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Metastatic malignant melanoma remains one of the most therapeutically challenging forms of cancer. Here we test replication-
competent vesicular stomatitis viruses (VSV) on 19 primary human melanoma samples and compare these infections with those
of normal human melanocyte control cells. Even at a low viral concentration, we found a strong susceptibility to viral oncolysis
in over 70% of melanomas. In contrast, melanocytes displayed strong resistance to virus infection and showed complete protec-
tion by interferon. Several recombinant VSVs were compared, and all infected and killed most melanomas with differences in
the time course with increasing rates of melanoma infection, as follows: VSV-CT9-M51 < VSV-M51 < VSV-G/GFP < VSV-rp30.
VSV-rp30 sequencing revealed 2 nonsynonymous mutations at codon positions P126 and L223, both of which appear to be re-
quired for the enhanced phenotype. VSV-rp30 showed effective targeting and infection of multiple subcutaneous and intracra-
nial melanoma xenografts in SCID mice after tail vein virus application. Sequence analysis of mutations in the melanomas used
revealed that BRAF but not NRAS gene mutation status was predictive for enhanced susceptibility to infection. In mouse mela-
noma models with specific induced gene mutations including mutations of the Braf, Pten, and Cdkn2a genes, viral infection cor-
related with the extent of malignant transformation. Similar to human melanocytes, mouse melanocytes resisted VSV-rp30 in-
fection. This study confirms the general susceptibility of the majority of human melanoma types for VSV-mediated oncolysis.

Of all skin cancers, melanoma has the highest mortality rate,
and it accounts for approximately 75% of skin cancer-related

deaths (1); the incidence rate has tripled over the last 3 decades (2).
One contributing factor to the poor prognosis of advanced stage
malignant melanoma is the high predisposition to develop brain
metastases. It is the third most common solid tumor to metasta-
size to the brain, and stage IV melanoma patients have the highest
risk (30 to 50%) of all cancer patients of tumor spread to the
central nervous system (CNS) (3, 4). FDA-approved drugs such as
dacarbazine and interleukin-2 have a limited impact on overall
survival due to responses restricted to subsets of patients; the re-
cently approved drug ipilimumab shows benefits in some patients
(5). Response rates of newer drugs like BRAF inhibitors are higher
(6, 7), but activity of these molecular-target agents depends on the
presence of the corresponding mutation. In addition, response
duration is often limited due to the development of secondary
resistance (8). Key oncogenic driver mutations have been recog-
nized delineating molecular pathways as possible targets for ther-
apeutic intervention (9, 10). Among those, BRAF mutation, PTEN
mutation, CDKN2A mutation, and AKT amplification are the
most common events. The BRAFV600 mutation stands out as the
most common melanoma mutation and is found in 50 to 65% of
patients with melanoma (9).

A number of viruses have been studied using in vitro and in vivo
models of melanoma tumors (11–21). A promising oncolytic vi-
rus with broad tropism against many cancers (22), vesicular sto-
matitis virus (VSV), has also been studied using melanoma mod-
els (23–25). Most of these melanoma studies have focused on
mouse melanoma models and have facilitated substantially our
current understanding of the role of the immune response in on-
colytic virotherapy. However, the most commonly used mouse
melanoma cell line B16 may be partially resistant to VSV infection
(26). In addition, systemic application of potentially oncolytic vi-
rus, which was successfully shown in animal studies on other can-

cers (22, 27) and which is a prerequisite to target a metastatic
tumor, remains to be studied with human melanoma.

As an oncolytic virus, VSV displays a strong affinity to tumors
with defects in their interferon (IFN) signaling pathway (28, 29),
and up to 50% of human melanomas carry defects in this pathway
(30). Patients not responding to IFN treatment might ultimately
benefit from agents exploiting a defective interferon pathway in
these cancer cells. A number of recombinant variants of VSV have
been introduced as potential oncolytic agents with modified bio-
logical properties mostly focusing on attenuation (22, 31–34). In
contrast, the VSV variant used in many experiments in the current
study, VSV-rp30, shows a more rapid infection and lysis of human
glioma (35) and sarcoma (36) but had not been studied in mela-
noma. We also tested three other VSV variants including a wild-
type-like phenotype (VSV-G/GFP) and attenuated phenotypes
VSV-M51 and VSV-CT9-M51. We tested 19 primary human mel-
anoma samples and normal human melanocytes for their suscep-
tibility to VSV-rp30 infection and lysis. We find that the majority
of melanomas are completely infected and killed by VSV even in the
presence of IFN. This infection appears to be independent from
NRAS mutation status; mutations BRAFV600E and BRAFV600K corre-
lated with higher VSV susceptibility. Systemic application of VSV
successfully targeted multiple subcutaneous as well as intracranial
melanoma xenografts.
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MATERIALS AND METHODS
Cells. Human melanoma tissue from primary and metastatic sites was
obtained from surgical cases at Yale New Haven Hospital, as previously
described in detail (37). Most human melanoma samples were isolated
and obtained from the Specimen Resource Core of the Yale SPORE in
Skin Cancer; the YU prefix indicates tissue generated at Yale University.
Tissue collection and processing were in accordance with the Health In-
surance Portability and Accountability Act (HIPAA) and the institutional
Human Investigative Committee protocol. Normal human melanocytes
were derived from newborn foreskin tissue as described previously (38)
and maintained as primary culture in Opti-MEM medium, described be-
low, with the additional supplements 12-O-tetradecanoyl phorbol-13-
acetate (16 nmol/liter), 3-isobutyl-1-methylxanthine (0.1 mmol/liter),
cholera toxin (2.5 nmol/liter), Na3VO4 (1 �mol/liter), and N6,2=-O-dibu-
tyryladenosine 3:5-cyclic monophosphate (0.1 mmol/liter) (Sigma-Al-
drich).

Stably transfected rYUMAC cells expressing dsRed red fluorescent
protein (RFP) were generated in a manner similar to that described pre-
viously (27). Briefly, YUMAC cells were transfected with plasmid pDsRed
monomer-C1 coding for monomeric red fluorescent protein under the
control of a cytomegalovirus (CMV) ie1 promoter and with a G418 selec-
tion construct, using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) ac-
cording to the manufacturer’s instructions. Stable expression was
achieved after 3 weeks of maintenance in medium enriched with G418
(Sigma, St. Louis, MO).

Mouse melanoma lines with defined mutation patterns were derived
from transgenic mouse models expressing combinations of melanoma-
associated mutations in the form of BrafV600E activation, Pten and/or
Cdkn2a inactivation, and �-catenin stabilization as described in detail
previously (39–41). In short, mouse models were generated by condi-
tional melanocyte-specific expression of a Tyr::CreERT2 construct leading
to Cre-mediated conversion of Braf, PTEN, and other genes. Tumor-
associated genes were recombined after release of Cre recombinase from
Hsp90 initiated by topical application of 4-hydroxytamoxifen (4-HT) and
subsequent nuclear translocation of Cre recombinase. Tumor tissues were
triturated through a 20-gauge needle and filtered through a 100-�m nylon
cell strainer.

All human and mouse melanoma cells were maintained in Opti-MEM
supplemented with 5% fetal bovine serum (FBS) and were kept in a hu-
midified atmosphere containing 5% CO2 at 37°C.

Viruses. Six recombinant VSV variants were used in this study: wild-
type-based VSV-G/GFP, VSV-rp30, VSV-M51, VSV-CT9-M51, VSV-
P126, and VSV-L223. Virus construction and characteristics of the first
four have been detailed previously (34). VSV-G/GFP is based on the VSV
Indiana serotype with an additional copy of the viral G protein gene fused
to the GFP (green fluorescent protein) gene located at the 5th gene posi-
tion. VSV-rp30 evolved from VSV-G/GFP through repeated passage on
and adaptation to U87 human glioblastoma cells (35). VSV-M51 contains
a deletion at amino acid position 51 of the VSV M protein; VSV-CT9-M51
is additionally modified by having a truncated cytoplasmic tail of the viral
G protein, to 9 amino acids (42). VSV-M51 and VSV-CT9-M51 include a
GFP reporter gene at the 5th position coding for cytosolic GFP. VSV-P126
andVSV-L223 are described below.

