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Vesicular stomatitis virus (VSV) is potent and a highly promising agent for the treatment of cancer. However, translation of VSV
oncolytic virotherapy into the clinic is being hindered by its inherent neurotoxicity. It has been demonstrated that selected pi-
cornaviral internal ribosome entry site (IRES) elements possess restricted activity in neuronal tissues. We therefore sought to
determine whether the picornavirus IRES could be engineered into VSV to attenuate its neuropathogenicity. We have used IRES
elements from human rhinovirus type 2 (HRV2) and foot-and-mouth disease virus (FMDV) to control the translation of the ma-
trix gene (M), which plays a major role in VSV virulence. In vitro studies revealed slowed growth kinetics of IRES-controlled
VSVs in most of the cell lines tested. However, in vivo studies explicitly demonstrated that IRES elements of HRV2 and FMDV
severely attenuated the neurovirulence of VSV without perturbing its oncolytic potency.

esicular stomatitis virus (VSV), a member of the Rhabdoviri-

dae family, replicates selectively in variety of cancer cells (1-
5). VSV can infect a wide range of animals but primarily affects
horses, donkeys, cattle, and swine. Human infection produces
only influenza-like symptoms (6). VSV has a nonsegmented neg-
ative-strand RNA genome of approximately 11 kb encoding five
structural proteins: nucleoprotein (N), phosphoprotein (P), ma-
trix protein (M), glycoprotein (G), and RNA polymerase (L). The
matrix (M) protein of VSV is multifunctional, aiding nucleocap-
sid packaging (7) and budding of the virion (8). It also shuts off
host protein synthesis (9) and counteracts the host immune sys-
tem (10).

Oncolytic virotherapy has shown considerable promise as an
experimental approach to cancer therapy using replicating viruses
for tumor destruction. Oncolytic viruses have been engineered or
selected to exploit genetic defects in tumor cells (10, 11). Selective
VSV replication in tumor cells has been attributed to their defec-
tive interferon (IFN) signaling compared with that of normal cells
(4). Thus, VSV was shown to infect and kill the majority of the
cancer cell lines in the NIH-60 panel, most of which had impaired
responses to either IFN-a or IFN-f3 (4).

Although VSV is a promising oncolytic virus, its clinical trans-
lation has been long hindered by its notorious neuroinvasive
properties. It causes neurotoxicity when administered by intrana-
sal, intracranial, intravenous, and also intraperitonial routes (3,
12-14). Several strategies have been attempted to alleviate the
neurotoxicity of VSV, such as mutation of the matrix protein (10),
insertion of an interferon gene into the VSV genome (15), inser-
tion of target sequences recognized by neuron-specific micro-
RNAs (16), using semi-replication-competent vesicular stomatitis
virus (17), and, finally, retargeting the virus by replacing its sur-
face glycoprotein with other viral envelope proteins (18, 19). In
this study, we used an alternative approach to control the neuro-
toxicity of VSV.

Translation of negative-sense RNA viruses depends on scan-
ning by the ribosome from the 5 end of the mRNA to the initiator
AUG codon. In contrast, picornavirus RNAs do not depend on
ribosomal scanning because they have an approximately 500-nu-
cleotide (nt) highly structured internal ribosome entry site (IRES)
at the 5" end of the untranslated region (UTR), which mediates
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cap-independent RNA translation initiation (20-23). The exact
molecular mechanism by which the host translation apparatus
recognizes IRESs is still not clearly understood, but the process
requires canonical translation initiation factors, as well as specific
cellular proteins known as IRES trans-acting factors (ITAFs),
which are normally not involved in cap-mediated initiation
(24, 25).

In the case of foot-and-mouth disease virus (FMDV), the IRES
element requires a specific factor, ITAF,, for efficient translation.
This factor is not expressed in murine brain cells, resulting in
dramatic reduction of IRES-mediated translation in neuronal tis-
sue (26). On the other hand, the activity of the human rhinovirus
type 2 (HRV2) IRES is hindered by double-stranded RNA-bind-
ing protein 76 (DRBP76), which associates with the IRES in neu-
ronal but not in malignant glioma cells. Thus, it was shown that
depletion of DRBP76 from neuronal cells enhances rhinovirus
IRES-driven translation and virus propagation (27). Placing es-
sential viral genes under the control of an HRV2 IRES can atten-
uate the neurovirulence of poliovirus (28), herpesvirus (29), and
rabies virus (30). We therefore sought to determine whether this
neuron-selective inhibition of IRES elements could be exploited
to control the expression level of vesicular stomatitis viral proteins
in neurons, thereby ameliorating neurotoxicity.

