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Highly Attenuated Recombinant Vesicular Stomatitis Virus
VSV-12'GFP Displays Immunogenic and Oncolytic Activity

Anthony N. van den Pol, John N. Davis

Department of Neurosurgery, Yale University School of Medicine, New Haven, Connecticut, USA

Vesicular stomatitis virus (VSV) has shown considerable promise both as an immunization vector and as an oncolytic virus. In
both applications, an important concern is the safety profile of the virus. To generate a highly attenuated virus, we added two
reporter genes to the 3’ end of the VSV genome, thereby shifting the NPMGL genes from positions 1 to 5 to positions 3 to 7. The
resulting virus (VSV-12'GFP) was highly attenuated, generating smaller plaques than four other attenuated VSVs. In one-step
growth curves, VSV-12'GFP displayed the slowest growth kinetics. The mechanism of attenuation appears to be due to reduced
expression of VSV genes downstream of the reporter genes, as suggested by a 10.4-fold reduction in L-protein RNA transcript.
Although attenuated, VSV-12' GFP was highly effective at generating an immune response, indicated by a high-titer antibody
response against the green fluorescent protein (GFP) expressed by the virus. Although VSV-12’'GFP was more attenuated than
other VSVs on both normal and cancer cells, it nonetheless showed a greater level of infection of human cancer cells (glioma and
melanoma) than of normal cells, and this effect was magnified in glioma by interferon application, indicating selective oncolysis.
Intravenous VSV-12'GFP selectively infected human gliomas implanted into SCID mice subcutaneously or intracranially. All
postnatal day 16 mice given intranasal VSV-12' GFP survived, whereas only 10% of those given VSV-G/GFP survived, indicating
reduced neurotoxicity. Intratumoral injection of tumors with VSV-12'GFP dramatically suppressed tumor growth and en-
hanced survival. Together these data suggest this recombinant virus merits further study for its oncolytic and vaccine potential.

Vesicular stomatitis virus (VSV) is an enveloped nonsegmented
negative-strand RNA virus of the Rhabdoviridae family with a
simply organized genome of 11.2 kb that encodes just five genes
(N, P, M, G, and L) (1, 2). The ability to recover fully replication-
competent VSV from suitably engineered plasmid DNA (3, 4) has
enabled the generation of modified recombinant versions of VSV
(rVSV), some of which are currently under active investigation for
their therapeutic potential as replicating or nonreplicating vaccine
vectors (5-8) and as oncolytic agents for the treatment of a num-
ber of different types of human cancer (9-12).

In nature, VSV is a pathogen of livestock, such as horses, cattle,
and swine, with infection of humans being relatively rare and re-
sulting typically in subclinical or mild flu-like symptoms (13, 14).
Although encephalitis is not a characteristic of natural VSV infec-
tion (13), experimental infection of brain cells has been found in
animal models (15-18). We have previously shown that the use of
recombinant attenuated VSV and peripheral immunization re-
duced or blocked the ability of VSV to infect central nervous sys-
tem (CNS) cells (12, 19). Further refinement of recombinant
VSVs for therapeutic application, particularly within the brain,
may benefit from additional viral attenuation to improve their
margin of safety and curtail the undesired infection of normal
tissue.

To date, a variety of strategies have been employed to attenuate
the propagation of VSV (20). One strategy has been to incorporate
mutations into the M protein (M33A, M51A, and deltaM51) (12,
21-25). Another strategy has been to delete small portions of the G
protein (12, 17, 22, 23, 26, 27) or to delete the G protein entirely
(12, 26, 28). Shuffling the normal order of VSV genes (22, 23, 29,
30) or insertion of a nonviral gene into the viral genome also
attenuates the virus (23, 31, 32). Insertion of a gene into the first
gene position yields a greater attenuation than in other genomic
positions (12, 23, 33).

Here we report the construction of a recombinant VSV (VSV-
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12'GFP) that adds two (nonviral fluorescent reporter) genes, one
in the first (1’) and another in the second (2") genomic positions,
thus shifting the viral genes NPMGL from positions 1’ through 5’
to positions 3’ through 7. The level of gene expression is depen-
dent on gene position, with the highest-expression gene located at
the 3" end of the genome (1’ gene position). The insertion of two
genes on the 3" end (1" and 2 gene positions) results in a highly
attenuated viral phenotype with respect to growth kinetics and
plaque size in vitro and improved tolerance in vivo. The virus,
VSV-12'GFP, evokes a strong antibody response to the reporter
gene and to the VSV G protein and displays selective targeting in
vitro and in vivo against several human cancer cell types.

MATERIALS AND METHODS

VSV-12'GFP plasmid construction, virus recovery, and verification.
The 15.8-kb pVSV-12'GFP plasmid used to recover VSV-12'GFP (shown
schematically in Fig. 1B) was constructed as follows. The plasmid
pVSV1XN-dsRed (28, 34) was digested using Xhol and NotI to remove
the 0.75-kb insert coding for dsRed in the first position, replacing it with a
1.5-kb insert containing two genes, one encoding a green fluorescent pro-
tein (GFP) derived from Aequorea victoria (avGFP) and the other human-
ized Renilla GFP (rrGFP) derived from Renilla reniformis. This 1,503-bp
insert was commercially synthesized (Genscript, Piscataway, NJ) using the
sequence shown in Fig. 1B and the sequences for avGFP (accession num-
ber U55761; nucleotides [nt] 97 to 816) and rrGFP (accession number
GQ380658;nt 2895 to 3614). Ascl and Nhel restriction sites were included
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FIG 1 Attenuated VSV genomes and VSV-12'GFP construction. The six recombinant VSVs used in the present study (rVSV, VSV-G/GFP, VSV-M51,
VSV-M51/CT9, VSV-1'GFP, and VSV-12'GFP) all derive from engineered versions of the original recombinant “wild-type” rVSV (3). (A) Diagrams depicting
the VSV genomes of the present study. Each is a single negative strand of RNA, and the “wild-type” rVSV (top) encodes five genes, N, P, M, G, and L. GFP reporter
genes (V and R) are shown in green and designate avGFP and rrGFP, respectively. RT-PCR products described in part C are indicated in purple. See Materials
and Methods for further description. (B) Diagram of the plasmid that was used to recover VSV-12'GFP, showing the 1,503-bp DNA insert sequence that was
synthesized and then ligated into the first position using XhoI and NotI restriction sites. The Ascl restriction site used in panel C is shown in purple. (C) Agarose
gel of purified RT-PCR products generated using a primer pair flanking the first-position insert site and genomic RNA from VSV-G/GFP, VSV-1'GFP, and
VSV-12'GFP. Lanes 2 to 4 show the expected increasing product sizes of 1,059 bp (G/GFP), 1,817 bp (1'GFP), and 2,603 bp (12" GFP), respectively. Lane 5 shows
the restriction digestion of 12" GFP using Ascl and yields the two expected bands, of 1,798 and 805 bp. Lanes 1 and 6 are 1-kb molecular size markers (mw). (D)
Photomicrographs taken 24 h post-inoculation of BHK-21 cells, showing the fluorescent plaque sizes of VSV-12"GFP compared to those of VSV-G/GFP and
VSV-1'GFP. Scale bar, 1 mm. (E) BHK-21 cells (1.5 X 10°) were infected (MOI = 10) with VSV-G/GFP (circles), VSV-1'GFP (triangles), and VSV-12'GFP
(squares). Medium samples were collected at the indicated times postinfection, and titers were determined by plaque assay on BHK-21 cells. The graph displays
the increase in VSV titer (PFU/ml) with respect to time after infection. Each point represents the mean value obtained from two separate growth experiments
performed in parallel.