All viruses were plaque purified and propagated, their titers were de-
termined on BHK-21 cells, and they were stored in aliquots at �80°C. For
titer determinations, a standard plaque assay technique with 0.5% agar
overlay was employed.

VSV genome sequencing. Viral genomic RNA was extracted from
VSV-G/GFP and VSV-rp30 using the QIAamp Viral RNA Mini Kit (Qia-
gen, Valencia, CA). Reverse transcription (RT) of isolated VSV genomic
RNA was performed using Thermo-X Reverse Transcriptase (Invitrogen,
Carlsbad, CA) at a reaction temperature of 53.9°C and an RT oligonucle-
otide with the sequence 5=-ACG AAG ACA AAC AAA CCA TTA TTA
TC-3=, designed to anneal to the initial 26 bases of the 3=-end of the VSV
genome. Full-length genomic VSV-G/GFP cDNA (13.5 kb) was used as

the template in a series of 6 PCRs that generated overlapping products
covering the entire genome and ranging in size from 2.0 to 2.7 kb. Primers
were designed on the basis of the VSV-G/GFP sequence (GenBank acces-
sion number FJ478454). PCR was performed using the Expand High Fi-
delity PCR kit (Roche Diagnostics, Indianapolis, IN), and the reaction
products were purified using the QIAquick PCR Purification kit (Qiagen).
Purified products were sequenced by the W. M. Keck DNA Sequencing
Facility (Yale University). Sequencing of each PCR product was per-
formed on both the sense and antisense DNA strands. Potential sequenc-
ing ambiguities that arose in one strand were resolved by inspection of
sequence results from the complementary strand.

Restriction digestion using BsrDI (New England BioLabs, Beverly,
MA) was performed to assess homogeneity of the mutation throughout
the VSV-rp30 population. A 2,126-bp PCR product was amplified from
VSV-G/GFP and VSV-rp30 cDNA using the same methods as described
above and primers 960F, 5=-AAA ACC CTG CCT TCC ACT TC-3=, and
3047R, 5=-AAC AGA TCG ATC TCT GTT AG-3=, at an annealing tem-
perature of 52°C for 30 cycles. The presence of the C1772T mutation in the
gene for the P protein of VSV-rp30 creates a unique BsrDI restriction site
that yields two smaller species of 1,298 bp and 828 bp. PCR products were
purified and quantified as described above, and 350 ng of each was in-
cluded in restriction digestion reactions and incubated according to the
manufacturer’s instructions. Digestion products were run on 1.2% aga-
rose gels stained with ethidium bromide.

VSV-P126 and VSV-L223 plasmid construction, virus recovery, and
verification. The plasmid pVSV-G/GFP encoding the parent virus was
constructed from pVSV-XN2 (43) and pBS-G/GFP as described previ-
ously (44). To construct the genomic VSV plasmid encoding the P126
mutation, a 1-kb BstZ17I-XbaI fragment spanning the N and P genes and
including the mutation site was first digested from pVSV-XN2 and then
subcloned into pEBX, a modified pCR-Blunt II-TOPO plasmid (Invitro-
gen). The pEBX plasmid was generated by inserting a short linker encod-
ing a BstZ17I site into the multiple-cloning site (MCS) of pCR-Blunt
II-TOPO between the EcoRI and XbaI sites. This linker was prepared by
digesting an annealed pair of complementary oligonucleotides and, after
insertion, yielded the following modified sequence between the EcoRI and
XbaI sites: 5=-GAATTC CA GTATAC TAT TCTAGA-3= with the EcoRI,
BstZ17I, and XbaI sites (in that order) underlined. Insertion of the 1-kb
N/P gene BstZ17I-XbaI fragment digested from pVSV-XN2 into pEBX
yielded the subclone pN/Psub. Next, a 0.4-kb BlpI-XbaI fragment of pN/
Psub was removed and replaced with a comparable gene-synthesized frag-
ment (Genscript, Piscataway, NJ) encoding the P126 mutation to create
the plasmid pN/P-P126. This newly mutagenized BstZ17I-XbaI fragment
was then digested from pN/P-P126 and used to replace the comparable
sequence of pVSV-G/GFP to create pVSV-P126.

To construct the VSV plasmid bearing the L223 mutation, a 4.4-kb
NheI-FseI fragment encoding the N-terminal half of the L protein gene
was digested from pVSV-XN2 and then subcloned into pENFP, another
modified version of pCR-Blunt II-TOPO. The pENFP plasmid was gen-
erated by first digesting pCR-Blunt II-TOPO with FseI and DraIII, blunt-
ing the ends, and then ligating to destroy the FseI and DraIII restriction
sites located in an unused Zeocin resistance gene in the plasmid backbone.
This procedure resulted in the deletion of 77 bp between the FseI and
DraIII sites to create pCR-Blunt II-TOPO(�)FseI/DraIII. Next, a short
linker encoding an NheI and FseI site was inserted into the MCS of pCR-
Blunt II-TOPO(�)FseI/DraIII between the EcoRI and PstI sites to create
pENFP. This linker was prepared by digesting an annealed pair of com-
plementary oligonucleotides and, after insertion, yielded the following
modified sequence between the EcoRI and PstI sites: 5=-GAATTC GC
TAGC ATA GGCCGGCC CTGCAG-3= with the EcoRI, NheI, FseI, and
PstI sites (in that order) underlined. Insertion of the 4.4-kb L gene NheI-
FseI fragment digested from pVSV-XN2 into pENFP yielded the subclone
pLsub. Next, a 0.3-kb SacII-BstAPI fragment of pLsub was removed and
replaced with a comparable gene-synthesized fragment (Genscript) with
the L223 mutation to create the plasmid pL-L223. This newly mu-
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tagenized NheI-FseI fragment was then digested from pL-L223 and used
to replace the comparable sequence of pVSV-G/GFP to create pVSV-
L223.

Recombinant VSVs were recovered from pVSV-P126 and pVSV-L223
plasmid DNA through transfection of BHK-21 cells and infection with
vaccinia virus-T7 (45, 46). Seed stocks of the additional plasmids used in
recombinant VSV recovery (pBS-N, pBS-P, and pBS-L), along with the
plasmids pVSV-XN2 and pBS-G/GFP, were kindly provided by J. Rose
(Yale University). Verification of the successful recovery of VSV-P126 and
VSV-L223 was performed by sequencing RT-PCR products amplified
from genomic RNA harvested from infected BHK-21 cells. VSV-P126,
VSV-L223, VSV-rp30, and VSV-G/GFP were compared for infection ef-
fects, replication rates, and plaque sizes in several human melanomas.

Quantification of infection and cytotoxicity. All VSV variants ex-
press the GFP reporter gene. Cells were seeded in either 24- or 12-well
dishes at 5 � 104 or 1 � 105 cells per well, respectively, and incubated
overnight. VSV variants were added by changing the medium to medium
containing the indicated viral concentration for a final multiplicity of
infection (MOI) of 0.1 or 10 PFU per cell, respectively. At the indicated
time points, ranging from 24 to 48 h, infectivity rates of melanoma cul-
tures were assessed as the number of GFP-positive cells compared to the
total amount of cells, using an Olympus IX71 fluorescence microscope
connected to a SPOT RT digital camera (Diagnostic Instruments, Sterling
Heights, MI). A minimum of 10 microscopic fields were quantified per
condition. Phase-contrast imaging was used for assessment of cytopathic
effects (CPE) (rounding, blebbing, detachment, shrinkage, and cell fu-
sion). Cytotoxicity was quantified using ethidium homodimer (EthD-1;
Molecular Probes, Eugene, OR), which labels dead cells with a red nuclear
fluorescence. EthD-1 stock solution was added to infected cultures in
24-well dishes at the indicated time points for a final concentration of 4
�M. Dead cells were quantified in experimental culture dishes after virus
infection using a fluorescence microscope.

Interferon treatment. Interferon pretreatment was performed by in-
cubating cultures with medium containing 100 IU/ml human IFN-�A/D
(catalog no. I4401; Sigma-Aldrich) for 3 h before adding virus at an MOI
of 10. IFN-�A/D is a hybrid molecule based on recombinant human
IFN-�A and -�D and acts on both mouse and human IFN-� receptors, as
explained in the Sigma I 4401 product sheet.