MATERIALS AND METHODS

Cell culture. BHK, Vero, MPC-11, A375, HeLa, 293T, PC3, U87, Hep3B,
and MDA MB-321 cells were obtained from American Type Culture Col-
lection (ATCC), Manassas, VA, and were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal bovine se-
rum (FBS) in 5% CO,. NB41A3 was purchased from ATCC and
maintained in Ham’s F-12 medium plus 3% FBS and 15% horse serum.
HCN-2 primary human cortical neurons were purchased from ATCC,
Manassas, VA, and cultured according to the manufacturer’s instructions.
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FIG 1 Construction and recovery of pVSV gzps. (A) The circular map shows the structure of plasmid pVSV-MC11-eGFP with artificially inserted unique
restriction sites. (B) A schematic representation of VSV genome constructs with IRES elements. The short hairpin is shown before the IRES at the 5" end. M*
indicates a matrix gene mutation (M51 deletion). (C) VSV genome constructs with FMDV and HRV IRES elements. The gene junction is shown in the middle.
The pVSViympy and pVSV, iy plasmids were made by insertion of FMDV IRES and HRV IRES elements, respectively, before the start codon of the M gene
(boxed). The hairpin is also shown (Hp). Capital bold letters are VSV P and M stop and start codons, respectively. The Smal restriction site is shown in italics and
underlined. The nucleotides (40 nt) between P and M ORF are shown as dotted lines (P/M UTR), and the last five nucleotides of the P/M gene junction are also
shown (TGTTA). (D) The circular map shows the structure of plasmid pCI-eGFP, in which the eGFP ORF was inserted between Nhel and Notl restriction sites.
It was driven by the CMV promoter. A short hairpin (Hp) was inserted before the eGFP start codon. (E) Fluorescence microscopic images of BHK cells transfected

with equal amounts of pCI-eGFP plasmid with or without hairpin.

KAS 6/1 multiple myeloma cells were a gift from Diane Jelinek (Mayo
Clinic).

Plasmid construction and virus recovery. Plasmid DNA for VSV
(pVSV-XN2), described previously (31), was used to construct a newly
modified full-length VSV plasmid (pVSV-MCI11) (Fig. 1A). The pVSV-
MC11 was constructed in the pCI vector backbone (Promega Corp., Mad-
ison, WI). The VSV full-length genome was assembled between Nhel and
Notl restriction sites. Additional restriction sites were generated in the
genome by mutational PCR. The enhanced green fluorescent protein
(eGFP) open reading frame (ORF) was amplified from plasmid pIRES2-
EGFP (Promega Corp., Madison, WI). A translation unit comprising the
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untranslated region (nucleotides between the stop codon of the G ORF
and the start codon of the L ORF) between the G and L ORFs was fused at
the C terminus of the eGFP ORF by PCR. New AvrII and SbfII restriction
sites were introduced on either end of the modified eGFP ORF. The Kpnl-
Sacll fragment was excised from the full-length pVSV-MC11 construct by
restriction enzyme digestion and replaced with the modified KpnI-SacII
fragment containing the eGFP gene, which creates pVSV-MC11-eGFP
(Fig. 1A). The IRES element from foot-and-mouth disease virus was ob-
tained by PCR amplification of plasmid pVITRO2 (Invivogen, San Diego,
CA), and that from human rhinovirus 2 was obtained by custom gene
synthesis (Life Technologies, Grand Island, NY). In order to generate the
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pVSV-IRES-GFP, we inserted IRES elements of FMDV and HRV before
the GFP open reading frame (Fig. 1B). pVSVpyp and pVSVjry were
generated by insertion of IRES elements from FMDV and HRV2, respec-
tively, before the start codon of the matrix gene by overlapping PCR (Fig.
1C). A short hairpin (GGGGCGCGTGGTGGCGGCGAATTCGCCGCC
ACCACGCGCCCC) was introduced before the IRES to hinder the cap-
dependent translation (Fig. 1D and E).

Recombinant VSVs (rVSVs) were generated as follows. BHK cells were
plated at a density of 1 X 10° cells/well in 6-well plates. The cells were
infected with vaccinia virus encoding T7 polymerase at a multiplicity of
infection (MOI) of 10. After an hour, vaccinia virus was removed, and the
cells were transfected with 1 g pVSV ggs 0.5 pg pN, 0.4 pg pP, and 0.2
g pL (N, P, and L plasmids were constructed in the pCI vector) using 6.25
.l of Lipofectamine LTX transfection reagent (Life Technologies, Grand
Island, NY) according to the manufacturer’s instructions. The cells were
incubated for 6 h at 37°C, and then the medium was replaced with DMEM
plus 5% FBS. After 48 h, culture medium was harvested, filtered twice
through a 0.2-pm filter, and overlaid onto new BHK cells in a 6-well plate.
Forty-eight hours later, the culture medium was harvested, subjected to
low-speed centrifugation, and titrated on fresh BHK cells. When neces-
sary the recombinant viruses were further passaged to amplify the viral
titer. For virus titration, BHK cells were grown on 96-well plates and
infected with serially diluted virus stocks. GFP expression was considered
an indicator of infection. Fifty percent tissue culture infectious dose
(TCIDs,) values were determined by the Spearman-Karber equation (32).
The identities of the recombinant viruses were verified by subjecting
genomic RNA to reverse transcription-PCR (RT-PCR) and sequence
analysis.

