spinal cords of infected mice (Fig. 1A).
Mice inoculated with VSV-Luc intracranially exhibited classic
signs of neurotoxicity, including listing, seizure, weight loss,
and paralysis, and died or were euthanized prior to 15 days
postinoculation. Upon histological examination of the brain,
control Opti-MEM-treated mice had no histopathology out-
side the needle tract after administration of control carrier
(Fig. 1B), while mice treated with VSV-Luc had numerous
inflammatory lesions and moderate to severe meningoenceph-
alitis, as visualized by hematoxylin and eosin (H&E) staining
(Fig. 1C).

In order to determine the 50% lethal dose (LD50) of the
parental VSV-Luc that would then be modified by miRNA
target (miRT) insertion, we did a classic viral dose escalation
study. Virus doses ranged from 1 � 102 to 1 � 107 in 10 �l of
carrier. Not surprisingly, at the top doses of 1 � 104 to 1 � 107,
all animals developed neurotoxicity and died or were eutha-

nized prior to 15 days postinoculation (Fig. 1D). Animals that
were administered less than 1,000 infectious units, however,
were spared from lethal encephalitis, and the LD50 was deter-
mined to be 5,000 TCID50.

Neuronal microRNAs downregulate gene expression in len-
tiviral vectors. Over 700 miRNAs have been identified in hu-
mans (35), many of which are known to have tissue-specific
expression profiles (31). As we were interested in ameliorating
viral encephalitis, we investigated those miRNAs that are
known to be abundant in the CNS and which would be absent
in tumors. Numerous brain-specific miRNAs have been iden-
tified (44) and are known to be expressed in different abun-
dances, locations, and cell lineages. To identify the target ele-
ments that would most efficiently shut down gene expression in
the brain, we first employed lentiviral vectors containing dif-
ferent brain-specific miRTs.

To select the optimal sequences for brain-specific shutdown,
we utilized our previous reporter system whereby four tandem
miRTs are inserted downstream of a spleen focus-forming
virus (SFFV)-driven reporter gene in a lentiviral vector (Fig.
2A). We chose four of the best-characterized brain-specific
target elements, as well as a hematopoiesis-specific miRT con-

FIG. 1. Vesicular stomatitis virus causes lethal neurotoxicity. (A) VSV-Luc localizes to and replicates in the brains of mice. Control Opti-MEM
carrier or 1 � 104 VSV-Luc particles were injected intracranially into SCID mice and imaged for luminescence at 7 days postinoculation.
(B) H&E-stained section of brain in Opti-MEM-injected control mouse, shown at original magnification of �400. (C) H&E-stained section of
brain of VSV-Luc-injected mouse, shown at original magnification of �400. Black arrows represent apoptosing neurons. (D) LD50 determination
with VSV-Luc administered intracranially. Kaplan-Meier survival curves of dose escalation in SCID mice are shown.
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trol, for further investigation. The most abundant miRNA in
the brain is miR-124, a neuron-specific miRNA that has a role
in neural specification in the developing brain. Vectors con-
taining target elements corresponding to miR-124 were con-
structed, as well as vectors expressing miR-125T, which is ex-

pressed ubiquitously in all cell lineages of the brain; miR-128T,
which has previously been shown to silence gene expression in
neurons (48); and the recently identified miR-134T, which
regulates spine development in addition to being heavily ex-
pressed in the hippocampus (Fig. 2B).