Quantitative RT-PCR for analysis of interferon-stimulated genes
(ISGs) in human melanoma. RNA from human melanoma cultures with
or without 6-h IFN-� treatment was isolated from cell lysates using the
RNeasy Plus kit (Qiagen, Valencia, CA). DNase-treated RNA was reverse
transcribed using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA,
USA). TaqMan gene expression assays were used for quantitative PCR of
�-actin and interferon-stimulated genes OAS-1 and Mx1 using an ICycler
iQ Real Time PCR system (Bio-Rad, Hercules, CA, USA). Assays were
purchased from Applied Biosystems (Foster City, CA). Each sample was
measured using triplicate PCRs. OAS-1 and Mx1 quantities were normal-
ized to corresponding �-actin expression levels for each cell type.

Animal procedures. For human melanoma xenografts, 4- to 6-week-
old immunodeficient homozygous CB-17-SCID mice (Taconic, Inc.)
were used. For subcutaneous flank tumor xenografting, mice were anes-
thetized using a 20% (vol/vol) isoflurane-propylene glycol mix. Mela-
noma cells (5 � 105) tested for pathogen-free status were suspended in
phosphate-buffered saline (PBS), and 100-�l suspensions were injected
into a skin fold on the flanks of the mice. Mice received subcutaneous
flank xenografts at up to 4 different sites. Palpable tumors formed within
3 weeks. For intracranial melanoma xenografts, mice were anesthetized by
intraperitoneal (i.p.) injection of a ketamine-xylazine mixture (100 and
10 mg/kg body weight, respectively) and placed into a stereotactic frame.
A Hamilton syringe controlled by a Stoelting stereotactic injector (Stoelt-
ing, Wood Dale, IL) was used to inject 1 �l of melanoma cell suspension
containing 5 � 104 cells into the striatum (2 mm lateral, 0.4 mm rostral to
bregma, at a 3-mm depth). The following human melanoma cells were
used for intracranial tumor grafts: red fluorescent rYUMAC, melanotic

YUSIK, or amelanotic YUSIT. For systemic virus application, a single
bolus of VSV-rp30 (1 � 108 PFU in 100 �l PBS) was injected via tail vein.
Animals were monitored daily for body weight, grooming, and overall
health. Mice were euthanized with a pentobarbital overdose and perfused
transcardially with 4% paraformaldehyde at the indicated time points
ranging from 2 to 5 days after virus inoculation. Subcutaneous and intra-
cranial tumors were examined via fluorescent stereomicroscope (Olym-
pus SZX12; Olympus Optical, Tokyo, Japan) before microtome section-
ing for subsequent histological analysis. All experiments were performed
in accordance with institutional guidelines of the Yale University Animal
Care and Use Committee.

RESULTS
VSV-rp30 selectively infects a broad range of human melanoma
cells. Little is known about VSV targeting of human melanoma
cells freshly derived from patients undergoing resective surgery
and potential correlations between melanoma mutation profiles
and the susceptibility to viral oncolysis. Here, we present for the
first time a large panel of different human melanomas with dis-
tinct growth characteristics and mutational defects. Of the 19 hu-
man patient-derived melanoma samples tested, 5 originated from
primary tumor sites; all other melanomas were collected from
metastatic or recurrent sites (Table 1).

Compared to the parent wild-type-based VSV-G/GFP, VSV-
rp30 showed somewhat enhanced infectivity toward human glio-
blastoma (35) and sarcomas (36). To determine the general sus-
ceptibility of human melanomas for VSV-rp30 infection,
semiconfluent cultures of 17 human melanoma samples were in-
fected at a high (10) and low (0.1) MOI. Fluorescence microscopy
was used to detect GFP expression to quantify infection rates at 36
h postinoculation (hpi). The ratio of the number of infected cells
to total cells is shown in Fig. 1A.

Fourteen of 17 melanomas showed complete or nearly com-
plete infection by 36 hpi with a high MOI. Three melanoma types,
YUKIM, YULOVY, and YUROL, showed less than 50% infection,
even with a high MOI of VSV-rp30, indicating a partial resistance.
In contrast, normal human melanocytes were remarkably resis-
tant to VSV-rp30 even at a high MOI, with only 3.8% � 0.6% cells
infected after 36 h.

Low MOI (0.1) conditions are useful to test for the oncolytic
potency of a virus since it factors in viral replication as a prereq-
uisite for complete infection of a culture. At a low MOI, the ma-
jority of melanoma derivations (11 of 17) showed complete infec-
tion by 36 hpi. These include YUAME, YUFIC, YUGen8,
YUMAC, YUPEET, YURIF, YUSIK, YUSIT, YUSIV, YUTICA,
and 501Mel. Four melanomas, YUKIM, YUNIGE, YUROL, and
YULOVY, displayed significantly reduced infection rates, showing
fewer than 30% of cells infected. YUDOSO and YUHEF showed
substantial infection, with 60 to 80% of cells infected. VSV suscep-
tibility of melanomas with BRAF mutation V600E or V600K was
significantly higher than that of non-BRAF-mutated cells (P �
0.02; Mann-Whitney test) (see Fig. 6A, left box). In contrast,
NRAS mutation status did not have a significant effect on infec-
tion rates (see Fig. 6A, center box) compared to infection rates in
cells with wild-type status for BRAF and NRAS (see Fig. 6A, right
box).

To corroborate the view that infection as determined by re-
porter gene expression correlates with cell death, we studied cyto-
pathic effects using phase-contrast microscopy. This analysis
revealed infected cells displaying robust cytopathic effects (round-
ing, blebbing, membrane fusion, and detachment) (Fig. 2A, col-
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umn 2). The ratios of the number of cytopathic cells to the total
number of cells paralleled the infection ratios and are shown in
Fig. 1B (correlation coefficient for all GFP expression rates versus
cell death rates, R, was 0.94 for low MOI and 0.93 for high MOI).
Consistent with the small number of cells showing reporter gene
expression, normal human melanocytes showed very few signs of
cytopathic effects (see Fig. 3C).

Ethidium homodimer (EthD-1) stains dead cells only after the

integrity of the plasma membrane has deteriorated. To corrobo-
rate our morphological analysis, an EthD-1 cell death assay was
used to assess a representative selection of human melanoma to
confirm the correlation between morphological CPE of virus and
subsequent cell death (Fig. 2A, right column). Quantification of
ratios of EthD-1-indicated that cell death rates were comparable
to CPE (Fig. 2B) at 36 hpi with VSV-rp30 (0.1 MOI), yielding a
correlation coefficient, R, of 0.87. These data are consistent with

TABLE 1 Summary of susceptibility of human melanoma cells for VSV infection and genetic and clinical characteristicsa

Melanoma sample
ID

Low MOI
infection

VSV
replication

IFN
insensitivity

OS
score

Gene mutation
status

Clinical characteristic/site(s)
Gender/age
(yr)BRAF NRAS

YUSIK ��� ��� ��� 9 V600E WT Metastasis/lymph node F/49
501MEL ��� ��� ��� 9 V600E WT Metastasis/lymph node M/71
YUMAC ��� ��� ��� 9 V600K WT Metastasis/back M/52
YUSIT ��� ��� ��� 9 V600K WT Metastasis M/67
YUTICA ��� ��� � 7 WT Q61R Metastasis/pleural fluid M/65
YUSIV ��� ��� � 7 WT WT Metastasis/chest F/61
YURIF ��� ��� � 6 V600K WT Recurrence/thigh M/52
YUFIC ��� � 4 WT Q61R Metastasis/lymph node M/65
YUCYLO ��� � 4 V600E WT Primary/upper arm F/62
YUPEET ��� �� � 5 V600E WT Primary/back M/54
YUAME ��� �� � 5 WT G13R Metastasis/lymph node M/61
YUGEN8 ��� �� 5 V600E WT Metastasis/brain F/44
YUHEF �� ��� ��� 8 WT WT Metastasis/lung M/52
YUDOSO �� � � 4 WT Q61K Primary/abdomen M/84
YUNIGE � �� �� 5 WT WT Metastasis/brain, CSF M/59
YUFULO � � 2 WT Q61L Primary/ocular uveal M/86
YUROL � � � 3 WT WT Recurrence/calf M/85
YUKIM � �� � 2 WT Q61R Metastasis/lymph node F/71
YULOVY � � � 0 WT Q61L Primary/calf F/83
a Human melanoma cells were ranked for their susceptibility to VSV infection at low MOI (0.1), as follows: ���, 80 to 100%; ��, 50 to 79%; �, 10 to 49%; �, less than 10%.
The OS (oncolytic susceptibility) score reflects the sum of individual scores for infectivity (0 to 3), interferon resistance (0 to 3), and viral replication capacity (0 to 3), with 9 being
the highest OS score and 0 being the lowest. WT, wild type; CSF, cerebrospinal fluid.

