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ABSTRACT

Because of its very low human seroprevalence, vesicular stomatitis virus (VSV) has promise as a systemic oncolytic agent for hu-
man cancer therapy. However, as demonstrated in this report, the VSV infectious titer drops by 4 log units during the first hour
of exposure to nonimmune human serum. This neutralization occurs relatively slowly and is mediated by the concerted actions
of natural IgM and complement. Maraba virus, whose G protein is about 80% homologous to that of VSV, is relatively resistant
to the neutralizing activity of nonimmune human serum. We therefore constructed and rescued a recombinant VSV whose G
gene was replaced by the corresponding gene from Maraba virus. Comparison of the parental VSV and VSV with Maraba G sub-
stituted revealed nearly identical host range properties and replication kinetics on a panel of tumor cell lines. Moreover, in con-
trast to the parental VSV, the VSV with Maraba G substituted was resistant to nonimmune human serum. Overall, our data sug-
gest that VSV with Maraba G substituted should be further investigated as a candidate for human systemic oncolytic virotherapy
applications.

IMPORTANCE

Oncolytic virotherapy is a promising approach for the treatment of disseminated cancers, but antibody neutralization of circu-
lating oncolytic virus particles remains a formidable barrier. In this work, we developed a pseudotyped vesicular stomatitis virus
(VSV) with a glycoprotein of Maraba virus, a closely related but serologically distinct member of the family Rhabdoviridae,
which demonstrated greatly diminished susceptibility to both nonimmune and VSV-immune serum neutralization. VSV with
Maraba G substituted or lentiviral vectors should therefore be further investigated as candidates for human systemic oncolytic
virotherapy and gene therapy applications.

We are interested in developing an oncolytic therapy for sys-
temic treatment of multiple myeloma (MM), an incurable

disseminated cancer of antibody-secreting plasma cells primarily
localized in the bone marrow, which is characterized by the devel-
opment of progressive and destructive osteolytic bone disease (1–
4). Despite advances in diagnosis and treatment and improve-
ments in patient survival, MM remains an incurable disease (2,
5–9). Therefore, development of novel alternative approaches,
such as virotherapy, is needed for treatment of relapsed or refrac-
tory multiple myeloma.

Oncolytic viruses have shown potential for the treatment of a
variety of cancers (10–16), and we are developing vesicular stoma-
titis virus (VSV) as an oncolytic agent for treatment of MM. VSV
is a Vesiculovirus of the family Rhabdoviridae with a negative-sense
RNA genome (16, 17). VSV is a preferred candidate as a platform
for oncolytic virus development against a variety of cancers (10,
16–27), primarily due to its very broad tropism infecting a wide
variety of animals and different cells, its short replication cycle,
and high sensitivity to host interferon-mediated antiviral activity
(28–35). Tumor-selective tropism can be further enhanced by
mutating the M protein or engineering the virus to encode beta
interferon (IFN-�). These engineered versions of VSV are highly
effective in certain mouse cancer models, showing a good thera-
peutic ratio with efficacy at doses not associated with neurotoxic-
ity, even with an intravenous route of administration (10, 18, 24,
31–34, 36, 37).

However, previous reports have claimed that VSV is neutral-
ized by nonimmune human serum (38, 39). This could potentially
diminish or negate the benefit of systemic therapy for human can-

cer. We therefore sought to better characterize the phenomenon,
looking at the VSV-neutralizing capacities of nonimmune sera
from nonhuman species, the kinetics of virus neturalization, the
mechanism of infectivity neutralization, and the relative suscepti-
bilities of VSV and Maraba virus, a closely related vesiculovirus
family member that has also demonstrated oncolytic potential
(40, 41).