FIG. 2. Analysis of lentiviral vectors incorporating neuron-specific microRNA targets in a panel of cell lines. (A) Schematic diagram of
lentiviral vector containing microRNA targets. LTR, long terminal repeat; GA, Gag; SFFV, spleen focus-forming virus (promoter); RRE, Rev
response element; cPPT, central polypurine tract. (B) Sequences of inserted target elements. (C) Relative light units (RLU) in control or neuronal
cell lines transduced at an MOI of 1.0 with lentiviral vectors containing miR-142-3pT, miR-124T, miR-125T, miR-128T, or miR-134T or in the
presence of 200 nM sequence-complementary miRNA mimic. (D) miRNA expression profiling determined by TaqMan expression analysis. Fold
increases indicate enrichment over miRNA expression in HeLa cells (per 5 ng small RNA). Gray asterisks, P � 0.05; black asterisks, P � 0.01.
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Vectors expressing control and brain-specific miRTs were
transduced on a panel of cell lines thought to be indicative of
different cell lineages that would have different miRNA ex-
pression profiles (Fig. 2D). Since neuronal cells express all four
miRNAs (miR-124, miR-125, miR-128, and miR-134), we first
transduced cells of different neuronal origins with our miRNA
sensor vectors: Cath.A and NB41A3 are neuroblastomas, while
293T cells (once thought to be epithelial, but now reclassified)
are transformed neuronal cells (45). While vectors containing
target elements for all neuronal targets assayed did show sig-
nificant decreases in gene expression in cells of neuronal lin-
eage compared to HeLa and Mel-624 control cells (P � 0.05),
the decrease in most cases was no greater than 30% (Fig. 2C).
Even when miRT sensors were transduced into cells that con-
tained fully complementary miRNA mimics in trans, a decrease
in luciferase expression was not seen with all targets. Only
when a vector containing miR-125T, miR-134T, or a combina-
tion of these targets was present was gene expression reduced
by over 90% (Fig. 2C). While we (26) and others (8) have
shown previously that combining more than one miRT can
have additive affects in decreasing gene expression, we did not
see this with neuronal targets (Fig. 2C and data not shown).

The factors affecting the efficiency with which miRNAs
are able to silence sequence-complementary mRNAs are very
poorly understood. While it has been shown in certain cases
that more abundant miRNAs functionally silence miRTs bet-
ter than do low-abundance miRNAs (8), it is clear that expres-
sion level is not the only factor that affects the regulatory
capacity of miRNAs (6, 8, 19, 54).

VSV accommodates miRT insertion without slowing of growth
kinetics. Based upon our data obtained from lentiviral vectors
as well as its expression profile in the brain, we determined that
miR-125 provided the best candidate for attenuating viral gene
expression in the brain. Vectors containing miR-125T showed
a 	95% decrease in luciferase expression in the presence of
fully complementary miRNA mimics in vitro (Fig. 2C). In ad-
dition, all cell lineages in the brain (neurons, astrocytes, and
glia cells) are thought to express miR-125 (though at different
abundances). We next constructed fully replication-compe-
tent rVSVs that expressed target elements complementary
to miR-125. As a control, we employed targets correspond-
ing to miR-206, which we have shown previously to silence
gene expression in muscle but to provide no protection from
neurovirulence (26).

Endogenous miRTs are most often located in the 3�UTRs of
cellular mRNAs. While some targets are found in coding re-
gions of mRNAs as well as the 5�UTR, it is thought that there
is a particular bias for efficacy of miRT localization in the
3�UTR (19). VSV, unlike picornaviruses, expresses each viral
protein from a distinct mRNA. Unlike the design of miRNA-
responsive picornaviruses, VSV provided a much greater bur-
den for miRNA regulation, since each miRT would target only
that gene in which the target was placed.

VSV contains five different viral genes, with transcriptional
stop sites after each gene. Intergenic gaps function as a signal
for polyadenylation and mRNA termination, and then con-
served transcriptional start sites start transcription of the next
gene (28). Due to transcriptase drop-off at each site, VSV
genes are expressed in a gradient, with the proximal viral N
gene having the most transcripts and the distal L gene having

the least. This transcriptional gradient is important, as a high
expression level of L is very cytotoxic and N must be expressed
at sufficient levels to wrap the viral genome into a ribonucle-
oprotein (RNP) complex and also to provide sufficient protein
to encapsidate the virus. The expression levels of M, P, and G
appear to be less important, as rearrangement of these viral
genes has been shown to be of little consequence to viral
replication (3).