Growth curves. For one-step growth curves, BHK cells were incu-
bated with rVSVs at an MOI of 10.0 for 1 h at 37°C. Following this incu-
bation, supernatant was removed, the monolayer was washed, and fresh
growth medium was added. Supernatant was collected at predetermined
time points (2, 4, 6, 8, 10, and 12 h), and the cell pellets were washed with
phosphate-buffered saline (PBS) and stored at —80°C. For multistep
growth curves BHK cells were incubated with rVSV at an MOI of 0.01 for
1 h at 37°C. Following this incubation, supernatant was removed, the
monolayer was washed, and fresh growth medium was added. Superna-
tant was collected at predetermined time points (6, 12, 18, 24, 30, and 36
h), and the cell pellets were washed with PBS and stored at —80°C. Virus
titer was determined by the TCID,, method.

Western blot analysis. To detect viral protein expression levels, VSV-
infected cells were harvested at the indicated time points and incubated
with 100 pl of radioimmunoprecipitation assay (RIPA) buffer (25 mM
Tris-HCI [pH 7.6], 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS) at 4°C for 10 min. The cell lysate was centrifuged, and the
supernatant was collected and stored at —20°C until used. For immuno-
blotting, the proteins were electrophoretically separated in a 12% sodium
dodecyl sulfate-polyacrylamide gel. VSV proteins were detected by West-
ern blotting using polyclonal antibody against wild-type VSV (VSV_,).
We used Image] software (http://rsbweb.nih.gov/ij/) to quantify the
bands obtained through immunoblotting.

In vivo experiments. All animal protocols were reviewed and ap-
proved by the Mayo Clinic Institutional Care and Use Committee.
BALB/c mice (female, 4 to 6 weeks old) were purchased from Jackson
Laboratories. Mice were implanted with 5 X 10° mouse plasmacytoma
(MPC-11) cells in the right flank. When tumors reached an average size of
0.2t0 0.5 cm® (day 9), mice were treated by single intravenous injection of
rVSV. Tumor volume was measured using a hand-held caliper. For intra-
cranial administration, rVSVs were administered in 30 pl of Opti-MEM
carrier.

RNA extraction and quantitative RT-PCR. BHK cells were seeded in
6-well plates and infected with rVSVs at an MOI of 1.0. At the indicated
time points, the supernatant was removed, and cells were washed with
PBS. The cells were lysed in 400 pl RLT buffer (Qiagen, Valencia, CA), and
total RNA was then extracted using the Qiagen RNeasy kit following the

March 2013 Volume 87 Number 6

VSV Attenuation by IRESs

manufacturer’s instructions. Quantitative two-step RT-PCR was per-
formed according to the manufacturer’s instructions (LightCycler 480
real-time PCR system; Roche Applied Science, Indianapolis, IN). For re-
verse transcription, a random hexamer was used, and this was followed by
quantitative real-time PCR using primers directed against the N and M
genes. In parallel, reverse transcription-quantitative PCR (RT-qPCR) di-
rected against the glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
mRNA was performed to control the differences in the amounts of total
input RNA. The relative copy number of target RNA was calculated from
the AC; value between GAPDH mRNA and target RNA. Total RNA from
tissues was extracted and analyzed as described above.

High-resolution tumor analysis. Tumors harvested at 24-h intervals
were frozen in optimal cutting medium (OCT) for sectioning. Tumor
sections were analyzed by immunofluorescence for VSV antigens using
polyclonal rabbit anti-VSV generated in-house by the Mayo Clinic Viral
Vector Production Laboratory, followed by Alexa-labeled anti-rabbit IgG
secondary antibody (Life Technologies, Grand Island, NY), and for cellu-
lar nuclei using Hoechst 33342 (Life Technologies).

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. In all cases, two-tailed P values that
are not adjusted for multiple comparisons are provided.