to more easily allow future manipulation of first- and second-position
genes. The gene junction sequence between the newly created first and
second genomic positions contains a transcription termination and poly-
adenylation signal (TATGAAAAAAA) for the first gene and a transcrip-
tion initiation signal (AACAGATATC) for the second gene (33, 35).
Recombinant VSV was recovered from pVSV-12'GFP plasmid DNA
through transfection of BHK-21 cells and infection with vaccinia virus-T7, as
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described in detail elsewhere (3, 4). Of the 20 10-cm dishes of BHK-21 cells
transfected with the pVSV-12'GFP plasmid and infected with vaccinia-T7,
only 1 dish yielded a successful recovery of VSV-12'GFP. Seed stocks of the
additional plasmids used in VSV recovery (pBS-N, pBS-P, and pBS-L), along
with pVSV1XN-dsRed, were obtained from J. Rose (Yale University).
Molecular verification of the successful recovery of VSV-12'GFP was
performed using reverse transcriptase PCR (RT-PCR). Briefly, medium
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harvested from VSV-infected cultures was used to isolate VSV genomic
RNA using the QIAamp viral RNA minikit (Qiagen, Valencia, CA). Re-
verse transcription of genomic RNA was performed using the SuperScript
III reverse transcriptase kit (Invitrogen, Carlsbad, CA) and the RT oligo-
nucleotide VSVIF, with the sequence 5'-ACG AAG ACA AAC AAA CCA
TTATTA TC-3', designed to anneal to the initial 26 bases of the 3’ end of
the VSV genome. VSV cDNA (2 pl) was then used as the template in PCRs
using the Expand high-fidelity PCR kit (Roche Diagnostics, Indianapolis
IN). The primer pair VSVIF (sequence above) and VSV1059R, with the
sequence 5'-CAA ACC TGC TGT AGT AAG AG-3', was used and was
designed to flank the first genomic position insertion site and anneal to nt
1 to 26 and 1040 to 1059, respectively, of the VSV-G/GFP sequence (Fig.
1A) (accession number FJ478454). Three different PCR annealing tem-
peratures and elongation times, corresponding to the type of VSV cDNA
being amplified and the product length, were used, as follows: VSV-G/
GFP (1,059 bp), 51.4°C, 60 s; VSV-1"GFP (1,817 bp), 53.8°C, 80 s; and
VSV-12'GFP (2,603 bp), 54.9°C, 110 s. PCR products were then purified
using the QIAquick PCR purification kit (Qiagen) and spectrophoto-
metrically quantified, and 300 ng of each was run on a 1% agarose gel. One
microgram of purified VSV-12'GFP PCR product was also restriction
digested using AscI (New England BioLabs, Beverly, MA), and 300 ng was
run on the agarose gel described above.

Other VSVs. The six recombinant VSVs used for purposes of compar-
ison in the present study (rVSV, VSV-G/GFP, VSV-M51, VSV-M51/CT9,
VSV-1'GFP, and VSV-12'GFP) are all derived from the original “wild-
type” recombinant rVSV (3), a chimera assembled from the San Juan and
Mudd-Summers strains of the Indiana serotype (36-39). VSV-G/GFP
incorporates an enhanced GFP (EGFP) reporter gene, derived from
Aequorea victoria, fused to the C terminus of an additional copy of the
G-protein gene, with this G/GFP fusion gene inserted into the fifth
genomic position (18, 40). VSV-M51 contains an M gene that has been
mutated to delete the methionine codon at position 51 of the M protein
and includes an EGFP reporter gene in the fifth position (25). VSV-M51/
CT9 incorporates the M51 mutation along with a truncation of the G gene
that removes all but 9 of the 27 amino acids of the C-terminal cytoplasmic
tail. Both of these mutations result in attenuated viral propagation (22, 25,
41). VSV-1'GFP contains an EGFP reporter gene inserted into the first
genomic position, which results in a decreased level of transcription of the
remaining five downstream genes, which in turn attenuates viral propa-
gation (22, 29, 33). Seed stocks of rVSV, VSV-G/GFP, VSV-M51, VSV-
M51/CT9, and VSV-1'GFP were obtained from J. Rose (Yale University)
and were propagated along with determination of titers on BHK-21 cells.

Celllines. The baby hamster kidney cell line BHK-21, human glioblas-
toma (GBM) tumor cell line U-87MG, and human fibrosarcoma cell line
HT1080 were obtained from the ATCC (Manassas, VA). The human gli-
oma line rU-87, expressing a gene coding for a red fluorescent reporter,
has been described previously (42). Normal human fibroblasts were pur-
chased from Cambrex (Walkersville, MD). The human glioblastoma tu-
mor cell lines U-373MG and U-118 were kindly provided by R. Matthews
(Syracuse, NY). The primary human melanocyte cultures and YUMAC
melanoma cancer cells were obtained from the Yale University Skin Dis-
eases Research Center (SPORE Core) and were kindly provided by R.
Halaban. Primary cultures of normal human astrocytes were established
from surgery specimens of patients undergoing surgery for epilepsy (12).
Human cell preparation and use were approved by the Yale University
Human Investigation Committee. All cell lines were propagated using
MEM growth medium, consisting of minimum essential medium (Gibco,
Carlsbad, CA) supplemented with 10% fetal bovine serum (Gibco) and
1% penicillin-streptomycin solution (Gibco) and housed in a humidified
incubator at 37°C, supplied with 5% CO,. Phosphate-buffered saline so-
lution (PBS) and trypsin solution were purchased from Gibco.

One-step growth curves. One-step growth curves (43) were per-
formed for VSV in a manner similar to that previously described (33, 44).
Briefly, approximately 1.5 X 10° BHK-21 cells grown in a 35-mm well of
a 6-well dish were infected (multiplicity of infection [MOI] = 10) with
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each of the VSVs to be tested and allowed to incubate for 30 min at 37°Cin
5% CO,. After incubation, the inoculum was removed, and each well was
washed 3X with PBS to remove unadsorbed virus and then replenished
with 3 ml MEM and returned to the incubator. At the indicated time
points (Fig. 1E), 125-ul samples of medium were removed and stored at
—80°C for later determination of the VSV titer by fluorescent plaque
count assays on BHK-21 cells. Growth curves for each virus tested (VSV-
G/GFP, VSV-1'GFP, and VSV-12'GFP) were performed in duplicate, and
the resulting sample titers were averaged.