Bearing in mind that the viral L protein is expressed at the
lowest levels of all viral genes, we hypothesized that it might be
particularly vulnerable to miRNA-mediated inhibition. Also,
while the expression level of the viral M protein is not as
important in vitro, the M gene is responsible for the inhibition
of host mRNA export that disables the immune response
against the virus. Therefore, because the viral matrix protein
inhibits an antiviral cellular signal cascade, we thought it could
also be a target of potential importance. In addition to the M
and L genes, we included target elements in the luciferase gene
of the virus as a control. Viruses containing miRNA-targeted
luciferase while potentially having less reporter should not
have affected viral life cycles. Targets were therefore inserted
into the 3�UTRs of the viral M, Luc, and L genes (Fig. 3A). In
an effort to target the entire antigenome, we also inserted
miRT sites within the viral 3�UTR, but these insertions pro-
hibited viral rescue.

Since VSV is a minus-strand rhabdovirus, the VSV genome
and mRNA are expressed in different orientations. We have
shown previously that direct targeting of the viral genomes of
picornaviruses provides the most efficient miRNA-mediated
inhibition (Kelly et al., unpublished data). While we believed
that the VSV genome would be relatively protected expressed
as an RNP complex, it was nevertheless possible that miRNA
recognition of the genome could occur, as the masking of
target sites by secondary structure in picornaviruses did not
preclude miRT recognition. We therefore oriented miRTs
such that they would target either the genome (g) or mRNA (r)
and inserted them in previously discussed regions of the viral
genome.

Viruses were rescued and titrated in the absence of se-
quence-complementary miRNAs, and one-step growth curves
were then performed to determine the replication kinetics of
the recombinant, miRNA-targeted viruses, as determined by
the TCID50 (as required by the FDA) (Fig. 3B [representative
of six independent experiments]). Insertion of miRTs did not
cause any slowing of virus replication on BHK cells, and all
rVSVs grew to high titers in the absence of corresponding
miRNAs.

miRNA-targeted VSVs are poorly responsive to sequence-
complementary mimics supplemented in trans. After con-
structing miRNA-targeted rVSVs, we next looked at the respon-
siveness of these viruses to sequence-complementary miRNAs.
Viruses were analyzed to see if sequence-complementary
miRNAs could provide protection from the cytolytic effects of the
virus, a decrease in luciferase activity, or a decrease in viral
replication.

Since the matrix protein of VSV can shut down host mRNA
export, including cytokines such as IFN-
 that could poten-
tially shut down viral replication, we used cell lines that are
capable of inducing and responding to cellular IFN-
 (52).
A549 human lung epithelial cells were transfected with
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miRNA mimics corresponding to miR-125, miR-206, or a
control miRNA thought to have no mammalian ortholog. Four
hours after transfection of these miRNAs, A549 cells were
infected with recombinant miRNA-targeted VSVs at a low
MOI (0.2). While we have shown previously that picornavi-
ruses assayed in this manner are fully protected from cytolytic
effects of viral infection (26), VSV proved to be very poorly
responsive to miRNA mimics provided in trans (Fig. 4A). Only
the virus containing targets to miR-206 oriented to target the
mRNA of the viral L gene had any significant increase in cell
viability (P � 0.0012), and this was only �30%. Luciferase
activity in these cells was not significantly different in the pres-
ence of sequence-complementary or control mimics (Fig. 4B).

In fact, the only parameter that showed a marked response
was viral replication, measured by release of virus into the cell
supernatant (Fig. 4C). Viral replication was decreased approx-
imately 1.5 log in viruses containing miR-125T or miR-206T
targeting the mRNA, with both inserted into the 3�UTR of L.
While not on the same order of magnitude as that seen in
picornaviruses (which can completely inhibit release of infec-
tious virus in the supernatant), this reduction in viral titer
could potentially attenuate the virus in the brain. A panel of
other cell lines, including BHK, CT-26, and MEF (which rep-
resent cells with either productive or altered IFN responses),
was utilized to study the miRNA responsiveness of VSVs, and
these cells were equally (or less) responsive to miRNA-medi-
ated viral inhibition (data not shown).