Here, we show that nonimmune serum of human, mouse, or
dog origin neutralizes VSV. Using human and/or mouse serum,
we show that the serum-mediated anti-VSV activity depends on
IgM antibody and complement components of serum. In addi-
tion, we show that serum samples from cancer patients differ in
their levels of anti-VSV neutralizing activity, e.g., MM patient se-
rum possesses lower VSV-neutralizing activity than sera from
healthy subjects or ovarian cancer patients. Interestingly, we also
show that when pseudotyped with Maraba virus G glycoprotein,
VSV retains its parental cell tropism and growth kinetics. More
importantly, in contrast to the parental VSV, the pseudotyped
VSV demonstrated considerable resistance to neutralization by
nonimmune serum.
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MATERIALS AND METHODS
Reagents. Monoclonal antibodies against low-density lipoprotein re-
ceptor (LDLR) (6E2) were kind gifts from Ross Milne, Diabetes and
Atherosclerosis Laboratory, University of Ottawa Heart Institute, Ot-
tawa, Canada. Monoclonal antibodies against CD46 were kind gifts
from Roberto Cattaneo, Department of Molecular Medicine, Mayo
Clinic, Rochester, MN.

Viruses. VSV expressing green fluorescent protein (VSV-GFP) (strain
Indiana), constructed by insertion of the GFP gene at XhoI/NheI restric-
tion sites between the G and L viral genes, was provided by Glen N. Barber
(University of Miami School of Medicine, Miami, FL) (31). The Mayo
Clinic vector core manufactured a preclinical-grade oncolytic VSV-GFP.
Maraba virus that expresses GFP, inserted between the G and L viral genes,
was obtained from David Stojdl (Children’s Hospital of Eastern Ontario
Research Institute, Ontario, Canada) (41). VSV/Maraba G-GFP, VSV
with its G gene replaced with the G gene of Maraba virus (this study), and
measles virus encoding GFP (MV-GFP) were also used.

Cells. Human 293T cells (ATCC CRL-1573) and African green mon-
key kidney Vero cells (ATCC CCL-81) were cultured in Dulbecco modi-
fied Eagle medium (DMEM) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO) for 293T cells or
5% FBS for Vero cells and with penicillin and streptomycin (Gibco).
MPC-11 murine myeloma (ATCC CCL-167), TRAMP-C1 (ATCC CRL-
2730), and 4T1 (ATCC CRL-2539) cells were obtained from the American
Type Culture Collection (Manassas, VA). LM-1 murine ovarian cancer
cells were obtained from A. Al-Hendy, University of Saskatchewan. All of
the above-mentioned cells were cultured in DMEM (Mediatech, Hern-
don, VA) supplemented with 10% FBS. K562 human erythroleukemia
cells were a kind gift from S. Blystone (Upstate Medical University, Syra-
cuse, NY). K562 cells were maintained in Iscove’s modified Dulbecco’s
medium (IMDM) (Life Technologies, NY) supplemented with 10% FBS,
0.5 U/liter penicillin-streptomycin, and 2 mM L-glutamine.

Recombinant VSV generation. Recombinant VSV/Maraba G was
generated as follows. First, Maraba G was amplified from Maraba virus
with primers VSV/Mar-F, 5=GAGATCGATCTGTTTACGCGTCACTAT
3=, and VSV/Mar-1R, 5= AATCTGTTGTGCAGGATTTGAGTTATT 3=.
Also, the VSV intergenic region was amplified from VSV using VSV/Mar-
2F, 5= GAGTCGATTGGGAAATAAATAACTCAA 3=, and GFP68R, 5=
GCTGAACTTGTGGCCGTTTA 3=. An overlapping PCR using primers
VSV/Mar-F and GFP68R was performed. The overlapping-PCR product
was double digested with MluI and AvrII and cloned into a VSV-GFP
plasmid vector, replacing VSV G with Maraba G. Positive clones were
selected and confirmed by sequencing analysis for proper insertion of
Maraba G in place of VSV G.