Plaque assays. Since five of the six VSVs of the present study express
GFP as a reporter protein, fluorescent imaging could be utilized for both
plaque counting and plaque size determination. Briefly, fluorescent
plaque counting assays consisted of growing confluent monolayers of
BHK-21 cells in six-well dishes and infecting them with 1-ml volumes of
serially diluted samples of VSV-containing medium. After infection,
plates were returned to the incubator for 1 h to allow time for the virus to
adsorb into the cell monolayer. The infection medium was then aspirated,
and the cell monolayers were overlaid with 2 ml of 0.5% (wt/vol) agarose
(Ultrapure GPG/LE; American Bioanalytical, Natick, MA) in MEM
growth medium. After solidification of the agarose, plates were incubated
at 37°C in 5% CO, for 18 to 24 h to allow time for plaque development.
Plaque counting of nonfluorescent rVSV stocks was performed in a sim-
ilar manner, and plaques were visualized by counterstaining using a solu-
tion of neutral red (N2889; Sigma, St. Louis, MO). Fluorescent plaque
visualization was performed using a fluorescent imaging system that con-
sisted of an Olympus IX71 inverted microscope (Tokyo, Japan) fitted with
a GFP filter set and Olympus UplanFl 2, 4X, 10X and 20X objectives.
Fluorescent plaque counts were tallied by eye under fluorescent illumina-
tion, and images of fluorescent plaques were captured using a Spot digital
camera (Diagnostic Instruments, Sterling Heights, MI) and further pro-
cessed using the Adobe Photoshop 7.0 software program (Adobe Systems,
San Jose, CA). Fluorescent-plaque size measurements were performed in
a similar manner to that of plaque counting. Briefly, plaques were grown
as above using the VSV and cell type to be tested. For each VSV, 60 plaques
were randomly selected under fluorescent visualization and measured
across their diameters to the nearest 0.05 mm. In Fig. 4D, the mean VSV-
G/GFP plaque diameter in each cell line was used as the normalization
factor for all plaque diameter measurements (normalized mean VSV-G/
GFP plaque diameter = 100%). All uncertainties represent the standard
error of the mean (SE). Statistical calculations were performed using the
InStat 3.0 software program (GraphPad Software, La Jolla, CA). One-way
analysis of variance (ANOVA) with post hoc Tukey-Kramer multiple-
comparison tests was used to determine statistical significance, as were
Student’s ¢ tests, where appropriate. Comparisons between groups yield-
ing a P value of <0.05 were considered significantly different.

qRT-PCR measurements of VSV genomes, N- and L-protein tran-
scripts, and interferon-stimulated gene expression. Quantitative RT-
PCR (qRT-PCR) was carried out with total RNA isolated from cell lysates
using the RNeasy kit (Qiagen, Valencia, CA) and reverse transcribed using
random hexamers and the SuperScript I1I reverse transcriptase kit (Invit-
rogen, Carlsbad, CA). TagMan gene expression assays for the VSV N- and
L-protein genes along with the human B-actin and interferon-stimulated
genes EIF2AK?2, IFIT1, ISG-15, OAS-1, and Mx1 were purchased from
Applied Biosystems (Foster City, CA). Measurement of VSV genomes was
performed using a TagMan assay designed to recognize the intergenic
sequence between the N and P genes, thus attenuating any contribution to
the VSV genomic RNA signal that might arise from mRNA transcripts
(45). Genomic VSV values were found to represent less than 1% and 10%
of the corresponding N and L transcript values, respectively, and were
subtracted. Dilutions of the pVSV-12'GFP plasmid, described earlier,
were used to establish a standard curve to determine transcript copy num-
ber per microliter of total RNA. Samples were collected in triplicate, and
each sample was measured using triplicate PCRs.

Animal procedures. For intranasal administration of VSVs, young
postnatal day 16 Swiss/Webster mice (Taconic Farms, Germantown,
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NY) were lightly anesthetized using ketamine-xylazine and then inoc-
ulated with 15 pl of virus solution in each nostril (30 pl total per
animal). Mouse health and weight were monitored daily, and animals
displaying any neurological symptoms (abnormal walking, paralysis,
etc.) or a body weight drop below 85% of the starting weight were
euthanized according to institutional guidelines and were recorded as
showing a lethal response.

To investigate the efficacy and safety of VSV-12'GFP in adult tumor-
bearing mice, immunodeficient homozygous CB17-SCID mice (Taconic
Farms) 6 to 8 weeks of age were used. Subcutaneous bilateral flank tumors
were established by injection of approximately 1.25 X 10° rU-87 cells (42)
in 50 pl sterile PBS. Tumors were allowed to develop to approximately 2
to 3 mm in diameter before the viral administration phase of the experi-
ment was begun. VSV-12"GFP (150,000 PFU) or control medium was
injected directly into each tumor. Tumor dimensions were measured us-
ing a caliper, and tumor volume (V) was estimated using the formula for
the volume of a prolate spheroid of length a and uniform width b, i.e., V=
4/31(a/2)(b/2)(b/2). When tumors reached 1 cm in diameter, animals
were euthanized by mandate of institutional guidelines and were recorded
as showing a lethal response.

In another set of experiments, 24 h after VSV-12"GFP injection, tu-
mors were harvested in sterile PBS and then transferred to 500 pl of MEM
and triturated. The triturated tissue sample was then microcentrifuged,
and the cleared virus-bearing supernatant was used in a plaque assay to
determine plaque size. Additional mice were perfused transcardially at 24
or 48 h post-tumor inoculation to determine virus spread. For histology,
animals were given a pentobarbital overdose and perfused transcardially
with 4% paraformaldehyde.

To determine the ability of the virus to selectively infect human cancer
cells, U-87 and U-118 human glioma cells were injected subcutaneously
(100,000 cells in sterile saline) or intracerebrally (50,000 cells in 0.5 pl
sterile saline) into adult SCID mice. After establishment of the tumors,
VSV-12’GFP (107 PFU in 100 pl sterile saline) was administered by intra-
venous injection into the tail vein. At indicated time points, mice were
given an anesthetic overdose and perfused transcardially with saline fol-
lowed by 4% paraformaldehyde. Brains and areas containing subcutane-
ous tumors were sectioned on a cryostat and mounted on glass slides. All
animal experiments and postoperative care were performed in accordance
with the institutional guidelines of the Yale University Animal Care and
Use Committee.

Immunocytochemistry. To demonstrate that VSV-12'GFP expressed
both rrGFP and avGFP, we used antibodies against each of the different
GFPs. Mice receiving intracranial injections of VSV-12'GFP were given
an anesthetic overdose and perfused transcardially with 4% paraformal-
dehyde. After sucrose infiltration, frozen brain sections were cut. Separate
sections were immunostained with either the rrGFP antibody (from Agi-
lent Technologies, Santa Clara, CA) or avGFP antibody (Chemicon Inter-
national, Billerica, MA) at a dilution of 1:2,500, followed by a secondary
antiserum of goat anti-mouse conjugated to red fluorescent Alexa 594. As
an additional control to demonstrate that the antisera used were selective
for only one or the other of the two GFPs used, we tested each antibody on
sections from transgenic mice in which either rrGFP was selectively ex-
pressed by cells containing neuropeptide Y (NPY) (46) or avGFP was
selectively expressed by cells containing melanin-concentrating hormone
(MCH) (47).

Antisera were raised against VSV-12'GFP by intranasal or subcutane-
ous inoculation of mice, followed by a second inoculation 5 weeks later.
Antisera were used to detect both the GFP reporter and the VSV G pro-
tein, using dilutions from 1:1,000 to 1:250,000. Photomicrographs were
taken with a Spot digital camera (Diagnostic Imaging), and contrast and
brightness were corrected using Adobe Photoshop.