Neuronal target insertion protects primary brain cells from
cytopathic effects in vitro. While the expression of miRNA
mimics in trans served to effectively shut down the expression
of lentiviral vectors containing miR-125T, by 	95%, they had
very little effect on luciferase expression in rVSVs, nor did they
serve to protect cells from cytolytic effects of the virus (Fig. 3).

While we have shown previously that miRNA mimics are able
to functionally suppress picornavirus infection in the presence
of fully complementary targets (26), we have also seen that
expression of miRNAs in trans cannot serve to functionally
silence targets as efficiently as that of abundant endogenous
miRNAs (Kelly et al., unpublished data). We therefore em-
ployed primary cells that express large amounts of endogenous
miR-125 to see if endogenous miRNAs could indeed affect
VSV replication.

VSV is capable of infecting neurons, astrocytes, and glia
cells in the brain. While it is likely that neuropathogenesis is a
result of cytotoxic effects on neuronal cells, cytokines such as
interleukin-2 (IL-2) and nitric oxide synthase (NOS), produced
by astrocytes and microglia, can have protective effects on
surrounding cells (29). To determine if the presence of miR-
125 in primary astrocytes could protect these cells from infec-
tion with rVSVs bearing miR-125T in different regions of the
virus, we infected primary astrocytes with miRT VSVs and
looked at cytotoxicity and viral replication when cells were
infected at a low MOI.

Twenty-four hours after infection with VSV (even at an
MOI as low as 0.2), severe cytopathic effects were seen in
primary astrocytes. Analysis by MTT assay showed that �50%
of cells were killed by rVSVs expressing control miR-206T.
Insertion of miR-125T in luciferase provided no protection
from cytopathic effects in primary astrocytes. However, the
presence of miR-125T in the M protein rescued cell viability by
roughly 15%, while miR-125r in L completely restored cell
viability, such that it was not significantly different from that of
mock-infected cells (P � 0.515) (Fig. 5A). In addition, miR-
125r in L caused a 	2-log reduction in viral titers released into
the supernatants of infected astrocytes (Fig. 5B).

To validate that primary astrocytes did indeed contain miR-

FIG. 3. Construction and characterization of recombinant VSVs. (A) Schematic diagram of microRNA-targeted VSV. A novel NotI restriction
site was created in the 3�UTR of the M, Luc, or L gene, and miRTs were cloned into this site. (B) One-step growth curves for recombinant viruses
on BHK cells.
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FIG. 4. VSVs encoding neuronal targets are largely unresponsive to sequence-complementary miRNA mimics. (A) Cell viability, as determined
by MTT assay, at 24 h post-viral infection at an MOI of 0.5 with recombinant miRNA-targeted VSVs pretreated for 4 h with 200 nM miRNA
mimics in A549 cells. (B) Corresponding luciferase activities of miRT VSVs in the presence of the miRNA mimics from panel A. (C) Viral titers
collected at 24 h postinfection from supernatants of cells infected with miRT VSVs in the presence of miRNA mimics (representative of four
repeat experiments). #, not determined; *, P � 0.0012.
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125, we performed TaqMan miRNA expression analysis of
these cells to confirm that this brain-specific miRNA was up-
regulated compared to that in cells of other lineages (Fig. 5C).
While miRNA mimics added in trans could not significantly
protect cells from VSV toxicity (Fig. 4), here we show that
higher levels of endogenous miRNAs expressed in astrocytes
enabled VSV to become responsive to cellular miRNAs. While
this result is modest compared to the effects seen in picorna-
virus-infected cells (5) or adenovirus-infected cells (55), it is
nevertheless statistically significant (P � 0.001). Decreases of
viral titers in vivo by 	2 log could certainly provide protection
from viral toxicities.

miRT insertion protects against neuropathogenesis when
VSV is administered intracerebrally. Having determined that
rVSVs did respond to cellular miRNAs in vitro, we next pro-
ceeded with in vivo evaluation of the toxicity profiles of these
viruses. While neuropathology develops from VSV infection
with almost any administration route in immunocompromised
rodent models, intracranial inoculation clearly provides the
largest burdens for safety evaluation.