FIG 1 VSV-rp30 infection of 17 short-term human melanoma cultures. Cultures of human melanoma from primary and metastatic sites were infected with
VSV-rp30 at a low (0.1) or high (10) MOI with VSV-rp30 and analyzed 36 h later for viral infection (A) displayed as percentage of GFP-expressing cells and for
rates of cytopathic effects (B). Viral infection was correlated with cytopathic effects.
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the notion that CPEs observed after VSV infection are indicative
of subsequent cell death. YULOVY cells were highly resistant to
VSV-rp30 infection as indicated by low GFP and EthD-1 ratios,
whereas the other melanomas showed a high level of dead cell
staining. In addition to the 17 human melanoma cultures listed
above that were systematically compared in parallel experiments,
two additional primary melanoma cultures (YUCYLO and YU-
FULO) were assessed independently for GFP expression and lytic
effects after VSV infection in separate experiments (data not
shown). A summary of infection susceptibility and other charac-
teristics for all tested 19 melanomas is shown in Table 1.

Effect of interferon administration on VSV infection of hu-
man melanoma. The selectivity of the oncolytic action of VSV is
based in part on its sensitivity to interferon-mediated antiviral
defenses that protect normal cells from infection. This IFN re-
sponse is often compromised in tumor cells of various derivations
(29, 47). On the other hand, IFN-� has been used as a therapeutic
agent against melanoma and displays a relapse-free survival ad-
vantage (48).

Tumor responses to IFN vary substantially, possibly indicating
that defects in IFN signaling are present in a substantial number of
melanomas. We therefore addressed to what extent IFN-� inhibits
VSV infection and cell death of human melanoma cells. Cultures
of human melanomas were incubated with 100 IU IFN-�A/D for
3 h prior to application of VSV-rp30 at an MOI of 10. Thirty-six
hours later, fluorescence microscopy was used to quantify GFP
expression, indicative of infection rates (Fig. 3A). Approximately
37% of the human melanomas tested (7 of 19, i.e., YUHEF,
YUMAC, YUNIGE, YUSIK, YUSIT, YUGEN8, and 501Mel) were
unresponsive to IFN-mediated protection from VSV-rp30 infec-
tion. In contrast, IFN almost completely blocked infection of
YUAME, YULOVY, YUPEET, and YURIF cells, all of which ex-
cept YULOVY were completely infected by VSV under control
conditions (Fig. 1A). In addition, IFN reduced infection rates in
YUDOSO, YUFIC, YUKIM, YUROL, YUSIV, and YUTICA. The
effect of IFN pretreatment on VSV-rp30 infection of human mel-
anoma cells was independent from either BRAF or NRAS muta-
tion status (see Fig. 6B).

FIG 2 Oncolytic action of VSV on human melanoma. (A) Representative collection of 5 human melanoma cultures infected with VSV-rp30 at an MOI of 0.1 for
36 h. EthD-1 (red) labels the nuclei of dead or dying cells. Fluorescence imaging reveals a strong correlation between the number of infected cells (green) and dead
cells (red) and the appearance of cytopathic effects (phase-contrast images). (B) Bar graph showing quantification of cytotoxicity of 7 human melanoma cultures
infected with VSV-rp30 at an MOI of 0.1 using EthD-1 cell death staining.
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Interestingly, cytopathic effect rates noticeably exceeded infec-
tion rates in the presence of IFN (Fig. 3B) compared to control
conditions, in which the extent of cytopathic effects paralleled
infection rates (R � 0.81). Even in cells displaying low infection
rates, widespread cell death was seen (YUDOSO, YUFIC, YUKIM,
YURIF, and YUTICA), suggesting a possible synergistic effect of
VSV infection and interferon. We did not, however, observe direct
cytotoxicity of IFN-� on these melanomas in the absence of VSV-
rp30, with cell numbers in IFN-treated dishes not significantly
different from control cell numbers (data not shown). In contrast
to the modest attenuation of infection rates of VSV-rp30 by IFN in
melanoma, normal human melanocytes were completely pro-
tected by IFN (Fig. 3).

Expression of interferon-stimulated genes (ISGs) in mela-
noma cells compared to normal melanocytes. In order to assess
the responses of human melanoma and normal melanocytes to
interferon application, we used quantitative reverse transcription-
PCR (qRT-PCR) to examine the expression of two well-character-
ized interferon-stimulated genes, Mx1 and OAS (49, 50). After 6 h
of IFN-� treatment (100 U/ml), RNA harvested from normal hu-
man melanocytes showed a substantial increase in levels of Mx1
(1,900-fold) and OAS (2,930-fold) compared to untreated con-
trols. In contrast, 11 melanomas varied substantially in their IFN
response and displayed significantly less induction of ISGs than
did control cells. Three melanoma cultures (YUTICA, YUMAC,

and YUSIT) showed a considerable induction of ISGs in the range
of several hundredfold for Mx1 and OAS. The remaining 8 mela-
nomas showed relatively little induction of ISGs compared to nor-
mal melanocytes, with particularly low values seen in YUSIK,
501mel, YULOVY, YUNIGE, and YUDOSO, which responded to
IFN treatment with Mx1 induction of only 1.2- to 5-fold and
YUDOSO and YULOVY, which showed an OAS induction of only
5- to 6-fold (Fig. 4). Interestingly, with some melanoma cultures,
such as YUSIK and 501mel, the strongly attenuated ISG induction
correlated with a lack of protection by IFN from VSV-rp30 infec-
tion, whereas in other melanomas it does not. Examples for the
latter include YULOVY, YUAME, and YURIF, which when
treated with IFN show little induction of the tested ISGs but are
completely protected from VSV-rp30 infection. Conversely, the
melanomas with the strongest upregulation of ISGs, YUMAC and
YUSIT, paradoxically showed no protection of these cells by IFN
from VSV infection (Fig. 3 and Table 1). The finding that inter-
feron-induced expression of antiviral effectors Mx1 and OAS is
not highly predictive of the level of IFN-mediated viral resistance
in melanoma cells suggests that ISG expression may not consis-
tently correlate with virus susceptibility.

Comparison of recombinant VSVs in infecting melanoma.
An important factor determining the potency of an oncolytic viral
agent is the speed with which it can replicate and locally amplify
the cytolytic effect before the adaptive immune system mounts an

FIG 3 IFN pretreatment retards VSV-rp30 infection and cytolytic rates on some human melanomas. (A) The presence of IFN reduced infection in about one half
of melanoma samples tested at 36 hpi. (B) The other half of the melanoma samples displayed cytopathic effects after VSV-rp30 infection even in the presence of
IFN. (C) Panel of representative images of YUMAC melanoma cells and normal human melanocytes (control cells) taken 24 h after VSV-rp30 inoculation at high
(10) or low (0.1) MOI and in the presence of IFN-�. Phase-contrast images show normal cell morphology or cytopathic effects. GFP expression indicates viral
infection.
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effective response. From this perspective, a virus with faster repli-
cation may present a favorable phenotype. Employing standard
plaque assay techniques, we quantified the replication rates of
VSV-rp30 and wild-type-based VSV-G/GFP on 15 melanoma cul-
tures and normal human melanocytes. Eighty percent confluent
duplicate cultures were infected with each virus at an MOI of 0.1.
Samples of supernatant were collected at 7 hpi and at a later time
point, 24 hpi. At 7 hpi, virus progeny production varied widely
between different melanoma cultures, ranging from 102 to 106

PFU/ml. VSV-rp30 produced significantly higher titers of prog-
eny than VSV-G/GFP in 13 of 15 melanoma cultures (Fig. 5A). For
12 of these cultures (excluding outlier YUROL) the mean (and
standard error of the mean [SEM]) difference of viral replication
was 3.8 � 0.6 in favor of VSV-rp30. One melanoma culture,
YUROL, had an unusually high replication advantage of VSV-
rp30 over VSV-G/GFP; however, replication in YUROL was also
unusually low and thus showed a relatively large error in the mea-
surement. One melanoma culture, YUDOSO, showed higher ti-
ters for VSV-G/GFP than for VSV-rp30 (64-fold). Viral titers were
higher at 24 hpi, ranging from 105 to 3 � 109 PFU/ml. Differences
between total virus propagation of VSV-rp30 and VSV-G/GFP
were less apparent, suggesting that VSV-rp30’s advantage is a fac-
tor of speed more than total progeny produced/cell (Fig. 5B). In
contrast, measurable viral replication in normal melanocytes was
absent at 7 hpi and was highly reduced compared to 14 of 15
melanomas after 24 h. Although not statistically significant, mel-
anoma cells with BRAF mutations showed a clear trend toward
greater replication than cells without these mutations (P � 0.07;
Mann-Whitney test) (Fig. 6C). No such trend was observed in
NRAS-mutated cells (P � 0.14).