Recombinant VSV/Maraba G production. Recovery of recombinant
VSV was performed following the method of Lawson et al. (42). Briefly,
BHK cells were plated at a density of 1 � 106 cells/well in 6-well plates. The
cells were infected with vaccinia virus encoding T7 polymerase at a mul-
tiplicity of infection (MOI) of 10. After an hour, excess vaccinia virus was
removed, and the cells were transfected with 1 �g pVSV/Maraba G or
parental pVSV, 0.5 �g pN, 0.4 �g pP, and 0.2 �g pL (the N, P, and L
plasmids were constructed in the pCI vector) using 6.25 �l of Lipo-
fectamine LTX transfection reagent (Life Technologies, Grand Island,
NY) according to the manufacturer’s instructions. The cells were incu-
bated for 48 h at 37°C in Opti-MEM Reduced-Serum Medium (Gibco).
After 48 h, the culture medium was harvested, filtered twice through a
0.2-�m filter, and overlaid onto new BHK cells in a 6-well plate. Forty-
eight hours later, the culture medium was harvested, subjected to low-
speed centrifugation, filtered through a 0.2-�m filter, titrated on fresh
Vero cells, and stored at �80°C.

Growth curves. For virus growth curves, Vero cells were incubated
with VSV or VSV/Maraba G at an MOI of 1.0 for 1 h at 37°C. Following
this incubation, the supernatant was removed, the monolayer was
washed, and fresh growth medium was added. Supernatant was collected
at predetermined time points (0, 4, 8, 12, 24, and 48 h) and subjected to

low-speed centrifugation, filtered through a 0.2-�m filter, and titrated on
Vero cells. For virus titration, Vero cells were grown on 96-well plates and
infected with serially diluted virus stocks. GFP expression was considered
an indicator of infection. Fifty percent tissue culture infectious dose
(TCID50) values were determined by the Spearman-Karber equation.

Virus neutralization assays. Virus neutralization was performed as
previously described (39). VSV-GFP, VSV/Maraba G, or a recombinant
Maraba virus encoding GFP (Maraba-GFP) (5-�l volume with 1 � 108

TCID50) was incubated with 100 �l (20 times the virus volume) nonim-
mune human serum (fresh sera collected from 4 or 5 healthy volunteers or
a purchased serum product [Valley Biomedical; human serum AB; lot
J91774]) or naive mouse serum with or without 10% (by volume) stan-
dard guinea pig complement (Cedarelane; CL500) at 37°C for 1 h (or at
specified time points), followed by virus titer (TCID50/ml) determination
on Vero cells (1 � 104 cells/well). Heat inactivation of serum was per-
formed at 56°C for 30 min. The role of IgM antibody in serum VSV
neutralization was analyzed by preincubation of the serum for 30 min at
room temperature with 50 �g of anti-IgM antibody (Bethyl Laboratories,
Inc.; A80-100) or with addition of 15 �g purified IgM protein from nor-
mal serum (Cederalane) to complement. For analysis of complement in-
volvement in nonimmune-serum-mediated VSV neutralization, we as-
sessed VSV neutralization by C1q-depleted human serum (Quidel; A509)
or C1q-depleted serum reconstituted with 15 �g purified Clq protein
(Cedarlane; A098-5) or by reconstitution of heat-inactivated sera with
guinea pig complement. As a control, virus was incubated with medium
only. The reaction mixture was overlaid on Vero cells. The neutralization
assay result was read 48 h after infection with virus that was treated or not
with serum. All virus neutralization assay experiments were conducted in
triplicate. A similar approach was employed to investigate the anti-VSV
neutralization activity of patient serum samples from ovarian and multi-
ple myeloma cancer patients obtained following Mayo Clinic guidelines
approved by the Institutional Review Board.

Binding assay. A virus binding assay was performed by blocking
LDLR with a specific monoclonal antibody against human LDLR. K562-
av�3 cells were incubated with anti-LDLR monoclonal antibody or anti-
CD46 monoclonal antibody for 1 hour at 37°C. Then, VSV, VSV/Maraba
G, Maraba virus, or measles virus (103 TCID50) was added and incubated
for 30 min at 37°C; the cells were washed twice with phosphate-buffered
saline (PBS); growth medium was added; and 16 h or 48 h (measles virus)
later, the infected cells were analyzed for GFP expression.