RESULTS

Recovery and growth kinetics of IRES-controlled vesicular sto-
matitis viruses. Since the matrix protein of vesicular stomatitis
virus induces apoptosis and counteracts the host immune system,
we decided to control its expression level using the internal ribo-
some entry site (IRES) elements of FMDV and HRV?2. First, we
incorporated the IRES elements before the GFP ORF to examine
the effect of the mere presence of IRES elements in the VSV ge-
nome on virus replication (Fig. 1B). We also included a short
hairpin at the 5" end of IRES elements to prevent cap-dependent
translation. The hairpin effect was tested by using plain GFP-ex-
pressing plasmid which was driven by the cytomegalovirus
(CMV) promoter. The hairpin structure was inserted at the 5'end
of the GFP gene. Compared with control GFP plasmid, stem-
loop-inserted plasmid expresses significantly less or no GFP (Fig.
1D). The IRES-containing recombinant viruses showed growth
characteristics similar to those of the parental VSV, in both single
and multistep growth curve analysis (Fig. 2A and B). These data
demonstrate that the presence of IRES elements in the VSV ge-
nome does not cause any negative effect on the virus replication.
Next, we incorporated the IRES elements upstream of the start
codon of the matrix gene without replacing the P and M gene
junctions (this creates VSVyypy and VSVigry); in this way, the
genomic structure of VSV was maintained (Fig. 1C). The IRES-
controlled viruses exhibit a typical cytopathic effect (CPE), com-
parable to that of wild-type virus. Figure 2C shows the cytopathic
effects of the recombinant viruses 24 h postinfection (p.i.) at an
MOI of 0.01. An earlier study suggested that expressing G protein
on the surface of a virus-infected cell in the absence of functional
M protein, or with a reduced level of M, promotes cell fusion (33).
This phenomenon was observed mainly in BHK cells, as demon-
strated earlier (34).

To examine the effect of IRES elements on virus gene transcrip-
tion, BHK cells were infected with rVSVs at an MOI of 1.0, and
after 16 h p.i., cell lysates were collected and total RNA was ex-
tracted. The N and M transcripts were quantitatively analyzed by
RT-qPCR and compared with those of parental virus. The IRES
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FIG 2 Analysis of growth properties of VSV carrying IRES elements. (A and B) Single-step (A) and multistep (B) growth curve analysis of the indicated viruses.
(C) Phase-contrast microscopic images of BHK cells infected with VSV, VSV 551, VSV vy and VSV (24 h p.i. withan MOI of 0.01). Arrows indicate typical
CPE produced by IRES viruses. (D) Relative expression of N and M genes from three replicates (16 h p.i. with an MOI of 1.0). Initially the VSV RNA levels were
normalized to GAPDH RNA. The M/N mRNA ratio was determined and normalized to the VSV, M/N mRNA ratio and expressed as the mean percentage
relative to VSV . Error bars represent the standard error of the mean. Where error bars are not visible, the standard error was negligible.

elements had very little effect on VSV gene transcription. We ob-
served no significant difference in M/N transcript ratios between
parental and IRES-controlled viruses (Fig. 2D). This suggests that
the presence of IRES elements affects significantly the translation
and not the transcription of the M gene. To compare the replica-
tion kinetics of VSViypvs VSVirys VSV, and also VSV, (a
matrix protein mutant) in detail, a multistep growth curve was
performed by infecting BHK-21 cells at an MOI of 0.01 (Fig. 3A).
VSV,,, and rVSV s, grew similarly, reaching approximately the
same titer at the same time points. While VSV, grew slowly at
initial time points, its titer at 36 h p.i. was similar to that of VSV ..
In contrast, VSVyry grew very slowly, reaching a peak titer at 36 h
p.i., which was ~2 logs lower than that of VSV ,,. Matrix protein
expression was diminished in cells infected with either of the
IRES-controlled viruses (Fig. 3A). We also performed one-step
growth curves by infecting BHK-21 cells at an MOI of 10 to ana-
lyze a single cell cycle of viral replication (Fig. 3B). The growth
pattern was comparable to that for multistep growth, but VSV v
reached a peak titer similar to that of VSV and VSV .. These
results demonstrate that IRES-controlled expression of matrix
protein slows the kinetics of virus replication and can diminish
virus yield.