We also compared VSV-rp30 and VSV-G/GFP with two atten-
uated VSV-variants, VSV-M51 and VSV-CT9-M51. A represen-
tative panel of 5 melanoma cultures were infected with VSV at a
low MOI of 0.1 and assessed for CPE rates at 24 hpi. All 5 mela-
nomas, YUFIC, YUHEF, YUROL, YUTICA, and YUGen8, were
nearly dead or dying after VSV-rp30 infection, with a mean of
93.0% � 2.6% for all 5 samples. In contrast, infection with VSV-
G/GFP (60.3% � 6.9%), VSV-M51 (55.4% � 4.0%), and VSV-
CT9-M51 (41.4% � 9.0%) resulted in significantly less cell lysis at
24 hpi (Fig. 5C). Importantly, at later time points, even the most
attenuated VSV variants resulted in widespread cell death of the

melanoma tested (data not shown), indicating that all four VSVs
successfully killed multiple melanoma cultures.

VSV-rp30 genome sequencing reveals two nonsynonymous
mutations. VSV-rp30 was originally generated through repeated
passage of VSV-G/GFP on human glioblastoma U87 cultures to
select viral progeny with faster growth kinetics on multiple human
gliomas (35). To identify the mutation(s) associated with this phe-
notype, we sequenced the entire genome of VSV-rp30 and the
parent strain VSV-G/GFP (Fig. 7). The sequences of both viruses
were found to be identical except for four point mutations located
in the genes for the P protein (C1772T) and L protein (G7693T,
A11712G, and C11736T), with nucleotide numbering according
to GenBank accession number FJ478454 (Fig. 7B). Inspection of
the sequence chromatograph data indicated that all of the detected
VSV-rp30 mutations were represented by a single unambiguous
chromatographic peak (Fig. 7B), suggesting that these mutations
were present throughout the VSV-rp30 viral population. The
C1772T mutation appears in the second position of codon 126 of
the P protein gene and results in a replacement of the serine (S) in
VSV-G/GFP with a leucine (L) in VSV-rp30 (S126L). The G7693T
mutation appears in the first position of codon 223 of the gene for
L protein and results in a replacement of the asparagine (D) in
VSV-G/GFP with a tyrosine (Y) in VSV-rp30 (D223Y). The
A11712G and C11736T mutations were both silent base substitu-
tions appearing in the third position of codons 1562 and 1570 of
the L protein gene. Since the C1772T mutation results in the cre-
ation of a Bsr DI restriction site in VSV-rp30, we were able to
further assess the apparent homogeneity of this mutation within
the viral population by means of restriction digestion. Using a
2.1-kb PCR product encompassing the C1772T mutation site, Bsr
DI yielded a complete digestion of the VSV-rp30-amplified PCR
product and no detectable digestion of VSV-G/GFP-derived
product (Fig. 7C). These results indicate an absence of any detect-
able sequence heterogeneity within the VSV-rp30 population at
the identified mutation site.

Because sequencing VSV-rp30 revealed two nonsynonymous
mutations, we asked whether both mutations are required for the
oncolytically enhanced phenotype of VSV-rp30. We generated
single mutant variants VSV-P126 and VSV-L223 by inserting the
corresponding mutations into the parental wild-type-based strain
VSV-G/GFP. Plaque-purified and expanded stocks of VSV-G/

FIG 4 Reduced induction of interferon-stimulated genes in melanoma compared to normal melanocytes. Quantitative RT-PCR was applied for gene expression
studies on control and IFN-�A/D-treated cultures of 11 human melanoma samples and normal human melanocytes. Two specific interferon-stimulated genes
(ISGs), Mx1 (A) and OAS (B), were analyzed. �-Actin was used as a reference for each cell type to normalize expression levels. Data reflect the fold induction
relative to nontreated control cultures. Normal melanocytes showed induction levels of several thousandfold for both ISGs. In contrast, melanoma tumor cells
showed significantly reduced induction of ISGs.
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GFP, VSV-rp30, VSV-P126, and VSV-L223 were generated at the
same time and compared for infectivity, spread, and propagation
in three human melanoma cultures. Cells were infected at an MOI
of 0.1 and analyzed at 15 hpi (Fig. 7D). Infection rates were higher
in VSV-rp30-infected cultures than in VSV-G/GFP-infected cul-
tures for all three melanomas tested. Similarly, single mutant
VSV-P126 showed GFP expression rates greater than that of VSV-
G/GFP but lower than that of VSV-rp30. VSV-L223, on the other
hand, showed little or no increased infectivity compared to VSV-
G/GFP (Fig. 7E). For quantification of viral progeny generation of
the 3 VSV variants, we used plaque assays of serial dilutions of

supernatants of infected melanoma cells collected at 15 hpi.
VSV-rp30 reached titers 5.2-fold higher than those of VSV-G/
GFP. The single mutant VSV-P126 increased titers 2.2-fold
compared to VSV-G/GFP. VSV-L223 did not increase viral ti-
ters significantly (Fig. 7F). The inability of a single mutant to
recapitulate the full effect of VSV-rp30 and the absence of a
substantive effect of the L-protein mutation alone suggest the
possibility for a synergistic relationship between the two active
mutations.

We next used viral plaque size measurements on human mel-
anoma cultures. Virus dilutions were plated onto melanoma
monolayers, covered with an agar overlay, and analyzed a day later
(Fig. 7G). VSV-rp30 (mean � SEM, 131% � 2.4%) and VSV-
P126 (120% � 2.5%) generated larger plaques than the parent
virus VSV-G/GFP (100% � 2.1%). VSV-L223 showed little to no
difference compared to VSV-G/GFP (101% � 2.2%).

FIG 5 Replication and oncolytic effects of different VSVs in melanoma cells.
Viral replication was quantified at 7 (A) and 24 (B) hours following virus
inoculation at an MOI of 0.1. For most melanoma cells, infection of VSV-rp30
(black diamonds) resulted in higher titers than VSV-G/GFP (white dia-
monds), with a particularly significant difference at the early time point. Viral
replication in normal melanocytes yielded significantly smaller amounts of
VSV progeny. (C) Comparison of low MOI (0.1) infection of different VSV
(VSV-G/GFP, VSV-rp30, VSV-M51, and VSV-CT9-M51) on 5 different hu-
man melanoma cultures at 24 hpi. VSVrp30 showed the strongest cytopathic
effect on melanoma cells. Displayed is the percentage of cytopathic effects
compared to noninfected controls. This was based on analysis of duplicate
cultures and 10 microscopic fields per cell type and condition. Horizontal red
bars indicate the mean values of 5 melanoma cultures combined.