To assay for VSV attenuation in the brain, we therefore
delivered 2� LD50 of VSV-Luc. This was also the LD100 for
the virus (Fig. 1D). Immunocompromised mice were injected
with 1 � 104 rVSV particles and imaged for bioluminescence
2, 5, 7, 10, 12, 14, 28, 35, and 42 days after inoculation with the
virus. After virus administration, animals were monitored
closely for signs of neurotoxicity, and no complications were
seen in animals injected intracerebrally with control carrier.

Based upon in vitro analysis of our recombinant viruses (as
well as small pilot experiments), we chose three recombinant,
miRNA-targeted viruses for further evaluation (as well as the
parental VSV-Luc). Viruses with miR-125T targeting the
mRNA (125r) inserted in either the M or L gene were ana-
lyzed, as was a virus used as a control for insertional attenua-
tion, containing miR-206r in L. Viral replication visualized by
luciferase expression was seen at 24 h postinoculation in ani-
mals treated with VSV-Luc and the control VSV 206r L. In
addition, the insertion of miR-125T in M did not attenuate
virus replication in the brain 2 days after inoculation. However,
only 1 of 10 animals administered 1 � 104 VSV 125r L particles
had any detectable luciferase signal at the same time point
(data not shown).

One week after delivery of rVSV, severe neurotoxicity had
developed in groups treated with VSV-Luc, VSV 125r M, and
VSV 206r L. Intense luciferase expression (	1 � 107 photons/
s/brain) was seen in the majority of these animals 7 days after
virus administration (Fig. 6A to D). However, 9 of 10 animals
treated with VSV 125r L had no luciferase expression in the
brain and no symptoms of neurotoxicity. These animals re-
mained healthy and negative for luciferase expression up to 35
days postinoculation. At this time, all animals were euthanized
and brains were harvested for tissue overlay to look for viral
recovery or were sent for histological examination.

After intracranial virus administration, 90% of animals
treated with 1 � 104 VSV 125r L particles survived to the
terminal point of the study (35 days) (Fig. 6E). This survival

FIG. 5. Viral replication of miRT VSVs is restricted in primary brain cells. (A) Cell viability, as determined by MTT assay, at 24 h post-viral
infection at an MOI of 0.5 with recombinant miRNA-targeted VSVs in primary astrocytes. (B) Viral titers collected at 24 h postinfection from
supernatants of cells infected with miRT VSVs in primary astrocytes (representative of three repeat experiments). (C) miRNA abundance in
primary astrocytes, as determined by TaqMan miRNA expression analysis. Fold increases in miR-124, miR-125, or miR-206 over corresponding
miRNAs in HeLa cells (per 5 ng small RNA) are shown. *, P � 0.001.
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rate was highly significantly different from those with parental
VSV-Luc (P � 0.001) and the control for insertional attenua-
tion (P � 0.0025). While animals treated with VSV-125r M did
trend toward increased survival, with 30% surviving to the
terminal point in the study, this survival rate was not signifi-
cantly increased over that with control miRT. Examination of
luciferase expression in the brain also revealed that VSV 125r
L was attenuated in the brain, with only one animal treated
with the virus ever becoming positive for luciferase expression
(and quickly succumbing to lethal encephalitis) (Fig. 6F). The
observation that 10% of mice manifested with neurotoxicity
even when viral expression was targeted by sequence-comple-
mentary miRNAs in the brain provides further evidence that
this targeting paradigm, while effective for negative-strand vi-
ruses, is not as efficient as that with positive-strand picornavi-
ruses and lentiviral vectors.