IRES-dependent gene activity in a panel of cancer cell lines.
To explore the cell-specific activity of IRES elements, we studied
the growth characteristics of VSVyypy and VSV iy in various
cancer cell lines. The virus titer and expression levels of M protein
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after 12 h p.i. with an MOI of 10.0 are shown in Fig. 4. The viral M
protein was chosen as a target to be controlled in neuronal tissue
because it plays a major role in virus virulence. IRES-mediated
control of the M gene should not reduce the transcription and the
translation of other viral genes but should specifically interfere
with the matrix gene translation. The IRES elements of both
FMDV and HRV?2 function well in most of the cancer cell lines
tested and at the same time cause a reduction in the titer of
VSVimpv and VSV ry compared to that of VSV,,. The neuronal
cell lines 293T and U87 supported the growth of IRES-controlled
VSVs (Fig. 4A). There was significant reduction in the virus titer
(~3.5 logs) and M protein accumulation (VSV ) in NB41A3
cells (neuroblastoma) compared to in other cell lines (Fig. 4B and
C). The MDA MB-231 (breast cancer), HeLa (cervical cancer),
and PC3 (prostate cancer) cells were relatively resistant to VSV
infection (35). There was a 2-log reduction in the titer of VSV, in
these cell lines, and VSV py and VSV iy grew a log lower than
VSV.,,,, which was associated with a marked to moderate reduc-
tion in M gene expression (Fig. 4A and B). There was significant
reduction in M gene translation in case of multiple myeloma cell
lines Kas 6/1 and MPC-11. In general, the translation efficiency of
the HRV?2 IRES is lower than that of the FMDV IRES in most of
the cell lines tested. It was demonstrated that the AM51 mutant
VSV (VSV,5,) is a potent inducer of interferon (10) and is highly
sensitive to the host antiviral response. Its replication is therefore
highly restricted in the interferon-responsive cell lines (NB41A3,
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shown. Supernatants were collected from infected cells at the indicated time points, and virus titers were calculated by standard TCIDs, assay. Cell lysates were
harvested and analyzed for the virus-specific proteins by Western blotting. (B) Single-step growth curve. Replication of VSV_,, VSV 551, VSVpypy» and VSV
in BHK cells at an MOT of 10.0 is shown. Supernatants were collected from infected cells at the indicated time points, and virus titers were calculated by standard
TCIDs, assay. Cell lysates were harvested and analyzed for the VSV-specific proteins by Western blotting.

MDA MB-213, PC3, and HeLa). Overall, IRES-dependent trans-
lation of the matrix gene mRNA was less efficient than its cap-
dependent translation, leading to a reduction in M protein gene
expression in most of the cell lines tested.

Replication of IRES-controlled recombinant VSVs in pri-
mary neuronal cells. It was previously demonstrated that the
IRES elements of HRV2 and FMDV attenuated the neuroviru-
lence of poliovirus and Theiler’s murine encephalomyelitis virus
(TMEV), respectively, by impairing their ability to replicate in
neuronal tissues (27, 36). Also, Marschalek et al. (30) suggested
that HRV2 IRES insertion might provide a basis for the neuroat-
tenuation of rabies virus. We therefore characterized the protein
expression and growth properties of our IRES-controlled VSVs in
primary human cortical neuronal cells (HCN-2) infected at an
MOI of 10 (Fig. 5).

Forty-eight hours after infection with VSV, marked cytopathic
effects were seen in the primary neuronal cells (Fig. 5A). Protein
expression studies showed significant reduction in the M protein
expression levels in cells infected with IRES-controlled viruses
compared to those infected with VSV, (Fig. 5B). In contrast, N/P
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protein expression from IRES-controlled viruses was maintained
at almost the same level as for VSV,,,. Both IRES elements were
poorly functional in primary neuronal cells, resulting in an ~3-
log reduction in viral titers (Fig. 5C). The VSV 55, virus was unable
to counteract the host innate immunity, and its replication was
highly restricted in neuronal cells.

Evasion of interferon-mediated antiviral immunity. Vesicu-
lar stomatitis virus uses its matrix protein to avert the host innate
immune response. The matrix protein has the ability to interrupt
cellular transcription and also mRNA export from the nucleus,
both of which function to antagonize the host immune response
(37). Reducing the level of M protein in the cell may attenuate its
ability to shut off host protein translation and to block the estab-
lishment of an IFN-mediated antiviral state but would not be
expected to completely destroy this activity as with the AM51
mutation. To examine the immune evasion properties of IRES-
controlled VSVs, HeLa cells were treated with human IFN-« at
concentrations of 0, 1, and 50 U/ml and 24 h later were infected
with rVSVs at an MOI of 1.0. Figure 6A to C show that there is
significant reduction in virus-infected cells treated with 50 U/ml
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FIG 4 Growth properties of IRES-controlled viruses in various cancer cell lines. (A) After 12 h p.i. (MOI, 10.0), viral titers were determined by standard TCID5,
assay. Average titers and standard deviations (SDs) (error bars) for the three replicates are shown. (B) Cell lysates were harvested after 12 h p.i. and analyzed for
the virus-specific proteins by Western blotting. (C) Initially, densitometry was performed using ImageJ software for the blots shown in panel B. The M/N-P
protein ratio was determined, normalized to the VSV, M/N-P protein ratio, and expressed as the percentage relative to VSV .

but, interestingly, that the titers of the IRES-controlled viruses are
reduced only 10-fold, approximately the same as for VSV,,,. In
contrast to the IRES-controlled viruses VSV 5, is highly sensitive
to the IFN-stimulated cellular antiviral response, which leads to a
100-fold reduction in viral titer. Thus, in contrast to the A51 M
mutation, IRES-controlled translational attenuation of M does
not appreciably limit the ability of the virus to counteract the
cellular IFN response.