Statistical analysis. GraphPad Prism software (GraphPad Software,
CA) was used for data analysis. A two-tailed Student’s t test was used to
compare mean values. A P value of �0.05 was considered statistically
significant.

RESULTS
VSV is neutralized by nonimmune sera from multiple species.
VSV-GFP was propagated on Vero cells, harvested, titrated on
Vero cells, and frozen in aliquots, which were thawed and used
immediately for the experiments described below. Sera were har-
vested from multiple donors, heat treated to inactivate comple-
ment proteins, and confirmed by plaque reduction neutralization
(PRN) assay to be negative for neutralizing activity (IgG antibod-
ies) (see Fig. 2, 4, and 5). In addition, treatment of nonimmune
sera with mercaptoethanol, which preferentially destroys IgM
(43), inactivates the VSV-neutralizing activity of nonimmune sera
but not that of VSV-immune sera (data not shown). Non-heat-
treated human serum (20-fold) from these nonimmune seroneg-
ative donors was next incubated for 1 h at 37°C with VSV-GFP in
the presence of fresh guinea pig complement, which was added to
compensate for the variable losses of complement activity that are
known to occur after freezing and thawing of serum samples. We
have established that fresh nonimmune human serum has potent
VSV-neutralizing activity with or without guinea pig complement
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added (39)(see Fig. 2b). As shown in Fig. 1a and b, the infectious
VSV titer was reduced approximately 10,000-fold after 1 h of in-
cubation with nonimmune human serum, confirming previous
findings (38, 39). Since the preclinical studies showing that VSV is
a potent systemic antimyeloma therapy were conducted in immu-
nocompetent mice, we next sought to determine whether nonim-
mune mouse serum can also neutralize VSV. As shown in Fig. 1c,
VSV-GFP is efficiently neutralized by complement-rich serum
from nonimmune mice, but the kinetics of neutralization are
slower than with human serum, so that the infectious titer is re-
duced 100-fold (as opposed to 10,000-fold) after a 60-min expo-
sure time. Because of its broad species tropism, VSV is being con-
sidered for comparative oncology studies in which its anticancer
activity will be meaningfully evaluated in companion dogs with
spontaneously arising malignancies that need to be treated. We
therefore tested the VSV-neutralizing potency of nonimmune dog
sera with added guinea pig complement and also determined how
fast the VSV was being neutralized upon exposure to nonimmune
dog serum by performing the time course study shown in Fig. 1d.
Neutralization occurred with relatively slow kinetics, in which
only 10-fold of the virus was neutralized after 5 min of serum
exposure. The nonimmune dog serum neutralized VSV-GFP with
speed and efficiency similar to those of human serum (39).

Neutralization is mediated by the concerted actions of IgM
and complement. As shown in Fig. 2a to d, heat inactivation de-
stroys the VSV-neutralizing activity of serum from VSV-naive
subjects. To determine whether the critical heat-labile VSV-neu-
tralizing serum factor(s) is a component of the complement sys-
tem, we performed additional complement restoration and deple-

tion studies. As shown in Fig. 2d, the VSV-neutralizing activity of
heat-inactivated serum could be fully restored by adding guinea
pig complement. To further confirm the role of complement pro-
teins as mediators of VSV neutralization, we tested sera that had
been treated with (i) a C1 inhibitor (C1INH), (ii) commercially
available C1q-depleted serum, or (iii) C1q-depleted serum that
had been reconstituted with purified C1q protein (Fig. 2c). These
experiments show conclusively that complement proteins are re-
quired for neutralization of VSV by nonimmune human serum.
To determine whether natural IgM antibodies work in concert
with complement proteins to neutralize infectious VSVs, we next
blocked IgM of human serum samples by preincubating them
with an anti-IgM antibody preparation. As shown in Fig. 3a and b,
blocking IgM with ant-IgM antibody completely destroyed the
VSV-neutralizing activity of nonimmune serum. We also show
that the VSV-neutralizing activity of complement can be restored
by addition of purified IgM protein (Fig. 3e). To further investi-
gate this finding, we tested the neutralizing activities of sera from
3 healthy subjects and 3 myeloma patients. As shown in Fig. 2c,
compared to normal nonimmune human sera or ovarian cancer
sera (data not shown), the IgM-depleted myeloma sera (Fig. 2d)
had considerably diminished virus-neutralizing activity. Taken
together, these data show that the neutralization of VSV by non-
immune serum is due to the concerted actions of natural IgM
antibodies and complement.