RESULTS

Addition of reporter genes in the first and second genomic po-
sitions substantially attenuates VSV virulence. Starting with a
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genomic VSV plasmid carrying a single fluorescent reporter gene
inserted in the first position of the VSV genome (28, 34), we re-
placed this insert with a 1.5-kb synthetically manufactured insert
encoding two fluorescent reporter genes separated by a gene junc-
tion containing the appropriate gene transcript termination and
initiation sequences (33, 35) (Fig. 1B). The resulting plasmid
(pVSV-12'GFP) encodes a GFP derived from the jellyfish
Aequorea victoria (avGFP) and a GFP derived from the sea pansy
Renilla reniformis (rrGFP) in the first (1') and second (2')
genomic positions, respectively, thereby shifting the remaining
VSV genes (N, P, M, G, and L) two positions further down the
genome (Fig. 1A). The avGFP and rrGFP genes share less than
20% nucleotide identity, with the resulting proteins sharing less
than 30% amino acid identity and displaying similar fluorescent
characteristics (48). In order to verify the identity of the recovered
VSV, we isolated genomic RNA and performed RT-PCR using
primers flanking the insertion site (Fig. 1A and C). Purified RT-
PCR products from VSV-12'GFP (2,603 bp) were compared with
those from VSV-G/GFP (1,059 bp) and VSV-1'GFP (1,817 bp),
and all were found to have the expected molecular weights. Addi-
tionally, the identity of the VSV-12"GFP product was further con-
firmed through restriction digestion using AscI (Fig. 1B and C).
This digestion of the 12'GFP product was complete and yielded
bands of 1,798 and 805 bp, as expected (Fig. 1C, lane 5).

Next, the plaque sizes of different VSVs growing on BHK-21
cells were compared as an indicator of virus attenuation. The dif-
ferent VSVs displayed apparent differences in plaque size, with
VSV-12'GFP plaques being smallest, VSV-G/GFP largest, and
VSV-1'GFP plaques of intermediate size (Fig. 1D). To further
assess the growth of VSV-12'GFP relative to that of other recom-
binant VSVs, we performed a one-step growth curve experiment
(33, 43, 44) comparing VSV-12'GFP to VSV-G/GFP and VSV-
1'GFP. These curves (Fig. 1E) display a clear progression of atten-
uated growth kinetics, with VSV-12"GFP being the most attenu-
ated (5.5 X 107 PFU/ml at 8 h postinoculation [p.i.]), followed by
VSV-1'GFP (3.4 X 10® PFU/ml at 8 h p.i.) and VSV-G/GFP (1.2 X
10° PFU/ml at 8 h p.i.) or a ratio between these titers of approxi-
mately 1 to 6 to 21, respectively. Additionally, the length of the
eclipse period or time between viral inoculation and the entry into
rapid growth phase (characterized by a logarithmic increase in the
detected release of viral progeny) was longer for VSV-12"GFP (3.0
to 3.5 h) than for VSV-1'GFP (2.5 to 3.0 h) or VSV-G/GFP (2.0 to
2.5 h). The results of the one-step growth curve parallel those
found with plaque size, as described above.

Transgene expression. To ensure that the newly generated vi-
rus expressed both reporter genes, we used immunocytochemical
staining with antisera selective for one or the other of the two
fluorescent reporter gene products. We confirmed that the anti-
sera were selective for each reporter by immunocytochemical test-
ing of brain sections from transgenic mice that expressed either
avGFP in neurons that synthesize melanin-concentrating hor-
mone (MCH) (47) or rrGFP in neurons that synthesize neuropep-
tide Y (NPY) (46). Antiserum against avGFP stained GFP-fluores-
cent MCH cells of the lateral hypothalamus from MCH-avGFP
mice (Fig. 2K and L) but did not stain GFP-fluorescent NPY cells
of the arcuate nucleus from NPY-rrGFP mice (Fig. 2G and H).
Conversely, antiserum against rrGFP stained GFP-fluorescent
NPY cells from NPY-rrGFP mice (Fig. 2E and F) but did not stain
GFP-fluorescent MCH cells from MCH-avGFP mice (Fig. 2I and
J), thus demonstrating the immunocytochemical selectivity of
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FIG 2 Both avGFP and rrGFP are expressed by VSV-12'GFP. To demonstrate antibody selectivity, we used sections from transgenic mice that express either
avGFP in neurons that synthesize melanin-concentrating hormone (MCH) or rrGFP in neuropeptide Y neurons (NPY). Panel A shows VSV-12'GFP infection
of normal mouse brain under GFP illumination, and panel B shows the same field after staining with an rrGFP antibody. Panel C shows VSV-12"GFP infection,
and panel D shows the same field immunostained with a second primary antiserum against avGFP. In NPY-rrGFP transgenic mouse sections (E), the rrGFP
antiserum stains the NPY neurons (F), whereas NPY neurons (G) are not stained with the avGFP antibody (H). In the MCH-avGFP mouse sections, MCH
neurons (I) express avGFP and are not stained with the rrGFP antibody (J), whereas MCH neurons (K) express avGFP and are labeled with the avGFP antibody

(L). Scale bar, 25 um.

each antiserum. Next, VSV-12'GFP (2 pl of 10’ PFU/ml) was
injected into the brains of normal mice, and the animals were
euthanized 1 day later. The antiserum against avGFP stained GFP
fluorescent cells infected with VSV-12'GFP (Fig. 2C and D), and
the antiserum against rrGFP also stained GFP-fluorescent VSV-
12'GFP-infected cells (Fig. 2A and B). Together, these data indi-
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cate that VSV-12'GFP expresses both the avGFP and rrGFP re-
porter genes and that the two antisera used display selective
staining of the homotypic antigen. VSV-12’'GFP was also given to
mice subcutaneously and intranasally, and mice were boosted 5
weeks later. When used to immunostain brain sections from
transgenic mice expressing the avGFP reporter gene selectively in
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of 1:250,000, the antibody was used to visualize MCH neurons in the brain that expressed avGFP. (B) The GFP expression of the MCH cells immunolabeled in
panel A is shown. (C) A VSV that did not express a fluorescent reporter was used to infect BHK cells. The antibody raised against VSV-12"GFP was used to stain
infected cells with red immunofluorescence. On the right is the phase image of the same field as shown in the fluorescence micrograph on the left. (D) Control
BHK cells show no immunolabeling when stained with the VSV-12'GFP antibody, corroborating the selectivity of the antiserum for the virus protein.

neurons that synthesize melanin-concentrating hormone, the an-
tiserum was positive for immunofluorescence when used at a very
high dilution of 1:250,000 (Fig. 3A and B), indicating a robust
ability of the virus to generate a humoral response to the transgene
engineered into VSV-12'GFP. In addition, we infected BHK-21
cells in culture with a VSV that did not express a reporter gene
(rVSV), and using the same antibody as above, we found strong
immunostaining in infected cultures but not in noninfected con-
trol cultures (Fig. 3C and D). This indicates that the same antise-
rum bound not only to the GFP but also to VSV viral proteins.
Attenuated viral plaque size on normal and transformed hu-
man cells. To quantitatively compare differences in plaque size
between VSV-12'GFP and a number of additional attenuated re-
combinant VSVs expressing GFP, a fluorescence microscopic im-
aging-based plaque size assay was used. Monolayer cultures of
normal human astrocytes and U-373 glioblastoma cells were as-
sayed using five separate VSVs of various degrees of attenuation
(VSV-G/GFP, VSV-M51, VSV-M51/CT9, VSV-1'GFP, and VSV-
12'GFP). Fluorescent-plaque size measurements were made 18 h
postinfection (Fig. 4). In normal brain cells, the mean plaque di-
ameter was smallest for VSV-12' GFP plaques and largest for VSV-
G/GFP plaques, with the sizes arranged from smallest to largest
being in the order 12'GFP, 1'GFP, M51/CT9, M51, and G/GFP
(Fig. 4A and B). VSV-12'GFP plaques in both cell types were dra-
matically smaller than those of all other VSVs tested (ANOVA;
n = 60/group; P < 0.001). Comparison of plaque sizes shows a
highly significant difference (P < 0.001; t test; n = 60/group), with
much larger plaques generated on human GBM cells (U-373) than
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on normal human astrocytes in all VSVs tested (Fig. 4C). The
plaques formed by VSV-12'GFP on glioblastoma were approxi-
mately 9.5-fold larger than the plaques formed on normal astro-
cytes, suggesting a more enhanced propagation in glioblastoma
cells relative to normal cells.