In vivo neuroattenuation of IRES-controlled VSVs. Having
characterized the growth properties of IRES-controlled VSVs in
primary neurons and neuronal cell lines, we next proceeded to
evaluate their toxicity profiles in vivo. Since VSV causes lethal
encephalitis when inoculated directly into the brain, we started
with a low-dose inoculum. Four- to 6-week-old BALB/c mice
were inoculated intracranially with 1 X 10* TCID4,s of r'VSVs and
monitored closely for signs of neurotoxicity. No complications
were seen in animals injected with only Opti-MEM. Wild-type
VSV was highly lethal at this lowest dose, killing 80% of the mice
within 7 days of injection (Fig. 7A). Euthanasia was typically done
because of hind limb paralysis or other signs of neurotoxicity. All
other virus-inoculated mice survived with no symptoms until the
termination of the study (30 days). The survival advantage of mice
inoculated with IRES-controlled VSVs was significant compared
to survival of those inoculated with VSV, (P = 0.0144).

We next injected higher doses of the rVSVs, ranging from 10°
to 10® TCID,,s, into the brains of 4- to 6-week-old BALB/c mice.
VSV mpv caused no mortality at 10° TCIDss, but at 107 TCIDs,s
it caused 60% mortality (Fig. 7B). Further analysis of infected
brain tissues by immunostaining (Fig. 7C) and RT-qPCR
(Fig. 7D) supports our observation. All mice inoculated with
VSVyry survived without any neurotoxicity even at the highest
dose level (10° TCID5,s), as did VSV 55, -infected mice. This study
reveals that the HRV2 IRES renders the recombinant VSV com-
pletely apathogenic, whereas the FMDV IRES reduces the neuro-
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toxicity significantly. Thus, as suggested earlier (30), neuroattenu-
ation of the IRES-controlled VSVs in vivo was dependent on the
degree of IRES translation initiation.

IRES-controlled recombinant VSVs retain their oncolytic ef-
ficacy in vivo. Since the ultimate goal of this study was to generate
neuroattenuated oncolytic VSV, we next sought to determine
whether the IRES-controlled viruses retain their oncolytic po-
tency in vivo. Our in vitro studies (see above) show that, while they
may have slower growth kinetics, the IRES-controlled VSVs can
infect and kill various cancer cell types as effectively as the wild-
type virus. Thus, the IRES elements of FMDV and HRV2 are
highly functional in these cancer cell lines. Mouse plasmacytoma
(MPC-11) cells and the subcutaneous tumors that grow after their
subcutaneous implantation are highly susceptible to VSV infec-
tion. Four- to 6-week-old immunocompetent BALB/c mice were
implanted with MPC-11 cells (5 X 10°) subcutaneously. When
tumors reached approximately 100 to 500 mm?, the animals were
treated with a single intravenous dose of 10* TCIDs,s of rVSVs
and were monitored daily for health status and tumor size.

Untreated control tumors grew quickly, and all animals in the
virus treatment groups were euthanized by day 9 after initiation of
therapy (when tumors reached =2,000 mm? or developed inter-
nal metastases) (Fig. 8A). Animals treated with VSV .5, or IRES-
controlled VSVs showed significant tumor regression (Fig. 8B to
D) and prolonged survival (Fig. 8E and F) but eventually relapsed,
necessitating euthanasia of all animals. None of the animals
showed any sign of neurotoxicity. There was no significant differ-
ence in the antitumor efficacies of VSVpypy and VSViygy (P >
0.05). To confirm the virus replication in the tumor parenchyma,
selected tumors were harvested at 24, 48, and 72 h after virus
administration and subjected to immunofluorescence to detect
VSV antigens. Figure 9A shows that the virus infection starts as
foci at 24 h and spreads to the whole tumor as time progress. The
spread of VSV v was slower than that of VSVy,,,y. Quantitative
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neuronal cells (HCN-2) infected with VSV, VSV 51, VSViupy» and VSVHRV (48 h p.i. with an MOI of 10.0). (B) Cell lysates were harvested and analyzed for
the virus-specific proteins by Western blotting. (C) Supernatants were collected from infected cells after 48 h p.i., and virus titers were calculated by standard
TCID,, assay. Average titers and SDs (error bars) for the three replicates are shown.

analysis of N gene transcripts by RT-qPCR indicated a significant
increase in the virus titer between 24 and 72 h after virus admin-
istration (Fig. 9B). These results indicate that oncolytic efficacy of
IRES-controlled viruses depends on intratumoral virus propaga-
tion and spread and tumor destruction. This study therefore con-
firmed that the neuroattenuated IRES-controlled VSVs did retain
their oncolytic efficacy.