FIG 6 Relationship between BRAF and NRAS mutation status and VSV sus-
ceptibility. Box plots of human melanoma cells are grouped according to their
melanoma-associated BRAF (dark gray panels) and NRAS (light gray panels)
mutation status. WT/WT (white panels) indicates wild-type gene status for
both BRAF and NRAS. Parameters assessed for correlation were (i) infectivity
at low MOI (0.1) (A), (ii) infectivity after IFN pretreatment (B), and (iii) viral
replication (C). All melanoma cells with BRAF mutation show a strong sus-
ceptibility for VSV infection, whereas NRAS-mutated cells and wild-type cells
vary in their susceptibility. No association was found for RAS mutation and
VSV susceptibility. Horizontal bars within a box indicate group means; statis-
tically significant difference is defined at P values of 	0.05 using the Mann-
Whitney test.
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Defined mutation pattern in oncogenically transformed
mouse melanocytes correlates with VSV susceptibility. Most
cancers are caused by a combination of mutations that lead to
unrestricted growth. Although the status of two melanoma-asso-
ciated mutations (in BRAF and NRAS) was determined for most
of the human melanomas tested in our study, the complete set of
mutations was not. We therefore employed a mouse melanoma

model with only one to three defined mutations. The number of
mutations required for cancer formation can be relatively small.
In mice, induction of changes in as few as two genes can transform
melanocytes into melanoma cells with high penetrance in vivo
(40). We asked whether an increased level of VSV infection cor-
related with particular mutations driving melanoma formation.
Mouse melanomas were formed by induction of specific muta-

FIG 7 VSV-rp30 sequencing and mutation identification. Sequencing of the entire genome for both VSV-G/GFP and VSV-rp30 was performed using genomic-
length cDNAs. (A) Diagram illustrating the parent VSV-G/GFP genome and the positions of the four mutations (C1772T, G7693T, A11712G, and C11736T)
identified in the glioblastoma cell-adapted variant VSV-rp30. (B) Sections of the sequencing chromatographs showing both the parent VSV-G/GFP (above) and
the mutated VSV-rp30 codons (below). Altered nucleotides are shown in bold type. The affected protein and corresponding amino acid positions are shown
below each pair of chromatographs. Nucleotide numbering is based on the VSV-G/GFP sequence (GenBank accession number FJ478454). (C) BsrDI restriction
digestion of a 2.1-kb PCR product encompassing the C1772T mutation site identified in the P gene of VSV-rp30. VSV-rp30 PCR product incubated in the
presence (�) of BsrDI resulting in the complete digestion of the product into the predicted 1.3-kb and 0.8-kb fragments (lane 5), indicating that all of the
VSV-rp30 product contained the C1772T mutation recognized by BsrDI. (D) Representative panel of micrographs showing phase-contrast and corresponding
GFP fluorescence of YUSIK melanoma tissue infected with VSV-G/GFP, VSV-rp30, VSV-P126, and VSV-L223 at an MOI of 0.1 at 15 hpi. (E) Graph depicting
infection rates using GFP expression analysis for each VSV variant on three different human melanomas (mean � SEM; n � 10 microscopic fields per condition).
(F) Comparison of replication of VSV variants on 3 different human melanoma samples. Horizontal lines show means of duplicate titer determinations. (G)
Comparison of plaque sizes. Black circles indicate mean (� SEM) relative plaque sizes compared to control VSV-G/GFP plaque diameters (n � 60 per condition).
The “mean” row shows the combined mean relative plaque sizes from all three melanoma cells tested.
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tions in Braf, Pten, Cdkn2a, and beta catenin (Ctnnb1) in various
combinations (40, 41). In order to investigate whether there is a
correlation between transforming mutations and VSV oncolysis, 7
mouse melanoma cell lines with different induced mutations and
normal mouse melanocytes were infected at a low MOI (0.1) and
analyzed for GFP expression and cytopathic effects at 24 hpi.

Although no clear correlation between any single mutation
and the extent of VSV infection was observed, we noted a trend
toward increased infection rates in melanoma cells with a greater
number of mutations compared to melanomas with fewer mutations
or melanocytes with no mutations (Fig. 8). For example, melanoma
designation 1111, with only two mutations (Pten and Cdkn2a),
showed an infection rate 7-fold lower than those of melanoma type
2901 or 0888, with three mutations (Braf, Pten, and Cdkn2a). Com-
paring the infectivity of three-mutation melanoma cells with that of
two-mutation melanoma cells revealed a trend toward higher suscep-
tibility of cells with more mutations (P � 0.09; one-tailed Mann-
Whitney-Wilcoxon test) for VSV infection.

Targeting single and multiple intra- and extracranial human
melanoma xenografts by intravenously administered VSV. We
previously showed that systemically applied VSV successfully tar-

gets human glioma and sarcoma in intracranial and subcutaneous
in vivo tumor models (27, 36). Here, we address the potential of
VSV-rp30 to target human melanoma in vivo after tail vein injec-
tion; immunocompromised CB17 SCID mice received either sub-
cutaneous or intracranial xenografts or a combination of both. To
emphasize the multisite characteristic of metastatic melanoma,
mice received up to 4 subcutaneous flank tumors (Fig. 9A, dis-
playing two tumors). To facilitate the identification of tumor cells,
human YUMAC cells were stably transfected with a red fluores-
cent protein (RFP) reporter gene (in the following referred to as
rYUMAC) (Fig. 9B and C). Three weeks after tumor seeding, mice
received an intravenous application of 100 �l VSV-rp30 contain-
ing 108 PFU. Tumors were harvested at 3 or 5 days postinfection
(dpi). Fluorescence microscopy analysis of the subcutaneous
rYUMAC melanoma masses revealed substantial (3 dpi) or com-
plete (5 dpi) infection of the tumor mass, which could easily be
distinguished from surrounding normal tissue due to its red flu-
orescence (Fig. 9E and H). GFP expression in VSV-infected tu-
mors indicated selective and complete targeting of the red tumor
mass. No viral infection was noted in the surrounding tissue or in
sections of liver, spleen, or heart (not shown).

FIG 8 VSV-rp30 infection and cytopathic rates on mouse melanoma with defined mutation pattern. (A) Oncogenically transformed mouse melanocytes
expressing combinations of Braf, Pten, Cdkn2a, or beta catenin and normal mouse melanocytes were infected by VSV-rp30 at an MOI of 0.1. Infection rates and
cytopathic effect rates were quantified at 24 h postinoculation. Cells with more mutations showed a trend for greater susceptibility to VSV-rp30 infection than
cells with fewer mutations, with normal mouse melanocytes showing very limited signs of infection. Gray shading in boxes indicates cells with three mutations.
(B) Representative micrographs showing phase-contrast and GFP fluorescence images of infected cultures from cell type 2901, with three mutations, compared
to cell type 1111, with two mutations, and normal mouse melanocytes.
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To assess the long-term safety of VSV-rp30, adult Swiss-Web-
ster mice (n � 18) were given a strong dose of intravenous virus
(108 PFU) into the tail vein. Over the course of 
30 days, we
found no negative consequences. All mice remained healthy and
showed no weight loss and no neurological symptoms. We found
no VSV reporter gene expression in any of the major organs after
the mice were euthanized. These data suggest that widespread vi-
rus inoculation does not generate health problems and that the
virus is eliminated over time.

For intracranial melanoma xenografts using stereotactic injec-
tion of 1 �l of melanoma cell suspension containing 5 � 104 cells,
three different melanoma cultures were chosen for CNS place-
ment: rYUMAC (n � 5), melanotic YUSIK (n � 6), and amela-
notic YUSIT (n � 6). Of the mice receiving intracranial rYUMAC,
three also carried subcutaneous rYUMAC tumors and two mice
received 4 intracranial injections each. Of the mice transplanted

with YUSIK or YUSIT, three of each group received a single stri-
atal injection and three mice received intracranial injections at
three different locations plus subcutaneous tumor grafts. Four to 6
weeks after melanoma inoculation, most mice received 100 �l of
VSV-rp30 containing 108 PFU. Additionally, a short-term tumor
growth protocol was used for two rYUMAC-carrying mice, in
which VSV-rp30 was applied 5 days after intracranial tumor in-
jection. Brains of mice were harvested between 2 and 5 days and
analyzed using fluorescence microscopy for signs of VSV targeting
of the tumor masses. YUSIK tumors (Fig. 10A) and single tumor
cells (Fig. 10C) were highly melanotic and could be microscopi-
cally detected via bright-field imaging. GFP expression patterns
indicating virus infection were found to be exclusively limited to
melanin granule-containing cells (Fig. 10B and C). Of note, even
cell clusters composed of few cells distant from the main tumor
were successfully targeted by VSV. Importantly, no signs of infec-