Plaque sizes were also assayed using normal human fibroblasts
and BHK-21 cells (Fig. 4D). Similar to the previous results, VSV-
12'GFP yielded smaller plaques (ANOVA; n = 60; P < 0.001) than
all the other VSVs tested. Taken together, these results suggest that
the highly attenuated VSV-12'GFP phenotype is maintained
across a number of different cell types, both normal and cancer,
and that, although attenuated in both cell types, the virus contin-
ues to propagate in an enhanced fashion in cancer cells compared
to that in normal cells.

Attenuated production of VSV N and L transcripts. Here we
tested the hypothesis that the insertion of two genes at the 3" end
of the VSV genome reduces expression of viral genes to a degree
even greater than that with insertion of a single gene in gene po-
sition 1. Measurement of the amount of VSV N-protein and L-
protein mRNA transcript generated by VSV-12'GFP and three
other recombinant VSVs (rVSV, VSV-G/GFP, and VSV-1'GFP)
was performed using quantitative RT-PCR (qRT-PCR) on total
RNA isolated from infected cultures (MOI = 0.1) of human glio-
blastoma U-87 cells 12 h postinfection (Fig. 5). The N-protein
mRNA transcript copy number per pl of total RNA harvested
from infected cells was lowest in VSV-12'GFP and highest in rVSV
with ratios (from lowest to highest) of approximately 1.0, 2.9,
11.2,and 17.8 (for 12'GFP, 1'GFP, G/GFP, and rVSV). A qualita-
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FIG 4 VSV plaque size on normal brain and glioblastoma cells. A series of representative photos show the sizes of the fluorescent plaques that developed from
each of the VSVs after 18 h postinfection on monolayers of normal human brain astrocytes (A) or U-373 human glioblastoma cells (B). Scale bar, 500 pm. The
histograms display the distribution of plaque diameter measurements (# = 60) acquired from the same population from which the corresponding photos were
taken. The triangles indicate the mean diameter of each plaque population, and the dotted line marks the mean for the VSV-G/GFP population for comparison.
Circles depict the mean plaque size for each population, with the small vertical line above each circle representing the SE. Mean virus plaque sizes were all
significantly different from that of VSV-G/GFP (ANOVA; P < 0.01) for each cell line except for the M51 plaques. (C) Bar graph summarizing the mean individual
plaque areas (in square micrometers) measured in panels A and B, with error bars representing the SE. The ratio of glioblastoma to normal brain plaque area for
each virus is indicated below the axis. Mean plaque size between normal brain and glioblastoma cells were all significantly different from one another for each
virus tested (¢ test; P < 0.001). (D) Comparison of mean plaque sizes (n = 60) using normal human brain astrocytes, normal human fibroblasts, and hamster
BHK-21 cells after infection with each of the VSVs. Plaque sizes for each cell type have been normalized with respect to the corresponding VSV-G/GFP mean
plaque diameters. All mean plaque sizes were significantly different (ANOVA; P < 0.01) from those of corresponding G/GFP plaques, except the M51 plaques in
human brain and BHK-21 cells and M51/CT9 plaques in BHK-21 cells. All VSV-12'GEFP plaques were significantly different at the P < 0.001 confidence level.
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FIG 5 N and L RNA transcript levels of recombinant VSVs. The amounts of
N-protein mRNA (A) or L-protein mRNA (B) generated by VSV-12'GFP and
three other recombinant VSVs (rVSV, VSV-G/GFP, and VSV-1'GFP) were
compared using quantitative RT-PCR and are expressed as transcript copy
number per pl of total RNA. Genomic RNA was distinguished from mRNA by
utilizing a probe specific to an intergenic region of the VSV genome; genomic
values were subtracted from total RNA to yield mRNA values. Cultures of
U-87 cells were inoculated (0.1 MOI) in triplicate for each condition, and total
RNA was harvested 12 h postinfection. The number above each bar indicates
the genomic position from which the transcript arises, and the error bars
represent the standard errors of the means. All mean transcript values were
significantly different (ANOVA; P < 0.01) from each other except those for
1'GFP and 12'GFP in the N mRNA panel.

G/GFP

tively similar set of values was also found for the L-protein tran-
script copy number, with VSV-12'GFP again showing the lowest
and rVSV the highest with ratios, of approximately 1.0, 2.6, 4.8,
and 10.6 (for 12'GFP, 1'GFP, G/GFP, and rVSV). The magnitude
of the L transcript values (107 copies/pl) is considerably less than
that of the N transcript values (10° copies/pl), with each L tran-
script being approximately 4.9, 4.4, 2.1, and 2.9% of the corre-
sponding N transcript for VSV-12'GFP, VSV-1'GFP, VSV-G/
GFP, and rVSV, respectively. These N/L transcript ratios are
consistent with previous reports of recombinant VSV N/L protein
ratios based on radiolabel experiments using [*°S]methionine (49,
50). Taken together, these results demonstrate a progressive re-
duction in both N and L transcript levels that corresponds with
increasing VSV attenuation, with VSV-12'GFP displaying the
lowest transcript levels and highest degree of attenuation.

Enhanced survival in vivo. A common method of testing the
virulence of VSV is with intranasal inoculation of young post-
natal day 16 mice (19, 51). Mice at this age are more susceptible
to VSV than adults are. We compared VSV-12'GFP with VSV-
G/GFP. Mice received 30 wl intranasal VSV (50,000 PFU total).
Any mice developing obvious neurological dysfunction or se-
vere weight loss (greater than 15% of initial body weight) were
euthanized and considered to show a lethal effect (Fig. 6). As
shown in Fig. 6, 9 of 10 mice administered VSV-G/GFP showed
a lethal response, and the surviving mouse showed reduced
body weight. In contrast, all 10 mice treated with an equal dose
of VSV-12'GFP survived.
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FIG 6 Intranasal inoculation of mice with VSV-12"GFP. VSV is often lethal in
young mice when delivered through an olfactory entry route. A total of 50,000
PFU of either VSV-G/GFP or attenuated VSV-12'GFP was administered in-
tranasally to young 16-day-old mice. Of the mice inoculated with VSV-G/GFP,
9 of 10 failed to gain body weight (B) and ultimately succumbed (A). In con-
trast, littermates receiving an equal dose of VSV-12"GFP steadily gained
weight, and no mortality was observed. The number of mice inoculated with
virus is indicated (n = 10), and error bars represent the standard errors of the
means.

Enhanced infection of human glioma and melanoma cancer
cells in vitro. A variety of recombinant VSVs have been used to
target cancer cells (12, 52-57). The plaque size experiments de-
scribed above indicated a preference for human glioma/glioblas-
toma U-373 cells over normal human glia. Here we tested the
hypothesis that despite its attenuated nature, VSV-12'GFP will
still preferentially infect a variety of other cancer cells compared
with normal cells. We compared the infection of human mela-
noma cells with infection of normal melanocytes. One day after
inoculation (0.01 MOI), about 1% of the melanoma cells were
infected, and fewer melanocytes (<0.1%) showed signs of infec-
tion. By 2 days p.i. (dpi), we found a dramatic difference in the
level of infection: all melanoma cells were infected and dead or
dying. Upon infection, the cells showed a striking pathological
shift in morphology (Fig. 7B) and expressed the viral GFP reporter
genes (Fig. 7B and C). In contrast, even after 4 dpi, less than 1% of
the normal melanocytes had been infected (Fig. 7A and C); mela-
nocytes from inoculated cultures looked normal and showed little
pathology.