DISCUSSION

Vesicular stomatitis virus has a wide host range and is able to infect
both vertebrate and insect cells (38). VSV has been shown to have
superior oncolytic activity against a wide range of cancer cell lines
compared to other viruses. Currently, preclinical studies are being
carried out with the aim of translating VSV oncolytic virotherapy
to the clinic. Although a phase I clinical trial for intratumoral
administration of VSV has been recently approved for patients
with hepatocellular carcinoma (http://clinicaltrials.gov/show
/NCT01628640), neurotoxicity concerns slow the progress of the
clinical translation of VSV oncolytic virotherapy for many malig-
nant tumors. Therefore, it is clear that alleviating the neurotoxic-
ity of vesicular stomatitis virus is highly important. Retargeting by
modification of the viral glycoprotein, either by direct engineering
or by pseudotyping, reduces the efficiency of VSV entry and may
therefore reduce the oncolytic potency of the virus (18, 19). The
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recently developed approach of microRNA targeting has so far led
to only small reductions in neurotoxicity (16), and matrix protein
mutations that prevent the virus from suppressing innate immune
responses are associated with significant reductions in oncolytic
potency, particularly in interferon-responsive cancer cells. There-
fore, in this study, we attempted to alter viral mRNA translation in
a tissue-specific manner without weakening its replication poten-
tial.

Earlier workers demonstrated that requirements for trans-act-
ing factors differ between related picornavirus IRES elements and
can account for cell type-specific differences in IRES function (23,
24). Merrill et al. (27) attenuated poliovirus neurovirulence by
switching its IRES element for that of human rhinovirus type 2. A
suggested mechanism was that the double-stranded RNA-binding
protein 76 (DRBP76) heterodimerizes with nuclear factor of acti-
vated T cells (NF45) only in neuronal cells and this heterodimer
selectively blocks HRV2 IRES-driven translation initiation in
these cells. In another study, the neurovirulence of Theiler’s mu-
rine encephalomyelitis virus (TMEV) was completely attenuated
by replacing its IRES with that of foot-and-mouth disease virus
(FMDV) (36). Both the TMEV and FMDV IRESs require eIF2,
elF3, eIF4A, elF4B, eIF4F, and the pyrimidine tract-binding pro-
tein (PTB) for translation initiation, but the FMDV IRES addi-
tionally requires the IRES-specific cellular trans-acting factor 45
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(ITAF,;), a proliferation-dependent protein that is not expressed  neurotoxicity. Since the matrix protein plays a major role in viral
in murine brain cells (36). cytotoxicity and immune evasion, we opted to control the expres-

In the current study, we engineered IRES elements of FMDV  sion of the M gene by engineering IRES elements into the VSV
and HRV?2 into an oncolytic VSV in an effort to control its lethal ~ genome. In this approach, the IRES elements were inserted before
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with 1 X 10* TCIDss (A) and 1 X 10° to 10® TCIDs,s (B) of rVSV particles and monitored for signs of neurotoxicity. (C) VSV-injected (intracranially) mouse
brain was harvested at 48 h p.i., frozen in OCT, and sectioned, and immunofluorescence staining was performed to detect VSV (red) and nuclei (blue). (D)
Relative expression of the N gene in the indicated mouse brain by real-time PCR analysis. The data are the N gene level normalized to the GAPDH RNA level
relative to that in brain tissue and are represented as mean = SDs (n = 3).
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the start codon of the M gene, leading to the successful recovery of
IRES-controlled VSVs. During negative-sense RNA virus tran-
scription, the polymerase enters the genome exclusively at the 3’
genomic promoter, initiates RNA synthesis, and terminates pre-
maturely at gene junctions, which leads to a transcriptional gradi-
ent across the genome from N to L (39, 40). While it is unlikely
that IRES insertion would cause disruption to the transcriptional
gradient, attenuated translation of the downstream gene may
cause significant disruption of the corresponding protein gradient
when the particular gene is put under the control of the IRES. This
was confirmed by the quantitative analysis of viral proteins and
transcripts (Fig. 2 and 3).