While the inclusion of target elements for miR-125 targeting
the mRNA of the L gene of VSV did significantly attenuate the
virus in the brain and increase the therapeutic index of VSV,
mutation of these target elements is always of potential con-
cern. Because only �100 nt of sequence insert provided the
entire basis of the reduced toxicity for this virus, we looked at
the potential of this virus to mutate the sequence insert. In vitro
selective pressure did not provide any change in the sequence

insert of the virus, nor did the animal treated with VSV 125r L
that succumbed to neurotoxicity (Fig. 6E) have any sequence
alterations in the insert sequence. However, in a pilot study in
which 1 � 104 VSV 125r L particles were administered to
immunocompromised mice, we did see one animal become
positive for luciferase expression 4 weeks after administration.
The signal gained in intensity over a period of 2 weeks, finally
manifesting in the spinal cord, in addition to expression in the
brain (Fig. 6G). Forty-two days after inoculation, this animal
was sacrificed, and its brain was harvested to recover virus.
This virus was then amplified on BHK cells in vitro, and the
miRT insert and flanking region were cloned into TOPO and
sequenced, but no sequence alterations in the miRT insert
were found. Therefore, the delayed development of VSV en-
cephalitis could be a result of second-site mutations, or per-
haps saturation of endogenous miR-125 as a result of VSV
infection.

In vivo evaluation of recombinant miRNA-targeted VSVs
showed that insertion of target elements for miR-125T target-
ing the L gene of the virus significantly ameliorated neurotox-
icity. However, as with all viral engineering, selective pressure
to mutate this sequence does occur and can hamper the effi-
cacy of this targeting paradigm, even in negative-strand viruses.

FIG. 6. VSVs encoding neuron-specific miR-125T have reduced neurotoxicity. Mice were inoculated intracranially with 1 � 104 rVSV particles
and were imaged at the indicated times, using an IVIS200 system (Xenogen Corp., Alameda, CA), and monitored for symptoms of neurotoxicity.
(A) VSV-Luc at 7 days postinfection (p.i.). (B) VSV 125r M at 7 days p.i. (C) VSV 125r L at 7 days p.i. (D) VSV 206r L at 7 days p.i.
(E) Kaplan-Meier survival graphs for mice inoculated intracranially with 1 � 104 rVSV particles. (F) Quantification of the amount of biolumi-
nescence output per brain, plotted over time, as an indication of viral gene expression for mice inoculated with rVSV (values are averages for 10
animals per group � standard deviations). (G) A mouse administered 1 � 104 VSV 125 L particles (negative until imaged on day 28) developed
encephalitis, as seen at the labeled times postinfection. *, P � 0.0025.
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miRNA-targeted VSVs retain oncolytic efficacy in vivo. Our
previous experiment showing that VSV incorporating miRNA
targets within the viral genome can actually attenuate the virus
in the brain is of great import. However, since these viruses are
to be used therapeutically as anticancer agents, we next wanted
to validate that they did indeed retain their oncolytic efficacy in
models of oncolysis in vivo.

miRNAs are known not only to have tissue-specific signa-
tures but to have cancer-specific expression profiles as well
(12). While there are miRNAs that are indicated as oncosup-
pressive and are found to be downregulated significantly in
tumors, so too are there miRNAs that are oncogenic and
found to be highly enriched in tumors (23). miR-125, in fact,
has actually been indicated to have a role in breast cancer.
While miR-125 is most highly enriched in the brain, it is also
expressed (though at much lower abundance) in normal breast
tissue (24). However, in many breast cancers, miR-125 is found
to be downregulated significantly or even altogether absent.

While downregulation of miRNAs in tumors should pose
no barriers for effective oncolysis by viruses that express
these miRTs, increased expression of miRNAs in tumors
could hamper their efficacy. While there have been no pub-
lished works suggesting that any brain-specific miRNA is
upregulated in cancerous cells of any origin, we nevertheless
decided to test that miRNA-regulated viruses did in fact
retain oncolytic efficacy.

Many groups have published that mouse colorectal cancer is
particularly susceptible to VSV oncolysis (21, 49). Since CT-26
cells are colorectal carcinoma cells derived from BALB/c mice,
they provided a good model system, since they could be im-
planted as subcutaneous grafts and studied in fully immuno-
competent mice. Therefore, 5 � 106 CT-26 cells were injected
subcutaneously into the right flanks of immunocompetent
BALB/c mice. When tumors reached approximately 250 mm3,
they were treated with one intratumoral dose of 1 � 109 rVSV
on day 0 and one intravenous dose of 1 � 109 rVSV on day 3.
Tumors were monitored daily, and bioluminescence imaging
was performed on days 2, 5, 7, and 10 after first virus admin-
istration.