Next, we examined plaque size in two other human cancer cell
types together with the normal noncancer control cells. The
plaque size of VSV-12"GFP in U-118 glioblastoma was about
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FIG 7 Oncolytic activity of VSV-12'GFP against melanoma cells. Represen-
tative GFP fluorescent (left) and phase-contrast (right) photos of normal me-
lanocyte (A) or YUMAC melanoma (B) cell culture 2 days after infection using
alow MOI (0.01) of VSV-12'GFP are shown. (C) Bar graphs showing the mean
percentages of infected cells in the cultures shown in panels A and B over a
period of 4 days postinfection; linear presentation of values on the left and
logarithmic on the right. Each bar represents the mean for six randomly se-
lected microscopic fields, and the error bars represent the SE.

3-fold greater than that in normal human astrocytes (Fig. 8A and
B). Similarly, the plaque size on fibrosarcoma was about 5-fold
greater than that on normal human fibroblasts (Fig. 8B). We then
used sister cultures from the same cancer and control cells to de-
termine if the presence of alpha interferon (IFN) would alter the
ratio of infection of cancer cells to that of normal cells. IFN added
12 h prior to viral inoculation completely blocked infection of
normal astrocytes but did not block infection of glioblastoma cells
(Fig. 8A and B). In contrast, IFN blocked infection of both the
normal fibroblasts and the fibrosarcoma (Fig. 8B).

VSV-12'GFP targets brain tumors in vivo. We have previ-
ously found that some less-attenuated recombinant VSVs target
brain tumors in vivo, infecting experimental subcutaneous and intra-
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FIG 8 VSV-12'GFP shows enhanced infection of cancer cells. (A) Represen-
tative photos showing plaques under fluorescent (left photo) and phase-con-
trast (right photo) illumination. Cultured human glioblastoma cells (U-118)
are shown in the top row, and primary normal human brain astrocytes are
shown below, with parallel interferon-treated cultures (100 U/ml) shown on
the right. No plaques were found in any of the interferon-treated normal brain
cultures up to the highest concentration of virus tested (200,000 PFU/well), in
contrast to the plaques observed in the interferon-treated glioblastoma cul-
tures. Scale bar,100 wm. (B) Bar graph showing the sizes of fluorescent plaques
in square micrometers (pm?) grown on human cancer cell cultures (glioblas-
toma U-118 and fibrosarcoma HT1080) and comparable primary normal hu-
man cells (brain astrocytes and fibroblasts, respectively). Each bar represents
the mean for 60 plaques; error bars are SE. Plaque sizes in both pairs of cancer
and normal cells were significantly different from one another (; f test; P <
0.001). Interferon treatment (100 U/ml) of parallel cultures (white bars on
right) blocked plaque formation in all cultures except glioblastoma up to the
highest concentration of virus tested (200,00 PFU/well).

cranial tumors (12, 19, 42). To test the hypothesis that, despite its
highly attenuated nature, VSV-12'GFP can still target brain tumors,
we generated human glioblastoma tumors both in peripheral subcu-
taneous locations and within the brains of SCID mice.

The human glioma line rU-87, expressing a gene coding for a
red fluorescent reporter (42), and U-118 glioma cells were used
peripherally, and rU-87 cells were used intracranially. After estab-
lishment of the in vivo tumors, VSV-12'GFP (10”7 PFU in 100 pl
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FIG 9 Tail vein injection of VSV-12'GFP targets glioma in the brain. Human glioblastoma U-87 cells that had been stably transfected with a gene coding for a
red fluorescent reporter were transplanted into the brains of adult SCID mice (A through G). VSV-12'GFP was subsequently injected into the tail vein. (A) Red
glioblastoma cells are seen in the brain. (B) VSV-12'GFP selectively infected the tumor cells and not nearby normal brain cells. (C) Overlay of panels A and B.
Scale bar, 30 um. (D) A large red GBM is seen in the left brain. (E) Peripheral intravenous VSV-12'GFP infected the tumor, whereas in the contralateral brain no
tumor cells (F) or infection (G) are found. Scale bar, 70 um. (H) Human glioblastoma U-118 cells were implanted subcutaneously in adult SCID mice, and
VSV-12'GFP was administered by tail vein injection. Four days after injection, the GFP-fluorescent virus had selectively infected the tumor at multiple sites
(arrows). The boundary of the tumor is shown by the white line. Infection was not found in normal tissue surrounding the tumor, indicating that intravenous

application of VSV-12'GFP successfully targets multiple derivations of glioma.

sterile saline) was injected into the tail vein of the mice. Two to
three days after virus inoculation, mice were harvested. In two
mice with two U-118 tumors each and in 3 mice with two U-87
subcutaneous tumors each, intravascular inoculation 12 to 19
days after tumor establishment resulted in infection in all tumors
studied at 3 days postinoculation; an example of an infected U-118
glioma is seen in Fig. 9H. No infection was found in normal tissue
surrounding the tumors.
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After intravenous inoculation, histological examination of red
U-87 GBM tumors (Fig. 9A and D) in the brain displayed selective
virus infection, shown by the green fluorescence of the viral GFP
reporter (Fig. 9B and E). VSV-12"GFP was found in glioma cells
expressing red fluorescence (Fig. 9C), indicating selective target-
ing of the tumor cells in 4 of 5 mice. VSV-12'GFP was found in the
tumor but not in the normal contralateral side of the brain
(Fig. 9G). One mouse showed no sign of virus in the tumor 2 days
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FIG 10 Intratumoral injection of VSV-12"GFP suppresses the growth of sub-
cutaneous tumors and enhances survival. Twelve SCID mice with human
rU-87 tumors 2 to 3 mm in size were established through bilateral subcutane-
ous implantation (2 tumors per mouse) and then intratumorally injected with
VSV-12'GFP (n = 6 mice) or medium control (n = 6 mice) at day 0 and
monitored for 52 days. (A) Tumor size was measured externally using calipers
and is displayed as mean tumor volume in VSV-12'GFP-treated tumors
(squares) and untreated control tumors (circles). Numbers in parentheses
indicate the numbers of tumors measured in the controls, and this number
decreased as mice were euthanized. Error bars (SE) (Mann-Whitney test; 3,
P < 0.01; ##:, P < 0.001). (B) Survival curve showing the deaths of animals in
the untreated tumor population over time. Mice that developed tumors reach-
ing 1 cm in diameter were euthanized in accordance with institutional guide-
lines. All control tumor mice were dead by day 45. (C) Graph showing mean
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after intravenous virus inoculation. An additional mouse received
a needle penetration in the brain without any cells. Twelve days
after injury and three days after virus inoculation, that glioma-free
mouse showed no sign of virus in the brain.

VSV-12'GFP intratumoral injection suppresses tumor growth
and enhances survival. To further assess the ability of VSV-12'GFP
to safely target and suppress the growth of tumors in vivo, we used
SCID mice (n = 12) bearing bilateral subcutaneous human glioma
rU-87 tumors. Twelve days after the injection of 1.3 X 10° rU-87 cells,
tumors had developed in both flanks of all mice and reached a size of
2 to 3 mm. Half of the mice were then injected intratumorally with
1.5 X 10° PFU of VSV-12'GFP (1 = 6), and the remaining half were
injected with buffer as controls (n = 6). Eleven days later, the mean
volume of uninfected control tumors had grown 6.4-fold = 1.7 SE
(n = 12). In contrast, VSV-12'GFP-injected tumors (n = 12) dis-
played only a marginal increase, of 1.2-fold = 0.3 SE compared to
their size on the day of virus injection (day 0), a significant difference
(Mann-Whitney test; P < 0.01) between populations (Fig. 10A). By
day 28, control tumors had grown an average of 13.9-fold (+3.8 SE)
their original size, whereas VSV-treated tumor growth appeared
arrested, being only 1.2-fold = 3.8 SE greater in volume than that on
day 0.