FIG 9 Intravenous VSV-rp30 targets multiple subcutaneous melanoma xenografts. SCID mice bearing multiple subcutaneous rYUMAC melanoma xenografts
were given a single tail vein injection of VSV-rp30 (1 � 108 PFU/100 �l). (A) Skin of the back and flank section with bilateral xenografts, with the subcutaneous
(s.c.) side facing up. Human YUMAC melanoma cells modified to express red fluorescent protein (RFP) allow tracing of tumor masses surrounded by normal
tissue, as illustrated by stereomicroscope images (B and C). Green filter images confirm VSV-rp30 infection restricted to red tumor masses at 5 dpi. Microsections
of individual tumors reveal details of close adherence of viral intratumoral spread to the tumor border, as seen in green-red merged low-magnification images (D
and G) and high-magnification details (E, F, H, I).
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tion were seen outside the tumor in the surrounding brain paren-
chyma at the times examined. DAPI (4=,6-diamidino-2-phenylin-
dole) nuclear stain was used to assess cells in the tumor and
surrounding normal brain tissue (Fig. 10E). YUSIT tumor xeno-
grafts were found to grow amelanotic without melanin granules.
As with YUSIK xenografts, the whitish YUSIT tumor mass showed
complete infection by VSV without GFP-reported signs of infec-
tion outside the tumor mass (data not shown).

Two mice intracranially injected with rYUMAC melanoma
cells were used in an alternate setting with a shortened time be-
tween tumor inoculation and virus injection. Five days after tu-
mor inoculation, mice received the same intravenous dose as
above. The rYUMAC short-term tumor xenografts featured cell

dispersion that was easily traceable due to the red fluorescence of
rYUMAC cells and reduced tumor organization with few signs of
tumor vascularization. Three days after systemic VSV-rp30 appli-
cation, brains were harvested, and fluorescence microscopic anal-
ysis revealed successful targeting of rYUMAC short-term grafts by
VSV-rp30 (Fig. 10F to J). This is particularly noteworthy because
the tumors at this stage are considerably smaller and lack the tu-
mor organization shown in tumors grown for weeks. Two addi-
tional mice carrying intracranial rYUMAC tumors were left un-
treated; the mice were sacrificed after 3 weeks, and brains were
analyzed for tumor expansion. Tumors remained strongly posi-
tive for RFP expression; no green fluorescence was detected in the
absence of virus (Fig. 10K to N).

DISCUSSION

In light of the genetic heterogeneity of advanced-stage melanoma,
we tested a large panel of 19 human melanoma samples in which
some of the driver mutations had been identified. As listed in
Table 1, they comprise a wide selection of phenotypes of primary
and metastatic tumors. The majority of the human melanoma
samples tested were highly susceptible to VSV oncolysis; in con-
trast, normal melanocytes were resistant to infection.

Human melanoma samples. Most previous reports on VSV
and melanoma focused on mouse melanoma tumors in syngeneic
models (25, 26, 51, 52). The most commonly used B16 mouse
melanoma model has been referred to in some studies as VSV
resistant or partially resistant (24), whereas in others it was shown
to be VSV susceptible (53). VSV activates an immune response
against mouse melanoma that can reduce tumor mass (54, 55).
Our data showed that VSV is very efficient at infecting and killing
the majority of melanomas tested but was less efficient in targeting
a minority of melanomas. Our samples were directly derived from
excised human melanoma samples with minimal cell passaging.
Recent work on melanoma cell lines that have been long estab-
lished shows a similar refractoriness to virus infection in a minor-
ity of lines (56). Established cancer cell lines often accumulate
additional mutations that promote long-term propagation in
vitro. The human melanoma cells used here were taken directly
from patients’ tissue with minimal passaging and present a closer
approximation of the endogenous genetic and pathological situa-
tion. Thus, our data based on freshly prepared melanoma are con-
sistent with findings based on the long-term cultures of estab-
lished cell lines. In our work with primary human melanoma in
vitro, only 5 of the 19 melanoma samples showed a low rate of
infection after low-titer virus application; the remaining 14 mela-
noma cultures were very susceptible to VSV. This ratio (26% re-
sistance) is consistent with a previous report of VSV infection
resistance rates (22) of established cancer lines from the NCI 60
panel, which included some melanomas, and with a recent report
on 6 established melanoma lines (56). In our hands, the observed
cytopathic effect (CPE) rates and EthD-1-staining of dead cells
across the panel correlated very highly with infection rates (R �
0.94 and R � 0.87, respectively), consistent with the rapid cell
death-inducing consequences of VSV infection (57) and support-
ive of the potential efficacy of VSV as an oncolytic agent in mela-
noma. Importantly, normal human melanocytes showed a re-
markable inherent resistance to infection. To our knowledge, a
direct comparison of VSV susceptibility of human melanoma and
normal human melanocytes has not been described before, nor

FIG 10 Targeting of intracranial human melanoma xenografts by intravenous
VSV-rp30. (A to E) Melanin pigment-filled human melanoma YUSIK cells
were injected stereotactically in the striatum of SCID mice. Border of tumor
mass (A) and isolated cell clusters surrounded by brain parenchyma (C) were
easily traceable in bright-field observation of brain microsections. A single
injection of 108 PFU VSV-rp30 led to complete infection of large tumor masses
(B) as well as isolated tumor cells (D) within 2 days, with limited infection of
surrounding brain tissue; the cellularity of normal brain tissue is indicated by
DAPI nuclear stain (E). Alternatively, the amelanotic human melanoma
YUMAC tissue was stably transfected to express red fluorescent protein for
easy tracing of tumor cells injected into the brain of SCID mice (F to J).
Short-term brain melanoma xenografts (7 days) were established through ste-
reotactic injection into the striatum of SCID mice (F, H). Tail vein injection of
VSV-rp30 led to complete infection of the red tumor cells within 2 days (G, H).
DAPI stain illustrating the cellularity of the brain parenchyma. Red YUMAC
tumor-bearing mice not receiving VSV-rp30 via tail vein were monitored for
an additional 3 weeks, and brains were harvested and analyzed for progressed
tumor growth (K). Detail sections (L) display high cellularity via DAPI stain
(M) and negative signal for GFP fluorescence in the absence of virus (N).
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has there been an analysis of VSV infection in a broad panel of
partially genotyped melanomas.

Melanoma infection and interferon. One mechanism of VSV
oncoselection is based on defects of the interferon pathway (47,
58). Here, in the context of VSV oncolysis of advanced melanoma,
the role of the interferon response is fundamental in two aspects:
(i) IFN is an approved drug for melanoma therapy, and (ii) IFN is
a key element underlying VSV oncoselectivity. IFN has been FDA
approved for adjuvant advanced-stage melanoma therapy (2).
IFN shows a direct growth-arresting effect on a subset of malig-
nancies (59, 60). On the other hand, resistance to the antitumor
action of IFN is common (30, 61). Melanomas less responsive to
IFN might be expected to be impaired in their antiviral responses.
When melanoma cultures were preincubated with IFN, we found
VSV infection to be greatly attenuated in 5 samples, whereas in-
fection was not or only mildly affected in 12 other samples.

Type I IFN receptor activation is followed by an upregulation
of several hundred IFN-stimulated genes (62). The ISG (OAS and
Mx1) response of normal human melanocytes exposed to IFN was
orders of magnitude greater than that of the 11 melanoma cultures
tested. Although YUSIT and YUMAC had the strongest Mx1 re-
sponse among tumors, and despite the known association of Mx1
expression with VSV resistance, YUSIT and YUMAC were among
the melanoma samples that appeared to be unprotected by IFN.
Conversely, several melanomas that showed protection from VSV
infection by IFN (YUAME, YUDOSO, and YURIF) did not dem-
onstrate a strong ISG response for Mx1 or OAS. That the Mx1 and
OAS response to IFN does not correlate with the ability of IFN to
protect melanoma from VSV suggests that other ISGs might un-
derlie IFN-mediated protection. Although many ISGs are upregu-
lated by IFN, in tumor cells with multiple mutations this may not
be the case, and expression of the ISG(s) most responsible for
inhibiting VSV growth (whose identity is an open question) may
not correlate with expression of the two ISGs measured here (Mx1
and OAS).