Control tumors grew quickly and were unencumbered by
control carrier treatment, and all animals were euthanized by
day 18 after treatment (when tumors reached 	2,000 mm3 or
ulcerated). Animals treated with parental VSV-Luc or VSVs
containing miRT inserts showed prolonged tumor progression
(Fig. 7A) and survival (Fig. 7B), but tumors in all groups
eventually grew such that they were larger than 10% of body
weight (	2,000 mm3) or ulcerated, necessitating euthanasia of
all animals due to tumor size.

To visualize viral replication in tumors (as well as the po-
tential for neurotoxicity), we imaged all mice at days 2, 5, 7,
and 10 after the first virus administration. At 2 days posttreat-
ment, virus was present at similar abundances in mice treated
with VSV-Luc or miRT-targeted viruses, but luciferase activity
quickly decreased, such that no viral replication was detected
in subcutaneous tumors or other tissues by 10 days posttreat-
ment (Fig. 7C to F). While we did observe a luciferase signal in
the head for 1/8 mice in each group (Fig. 7E), it never ap-
peared to be a result of neurotoxicity. These animals had no
symptomatic manifestation of neuropathogenesis, and upon
sacrifice and harvest of the brain, no virus was detected. We

therefore hypothesize that this may actually be a signal in the
mucosa of the mouth and/or nose. There was no significant
difference in antitumor efficacies of miRT recombinants (P �
0.2353), nor was there a significant difference in viral replica-
tion in tumors, as analyzed by luminescence activity on the
right flank (P � 0.9294).

DISCUSSION

MicroRNA targeting clearly provides an effective means to
restrict viral replication in specific tissues, based on different
miRNA profiles of different cell lineages. Unlike other target-
ing paradigms that are very specific to viral class, miRNA-
mediated restriction should be able to regulate any virus or
vector and has already proven efficacious in vivo for retrovi-
ruses, double-stranded DNA (dsDNA) viruses, positive-strand
RNA viruses, (27), and now negative-strand RNA viruses. Un-
like inclusion of tissue-specific promoters and display of non-
native receptors on viruses, miRNA targeting restricts rather
than expands host range, increasing safety rather than enabling
the potential for greater viral pathogenicity. Perhaps impor-
tantly for small, replication-competent viruses, the typical in-
sert (�100 bp) is highly economical in terms of sequence size
and should not be prohibitive for any virus or vector.

VSV has been shown to have potent activity against a variety
of tumor models, including colorectal cancer (49), hepatocel-
lular cancer (1), glioma (38), myeloma (18), and bladder can-
cer (20). In addition, it may act in synergy with the host im-
mune system to provide even greater antitumor activity (30).
While VSV therefore seems an ideal virus for translation into
the clinic as an anticancer therapeutic, lingering doubts about
the neurotropism of the virus, among other issues, have as yet
hindered clinical development of the virus.

Here we have engineered a VSV encoding firefly luciferase
to carry target elements for tissue-specific miRNAs in an effort
to curb lethal encephalitis caused by viral infection. While we
used miRNA targets in orientations such that they targeted
either the genome or mRNA, only viruses containing miRTs
targeting the mRNA were at all responsive to sequence-com-
plementary miRNAs. Because all engineered VSVs were much
less responsive in vitro than picornaviruses or adenoviruses, we
conducted small pilot in vivo experiments where genome-tar-
geted miRTs were administered intracranially. These provided
no reduction in either luciferase expression or protection from
neuropathology (data not shown), with all animals succumbing
to neurotoxicity or showing symptoms necessitating euthanasia
at times that were not significantly different from those for
control mice.