Tumors in control mice not treated with virus grew to 1 cm in
diameter, and mice were euthanized in accordance with institu-
tional guidelines; tumors of some controls reached 1 cm by day 29,
and all of the control mice were dead by day 45 (Fig. 10B). All
VSV-12'GFP-treated mice survived until the end of the study at
day 52 with no detectable adverse effects; the majority of tumors
had regressed to a point of not being detectable. At the conclusion
of the study, all VSV-12'GFP-treated mice were euthanized, dis-
sected, and examined histologically for tumor masses. The tumors
dissected from control mice not treated with virus were dramati-
cally larger than the residual tumor masses remaining in VSV-
12'GFP-treated mice (Fig. 11A to C). Importantly, during histo-
logical analysis of VSV-12'GFP mice, none of the 12 tumors
injected with virus showed any remaining dsRed-fluorescent
tumor cells, suggesting that the virus had successfully elimi-
nated all tumor cells. The small “tumor” masses appeared to be
composed of scar tissue and other nontumor cells. All tumors
in the control mice not treated with virus showed dsRed-
expressing tumor cells.

Given the possibility of mutations in the VSV genome (34, 58),
one concern is the stability of VSV-12'GFP over time. To study the
phenotype of VSV-12'GFP, we injected tumors in vivo with the
virus and harvested virus-infected tumors 24 h later for compar-
ison in a plaque size assay. Measurement of plaque sizes from
tumor-harvested VSV-12'GFP showed only a slight increase that
was not statistically significant compared to sizes of plaques from
the viral stock used for tumor injection (Fig. 11D). VSV-1'GFP
and VSV-G/GFP plaques were also compared for control pur-
poses and were found to be dramatically larger than VSV-12'GFP,
suggesting no significant loss of attenuation in the VSV-12'GFP
viral population over 24 h, a period that would allow about 4 to 6
cycles of replication (1, 2). Although we found no obvious change
in the attenuated phenotype of VSV-12'GFP harvested from tu-

body weight in VSV-12'GFP-treated (squares) and untreated control (circles)
mice. Numbers in parentheses indicate the numbers of mice measured in the
control population and decreased as animals died. Error bars, SE.
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FIG 11 Human rU-87 subcutaneous tumor suppression after VSV-12'GFP infection. (A to C)

12’GFP  1'GFP G/GFP

in vitro maintained

12°GFP

Tumor
Harvest

control human rU-87 tumor and comparable region from a VSV-12'GFP-treated tumor mouse 52 days after intratumoral viral injection. The arrow indicates
residual tumor mass. (B) Section of an rU-87 control tumor showing robust expression of red fluorescent protein throughout the tumor mass. The dotted line
indicates the nonfluorescent surface layer of skin. (C) Histological sections of a residual tumor mass from VSV-12'GFP-treated mice 52 days after intratumoral
injection. The scale is same as that for panel B. (D) Comparison of plaque sizes of VSV-12'GFP harvested from rU-87 tumors 24 h after injection and in
vitro-maintained stocks of VSV-12'GFP, VSV-1'GFP, and VSV-G/GFP. No statistically significant difference in size was found between VSV-12"GFP harvested
from tumors and the in vitro-maintained stock. (E to H) Subcutaneous rU-87 tumor established in a SCID mouse 48 h after injection with VSV-12"GFP. Red
fluorescence (E) is from tumor cells, and green fluorescence (F) is from VSV-12'GFP, with panel G showing an overlay of the two images. (H) Nonfluorescent
image of the same field showing the border between the tumor mass and normal tissue. The virus fairly selectively infects the tumor cells and not surrounding

normal tissue.

mors as determined by a characteristically small plaque size, the
possibility remains that over many generations the virus could
nonetheless evolve a more rapidly replicating genotype. We also
examined subcutaneous tumors 48 h after inoculation with VSV-
12'GFP. Virus was found selectively in the tumor tissue and not in
surrounding normal tissue (Fig. 11E to H).

Interferon and ISG expression. To determine if VSV-12'GFP
evoked an interferon and interferon-stimulated gene (ISG) re-
sponse similar to that of other VSVs, we infected normal human
astrocytes with VSV-G/GFP and VSV-12'GFP with a low MOI of
0.3 and a high MOI of 3. Since we found no readily measurable
IFN in noninfected controls, we compared IFN transcript stimu-
lation in cells infected with either VSV-12'GFP or with VSV-G/
GFP (Fig. 12A). VSV-G/GFP induced a greater IFN response than
VSV-12'GFP; when the data were reanalyzed on the basis of virus
genome copy number, VSV-12'GFP induced a slightly greater up-
regulation than VSV-G/GFP at an MOI of 0.3 but similar levels at
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an MOI of 3. Both viruses showed a much greater activation of
ISGs. IFIT1, ISG15, MX1, OAS, and EIF2AK2 mRNA transcript
expression was measured using QRT-PCR. In both high and low
MOIs, VSV-12'GFP generated a level of ISG expression similar to or
slightly greater than that with VSV-G/GFP (Fig. 12B and D). To de-
termine the level of ISG stimulation per virus genome, we normalized
to the genome copy number as measured with qRT-PCR; this ratio
represents the strength of the innate immune response relative to the
replicative efficiency of the virus. VSV-12'GFP generated a greater
level of ISG stimulation per genome than VSV-G/GFP (Fig. 12 C and
E). These data suggest that despite a reduced proliferation of virions,
VSV-12'GFP generated a strong ISG response per virion.

DISCUSSION

In the present article, we show that a recombinant VSV (VSV-
12'GFP) with two reporter genes added in the first and second
gene positions displays a high degree of attenuation, yielding the
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FIG 12 Interferon and interferon-stimulated gene (ISG) expression are upregulated by VSV-12'GFP. qRT-PCR was used to measure mRNA levels of interferon
(A) and five interferon-stimulated genes (B to E) in cultures of human astrocytes 10 h after infection with either VSV-G/GFP (white bars) or VSV-12'GFP (black
bars). Two concentrations of virus were tested; low MOI (0.3) (A, B, and C) and high MOI (3.0) (A, D, and E), and mRNA levels were computed as multiples of
the levels found in uninfected control cultures, except in panel A, where the level of interferon gene expression in uninfected cultures was too low to be detected
and VSV-G/GFP-infected levels were used instead. Since VSV-12' GFP propagates more slowly than VSV-G/GFP, we also normalized the results with respect to
levels of genomic VSV measured using a VSV genome-specific probe (A, C, and E). The bars represent the standard deviation (SD), and *, #:*, and *#* represent
a statistically significant difference between viruses (Student’s ¢ test) at the P < 0.05, P < 0.01, and P < 0.001 levels, respectively.

smallest plaques and generating the fewest progeny of any of the
VSVs tested. VSV-12"GFP evoked a strong immune response in
vivo against inserted transgenes. Despite its attenuated nature,
VSV-12'GFP also displayed an enhanced infection of cancer cells
compared with that of noncancer control cells. The relative selec-
tivity of the virus for gliomas was further enhanced in the presence
of interferon. In vivo, intravenous inoculation of VSV-12'GFP
resulted in selective targeting and killing of both subcutaneous
and intracranial glioma cells. In an in vivo test, VSV-12'GFP was
much less neurotoxic than VSV-G/GFP. Finally, direct intratu-
moral injection of the virus appeared to eliminate the tumor and
prolong life for tumor-bearing mice.