VSVs effectively infect melanoma cells. All recombinant
VSVs tested were effective in killing multiple melanoma cultures
with somewhat different rates of infection. VSV-G/GFP and VSV-
rp30 displayed a faster course of melanoma infection and cell kill-
ing, but over time, the more attenuated variants VSV-M51 and
VSV-CT9-M51 also killed melanoma cells. Building upon our
previous report of the effectiveness of VSV-rp30 on human sar-
coma tumors (36), the current data support the view that although
VSV-rp30 was originally adapted to human glioblastoma cells, its
enhanced oncolytic profile is not restricted to glioblastoma cells
(35). Our viral replication studies revealed that VSV-rp30 propa-
gated faster than VSV-G/GFP in the majority of melanomas, par-
ticularly at early collecting points. Some studies have suggested
that replication speed is crucial for the success of oncolytic virus
treatment because fast-replicating viruses would spread further
through tumor tissue before the antiviral immune response
reaches its full potential (63). Furthermore, faster oncolytic action
consequently leads to larger amounts of tumor cell debris and
tumor cell antigens being exposed in the initial round of infection,
which can enhance an antitumor immune response. In contrast,
others have argued that the therapeutic effect of oncolytic viruses
might in large part depend on virus-induced stimulation of anti-
tumor immune response and that rapidly replicating viruses im-
pair the overall effect by diverting immune response elements
from the tumor to the virus (54). Of note, the latter studies fo-

cused on multiple virus injections into single tumors; in contrast,
systemic application of oncolytic VSV in a setting in which tumor
metastases have spread throughout the body may confer some
advantage in attenuating melanoma. In this setting, fast viral rep-
lication would be desirable to ensure widespread early tumor in-
fection before the systemic immune system is upregulated to con-
trol further virus spread.

Sequencing and comparing the genome of VSV-rp30 revealed
the presence of four mutations in VSV-rp30: C1772T (S126L) in
the viral P protein and G7693T (D223Y), A11712G, and C11736T
in the viral L protein, with the last two being silent mutations.
Because the P and L proteins of VSV form an RNA polymerase
complex that is responsible for both viral mRNA transcription
and genome replication, mutations in these proteins can affect
viral propagation. Whereas the P protein itself may not display
enzymatic activity, it may modulate L protein activity, with phos-
phorylation of serine/threonine residues on P being important for
this function (64). Interestingly, the mutation at position P126
falls within the active domain 1 of the P protein, which has been
suggested to function as a binding domain for the L protein (65),
potentially underlying a synergistic action between the two muta-
tions in VSV-rp30. The hypothesis about the two mutations af-
fecting the direct interplay between the P and L proteins is sup-
ported by our findings that single mutant recombinant VSVs
expressing either P126 or L223 do not fully recapitulate the en-
hanced phenotype of VSV-rp30; this suggests either an additive or
synergistic effect of the two active mutations.

In vivo systemic virus application to tumor xenografts. A key
challenge of our study was to address not only the multisite tumor
location of metastatic melanoma but also the common CNS in-
volvement of this disease. Advanced melanoma has a high pro-
pensity to spread to the CNS. Systemic application of VSV as a
cotreatment modality for melanoma was described recently (23,
66) in studies that centered on VSV as an adjuvant immunother-
apeutic agent in a murine B16 melanoma model. To our knowl-
edge, systemic application of VSV against human melanoma has
not been previously shown. We demonstrate that a single intrave-
nous application of VSV is sufficient for targeting and productive
spread throughout multiple tumors; this stands in contrast to
findings with in vivo applications in mouse B16 melanoma models
(23, 54), although part of the difference may relate to the status of
the systemic immune system. Importantly, single cells that had
spread from the site of tumor placement in the brain were still
targeted by intravenous VSV, indicating that the virus can find
single tumor cells. VSV was able to infect large portions of the
tumor within a few days. A sterile needle stab wound or xeno-
transplantation of nontumor control cells into the brain did not
lead to CNS entry and infection after systemic injection of VSV
(27). This supports the notion that VSV-rp30 targets both estab-
lished and developing tumors. VSV-M51 mutants have been de-
scribed as safe in mice after intratumoral injection (56). Although
VSV-rp30 infected melanoma tumors faster than the two M51
mutants (VSV-M51 and VSV-CT9/M51) that we tested, control
immunocompetent mice given a high intravenous dose of VSV-
rp30 showed no adverse health consequences.

At the time of tumor analysis, no viral infection was observed
beyond the tumor border or in any control tissue samples (liver,
spleen, or lung), supporting a tumor-selective targeting of infec-
tion. However, since we examined human melanomas in SCID
mice, in the long term such immunocompromised mice may not
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fully clear virus infections (27). On the other hand, attenuation of
VSV variants and systemic immune targeting of VSV enhance the
safety profile of VSV application in the brain (34, 67, 68). Future
work will need to address the balance between high replication
speed and strategies to limit the potential for neurotoxicity.

Melanoma mutations and VSV susceptibility. Analysis of a
large panel of human melanoma provided the opportunity to
compare melanoma driver mutation patterns with susceptibility
for viral infection and oncolytic control by VSV. One of the most
frequent driver mutations in melanoma formation is BRAF
V600E, found in approximately 50% of cases, and associated with
a higher risk for developing brain metastases (3). Other common
mutations include NRAS mutations, found in 15 to 20% of mel-
anomas (9). We generated a cumulative scoring system for VSV
oncolytic susceptibility (OS score), which combined infection
rates, replication potency, and IFN insensitivity for each mela-
noma type. Table 1 lists all melanoma cells used in this study
ranked by OS score from high to low (OS score 9 being the high-
est). Cells with BRAF mutation showed a significantly higher OS
score than cells with wild-type BRAF or cells with RAS mutation.
When dissecting individual susceptibility parameters, all human
melanomas with BRAF mutations showed complete infection, in
contrast to cells with normal BRAF, which displayed various de-
grees of infection. This suggests that BRAF mutations might be
predictive for successful VSV targeting. Nonetheless, about one-
half of the non-BRAF-mutated cells also show significant VSV
susceptibility, suggesting that BRAF mutation alone is not a pre-
requisite for VSV infection. Corroborating the notion that BRAF-
mutated cells are likely to be successfully targeted by VSV oncol-
ysis are the results from our viral replication analysis, in which all
tested BRAF-mutated cells produced substantial amounts of viral
progeny. In contrast, we did not find strong evidence for a clear
correlation between RAS mutations and VSV infection. Impor-
tantly, the absence of either the BRAF or the RAS mutation did not
exclude enhanced VSV infection. If confirmed with larger sam-
ples, this might lead to the possibility that unlike novel specifically
targeted therapeutic agents like the BRAF inhibitor vemurafenib
(PLX4032), which shows activity in patients with the correspond-
ing mutation, oncolytic VSV might potentially serve as a potential
therapy option for a broader range of patients.

Although the status of selected melanoma-associated muta-
tions was determined for all our tested human melanoma cells, the
global genetic alteration status was not. We therefore employed a
mouse melanoma model in which tumors from transgenic mice
expressing combinations of oncogenic mutations in Braf, Pten,
Cdkn2a, and beta catenin were used to study VSV infection rates.
In human melanoma, we found that BRAF-mutated cells were
highly susceptible to VSV oncolysis. In mouse melanoma, BRAF-
mutated cells 2901 and 0888 showed complete infection, com-
pared to partial infection in other BRAF-mutated cells, i.e., 0753
and 2697. Therefore, unlike human melanoma, BRAF status alone
does not appear to be predictive for VSV oncolysis in mouse mel-
anoma. Similarly, neither inactivation of Cdkn2a nor beta catenin
activation determined VSV susceptibility in mouse melanoma.
However, despite the lack of single gene association, cells with a
greater number of mutations appeared to show greater infection
than cells with fewer mutations, suggesting a trend for an associ-
ation between the number of genetic defects and VSV infection. In
summary, we show that human melanomas are an attractive se-
lective target for VSV-mediated direct oncolysis. The high degree

of direct oncolysis in human primary melanoma complements
previous work showing that the VSV can initiate or enhance an
immune attack on mouse melanoma (26, 51, 54, 55, 66).
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