In addition to looking at the orientation of miRTs, we also
looked at the impact of site selection in VSV. Unlike picorna-
viruses, which encode one mRNA (which also serves as its
genome), VSV contains five distinct mRNAs (one for each
viral gene). Viruses that contained miRTs in the 3�UTRs of the
M, luciferase, and L genes were therefore rescued. Both in
vitro and in vivo, miRT insertion in L proved more efficacious
than the same sequence inserted in M, while (as predicted)
luciferase insertions did not have any effect on viral replication
whatsoever. While it is possible that a decrease (without com-
plete ablation) of L protein could be more crippling to VSV
than would a decrease in M protein, due to the transcriptional
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gradient causing L to already be expressed at the lowest level
of all viral genes, little is known about the actual levels of
protein required for viral replication. While viral rescue occurs
in vitro only with a specific in trans N:P:L ratio, shuffling of the
internal M, P, and G genes in the virus has been shown to have
a negligible impact on viral replication (3). Therefore, our
actual empirical determination that miRT insertion in L is
superior to miRT insertion in M is of particular import. How-
ever, it is likely that combination viruses whereby one or more
miRTs are inserted in multiple genes will be most effective.

We also investigated the efficacy of different brain-specific

miRTs in the silencing of gene expression. In lentiviral vectors
used as reporter constructs, all brain-specific miRNAs
proved to be less efficient in silencing sequence-complemen-
tary mRNA expression than our previously described muscle,
hematopoietic, and tumor suppressor miRNAs (26; Kelly et
al., unpublished data). Though the miRNA expression level
has been implicated in affecting the regulatory efficiency of a
specific miRNA, other unknown factors clearly contribute to
miRNA silencing. However, despite the superior functioning
of other tissue-specific miRNAs in vitro, target elements for
miR-125 do downregulate gene expression 	90% in the pres-

FIG. 7. MicroRNA-targeted VSVs have equivalent antitumor activities in CT-26 model. (A) CT-26 cells (5 � 106) were injected subcutaneously
into the right flank of BALB/c mice, and mice were administered one intratumoral dose of virus (1 � 109) on day 0 and one intravenous dose (1 �
109) on day 3 and monitored for tumor progression. (B) Kaplan-Meier survival curves for the mice in panel A. Images show CT-26 tumor-bearing
mice treated with rVSV on day 2, and graphs show the quantification of bioluminescence output per flank, plotted over time, as an indication of
viral gene expression for mice treated with VSV-Luc (C), VSV 125r M (D), VSV 125r L (E), and VSV 206r L (F).
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ence of supersaturating miRNA mimics supplemented in trans,
and endogenous miR-125 expression in the brain functions to
protect mice from the development of lethal encephalitis in
vivo. While miR-125 downregulated gene expression in vitro
better than did miR-124, miR-128, or miR-134, we do not
dismiss the potential of these miRNAs for exploitation in the
future. In fact, pilot studies where miR-124T was inserted into
the 3�UTR of M are suggestive that this abundant miRNA
could indeed act to prevent viral replication in the brain (data
not shown).

While miRNA targeting has great potential, mutation and
selection of viruses containing altered miRNA target se-
quences could be a potential pitfall, with mutations in the
miRT sequence reducing the efficiency with which target rec-
ognition can take place. Therefore, combination viruses in
which miRT inserts are included in multiple genes could pro-
vide advantages in terms of both perturbing viral replication
and providing buffers to mutation of miRT inserts. However,
miRNA saturation, where multiple target sites act as sponges
to soak up endogenous miRNAs (16), could then also come
into play. One might envisage the use of different miRNA
targets in different genes to circumvent both of these issues in
designing viruses for future use.

Overall, our data provide important proof of principle that
miRNA targeting can curb the development of VSV enceph-
alitis in mice, even when the virus is administered intracrani-
ally. In addition, we looked at the regulatory efficiencies of
different miRTs, the impact of miRT orientation in a negative-
strand virus, and the regulatory impact of the viral insertion
site. Most importantly, however, we have engineered VSV to
have an increased therapeutic index by increasing the safety of
the virus without perturbing the potent oncolytic activity of this
virus.
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