Attenuation compared with other VSVs. We recently showed
that of 11 recombinant VSVs, one of the most attenuated con-
tained a single reporter gene in the first position (12). We reasoned
that if one gene in the first position reduced virulence, then insert-
ing two nonviral genes at gene positions 1 and 2 would further
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attenuate the virus. Comparisons of VSV-12'GFP with VSV-
1'GFP support this view; in all tests, VSV-12' GFP was more atten-
uated than VSV-1'GFP and showed a substantially greater degree
of attenuation than all other attenuated VSVs tested. VSV-12'GFP
was significantly more attenuated than VSV-M51, VSV-CT9/
M51, VSV-G/GFP, and VSV-1'GFP. Of the attenuating gene in-
sertions compared, the VSV-12'GFP double gene insertion had
the greatest attenuating effect on plaque size and progeny gener-
ation as measured with a one-step growth curve.

To address the hypothesis that the mechanism of attenuation
was reduced expression of viral genes, we examined the virus
mRNA transcripts of what would normally be the first and fifth
viral genes, N and L, in 4 recombinant VSVs. Expression of both
the N and L transcripts was reduced by an order of magnitude in
VSV-12'GFP compared with that in unattenuated recombinant
VSV devoid of nonviral genes or other mutations. In VSV-
12'GFP, N and L expression was about half that found in the most
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closely related virus, VSV-1'GFP, which contains only a single
nonviral reporter gene in position 1. During transcription, the
VSV polymerase progresses sequentially in the 3’-to-5" direction
along the viral genome, transcribing genes from position 1 to po-
sition 5, or 1 to 7 in the case of VSV-12'GFP. Upon reaching the
transcription termination signal at the end of each gene, the poly-
merase may continue on to the transcription initiation signal of
the next gene; alternately, the polymerase can dissociate from the
genome at a rate of 20 to 30% for each gene junction and thereby
not transcribe genes that are further along the VSV genome (59,
60). Thus, adding more transgenes to the 3’ end of the genome, as
we did with VSV-12'GFP, reduces the probability that the poly-
merase will continue through the genome to express viral genes,
particularly a gene such as L which is last in order and the gene
showing the greatest reduction of expression in VSV-12'GFP.

VSV-12'GFP appeared to infect selectively and eliminate tu-
mors in SCID mice. It is remarkable that even after more than 7
weeks of infection, immunocompromised SCID mice remained
healthy, gained weight, and showed no obvious signs of poor
health despite the absence of a fully functional T- and B-cell sys-
temic immune response. Some human viruses, such as poliovirus
and herpesvirus, have oncolytic potential and are sometimes used
in mouse models but can infect only cells from humans. In con-
trast, that mouse cells and mice are susceptible to VSV is shown by
the fatal response of most postnatal day 16 mice to VSV-G/GFP
but not to VSV-12"GFP.

Targeting cancer cells. A number of VSVs have shown prom-
ise in targeting and killing cancer cells (12, 42, 45, 57, 61-64).
VSV-12'GFP showed a greater degree of infection of three differ-
ent cancers than of their normal noncancerous control cells.
Whereas we found almost no infection of normal melanocytes,
cultures of melanoma cells were completely infected and ulti-
mately killed by VSV-12"GFP. The virus showed an increased level
of infection of glioma and fibrosarcoma cells compared with nor-
mal astrocytes or fibroblasts in vitro. When normal cells were
treated with IFN, infection of astrocytes and fibroblasts was com-
pletely blocked. In contrast, even in the presence of IFN, VSV-
12'GFP still infected and killed glioma cells, although at a lower
rate than in the absence of IFN. These data are consistent with the
view that one central mechanism underlying VSV’s enhanced in-
fection of cancer cells is an altered IFN response. Although many
tumor types show IFN deficiencies (57), some do not, and the
finding that fibrosarcomas were protected by IFN is consistent
with the view that some tumor lines retain a sufficient IFN re-
sponse to be protected against infection by VSV-12'GFP.

Due to the slow expansion of VSV-12'GFP, cells have more
time to upregulate an IFN-based antiviral defense relative to the
rate of viral replication, as shown by our qRT-PCR experiments.
By protecting nearby uninfected cells, a relatively enhanced IFN
response/virion would further retard the spread of VSV-12"GFP
within normal tissue compared with that of faster-acting VSVs.

VSV is an arbovirus with cattle, pigs, and horses as primary
mammalian hosts. VSV shows little toxicity in humans; in regions
of central America where VSV is endemic, large portions of the
human population are seropositive for the virus with no obvious
associated serious illness (65). In humans, use of a highly attenu-
ated VSV, such as VSV-12'GFP, as an immunization or oncolytic
vector further reduces the probability of an unexpected adverse
consequence.

For use as a potential oncolytic virus, VSV can either directly
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kill infected cells or can initiate an immune response to target
infected cancer cells. The substantive attenuation found in VSV-
12'GFP may make it less suitable for directly killing peripheral
cancer cells, since its slow actions may reduce the probability that
all cancer cells would be infected before upregulation of a systemic
immune response that would eliminate the virus; a faster-acting
virus, such as VSVrp30 (62), may be more effective to achieve a
direct virus-mediated oncolysis outside the brain. However, in
terms of its second mechanism of action, the initiation of an im-
mune response against infected cancer cells, an attenuated virus,
particularly one such as VSV-12'GFP that elicits a substantive [FN
response, may be safer as well as effective. Because most cells of the
brain are not replaced after loss, for tumors in the brain, such as
glioma, to prevent neurotoxicity, a highly attenuated virus would
provide the greatest level of safety.

In the present article, we added genes coding for proteins
(GFPs) that would be unlikely to exert a direct effect on VSV or cell
function. Alternate strategies that would further enhance the util-
ity of this type of approach (i.e., adding two genes to the 3’ end of
the virus genome) for cancer targeting may include substitution
for GFP of genes such as those encoding interleukin 28 (IL-28),
IL-2, FLT3L, or granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) that can stimulate an immune response against
infected cancer cells (64, 66—-68). An upregulated immune attack
on infected cells that generalizes to similar cancer cells represents
a second line of oncolysis if the immediate virus-mediated cell
death does not involve all cancer cells. As an alternate approach,
the GFP reporter genes could be exchanged for reporter genes that
have utility as measurable markers of in vivo viral activity, includ-
ing carcinoembryonic antigen, secreted alkaline phosphatase, and
the beta subunit of chorionic gonadotropin; these reporters are
released by infected cells into the blood and can be measured
peripherally to determine viral activity (69-72). Because two gene
positions are available, more than one immune response enhancer
gene could be included, or one immune enhancer and one re-
porter gene. In addition to the substitution of genes coding for
efficacy-enhancing proteins in positions 1 and 2, introduction of
the M51 mutation, which disables the virus’ counter-IFN strategy
(and thereby would amplify the antiviral response from interfer-
on-stimulated genes), or shuffling viral genes downstream of the
first- and second-position transgenes (23) could further reduce
the potential infection of normal cells (57, 73). Similarly, the VSV
G protein could be truncated on the cytoplasmic side, as done with
the CT9 mutation (27), to provide further attenuation of the virus.
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