Vesicular stomatitis virus is known for its high susceptibility to
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host innate immunity. To compare the abilities of IRES-con-
trolled versus wild-type or matrix-mutated (AM51) VSVs to com-
bat innate immunity, we infected alpha interferon-pretreated
HelLa cells with the recombinant viruses. After 24 h of pretreat-
ment with IFN-q, the replication of all viruses was restricted to
some extent, resulting in at least a 1-log reduction in viral titers.
Even though the level of M gene translation was low, the growth
pattern of the IRES-controlled viruses was similar to that of
VSV,,,, indicating that the IRES-controlled viruses can still par-
tially counteract the cellular antiviral state. In contrast, the repli-
cation of the VSV M mutant (VSV 55;) was severely restricted due
to its inability to turn off host gene expression.

Although primary neurons were not completely resistant to the
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IRES-controlled viruses in vitro, animal studies revealed a high
degree of protection against lethal encephalitis, as observed earlier
for rabies virus (30). At the dose level of 10* TCIDs,s, wild-type
VSV administered intracranially killed 80% of immunocompe-
tent mice, while the IRES-controlled viruses did not cause any
morbidity or mortality. When higher doses were explored, we
found out that VSV can cause lethal encephalitis only at 107
TCIDs,s, and even at this dose, 40% of mice survived without any
symptoms. Interestingly, VSV caused no morbidity or mortal-
ity even at the highest does level (10° TCIDsy,). These toxicity
studies explicitly demonstrate that neurovirulence of VSV could
be effectively controlled by picornaviral IRES elements. The major
rationale behind this study was to translate VSV into the clinic as
a cancer therapy. We therefore examined the oncolytic potential
of the IRES-controlled viruses in vivo. Both VSV, and
VSV iy effectively suppressed the growth of MPC-11 plasmacy-
tomas in immunocompetent mice and prolonged the survival
time significantly. The oncolytic efficacy of VSV was lower
than that of VSVy\py, which may be attributed to its slower
growth kinetics.

Several methods have been previously developed for attenua-
tion of VSV neurovirulence: M gene mutation (9), G gene deletion
(41), microRNA targeting (16), and pseudotyping (18, 19). Each
method has its own advantages and disadvantages. In the case of
M mutant virus (VSVA51), matrix protein was attenuated to
eliminate the neurotoxicity of VSV. This virus has proven to be an
effective oncolytic agent in many preclinical studies (1, 42—44) but
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has significantly reduced potency compared to that of wild-type
VSV (45, 46). The tumors which have full or partial antiviral sig-
naling pathways are highly resistant to oncolytic VSV infection.
Therefore, it is necessary to use other agents (47) or drugs (48, 49)
to enhance the viral replication and spread inside the tumor. This
current method utilizes wild-type matrix protein, which can
counteract the host antiviral response significantly compared to
M mutant virus. This results in better replication and higher on-
colytic efficacy in interferon-responsive tumors. microRNA tar-
geting is one effective means of restricting viral replication in spe-
cific tissues. microRNA has been successfully used to attenuate the
pathogenicity of many viruses (50-53). Our earlier attempt to
restrict VSV replication in neurons resulted in little success (16).
The major concern with this strategy is generation of a spontane-
ous mutation which results in loss of function of microRNA tar-
gets. On the other hand, since our current strategy uses IRES-
dependent translation, any mutation will result in viral
inactivation, which forces the virus to maintain the inserted struc-
tures without any alteration.

It has been demonstrated that VSV has efficiently killed many
cancer cells, i.e., osteosarcoma (54), primary adult T-cell leukemia
(55), and pancreatic adenocarcinoma (56) cells, in time- and
dose-dependent manners. Therefore, it is of paramount impor-
tance to produce high-titer virus for clinical translation (57). Since
pseudotyped (17-19) and replication-incompetent (19) viruses
cannot easily be manufactured, clinical translation of these viruses
will be a difficult task. The IRES-controlled VSVs therefore have
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potential advantages over other pseudotyped viruses in that they
can be produced at very high titers and there is a lower risk of
reversion to virulence. Overall, our data provide an important
proof of concept that picornavirus IRES-controlled gene expres-
sion can ameliorate the development of VSV encephalitis, even
when the virus is administered intracranially. A further study will
be carried out to investigate the impact of IRES positioning up-
stream of other genes in the VSV genome. An animal model will be
developed to test the efficacy of IRES-controlled VSVs in interfer-
on-responsive tumors. At the same time, more efforts will be un-
dertaken to enhance the oncolytic efficacy of VSV. Most impor-
tantly, we have shown that IRES-controlled VSVs have an
increased therapeutic index due to a better safety profile without
compromise to their oncolytic efficacy.
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