Maraba virus is relatively resistant to nonimmune serum.
Maraba virus, a vesiculovirus closely related to VSV, was isolated
in the early 1980s from phlebotomine sandflies in the Amazon
basin of Brazil (40, 41, 44). The natural mammalian host of the

FIG 1 Nonimmune serum neutralizes VSV. VSV-GFP was incubated with nonimmune human serum (a and b), nonimmune mouse serum (c), or nonimmune
dog serum (d) containing 10% guinea pig complement or, as a control, virus was incubated with medium (a to d) for 1 h (a, b, and c) or multiple time intervals
(d) at 37°C. (a) Following incubation, the virus-serum mixture was overlaid on 12-well plates of overnight-plated Vero cells, and micrographs were taken at 24
h postinfection. (b, c, and d) The virus-serum mixture was diluted 10-fold and titrated on 96-well plates of overnight-plated Vero cells for a TCID50/ml
determination. All virus neutralization assay experiments were conducted in triplicate, and the error bars show standard deviations.
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virus has not yet been identified, but its pathogenicity in mice is
similar to that of VSV-Indiana and VSV-New Jersey. At the amino
acid level, the G protein of Maraba virus is about 80% homolo-
gous to the G protein of VSV (reference 40 and data not shown).
To confirm that Maraba virus and VSV are correctly classified as
distinct vesiculovirus serotypes, Maraba-GFP and VSV-GFP were
incubated with serial dilutions of sera harvested from VSV-immu-
nized mice. As shown in Fig. 4a and b, the sera harvested from
VSV-immunized mice had minimal cross-neutralizing activity
against Maraba virus. We therefore decided to investigate whether
the Maraba virus and VSV G proteins are similarly susceptible to
neutralization by nonimmune serum. Maraba-GFP was therefore
incubated with nonimmune human serum (20-fold) for 1 h at
37°C in the presence of standard guinea pig complement (10%).
As shown in Fig. 4a and b, the infectious titer of Maraba-GFP was
reduced only 100-fold after 1 h of incubation with nonimmune
human serum, retaining a titer close to 106 TCID50/ml. The titer of

the VSV-GFP stock exposed in parallel to the same nonimmune
human serum was reduced to less than 10 TCID50/ml. Thus, com-
pared to VSV, Maraba virus is approximately 100-fold more resis-
tant to the neutralizing activity of nonimmune human serum. Our
data show that, while VSV is very sensitive to nonimmune human
sera, Maraba virus shows extensive but not complete resistance to
nonimmune sera, which is in line with previous studies that
showed, using a complement fixation assay, that VSV and Maraba
virus show about 34% cross-reactivity (40).

A recombinant VSV with Maraba G substituted propagates
as efficiently as parental VSV. Since the G protein is known to be
the primary target of VSV-neutralizing antibodies (16), we next
sought to determine whether VSV would be resistant to the neu-
tralizing activity of nonimmune human serum if pseudotyped
with the Maraba G protein. To this end, we constructed a recom-
binant VSV-GFP genome in which the G cistron from VSV was
replaced by the corresponding G cistron from Maraba virus

FIG 2 Neutralization of VSV with nonimmune human serum depends on serum complement. (a and b) VSV-GFP was incubated with nonimmune human
serum with or without addition of 10% standard guinea pig complement (GPc), heat-treated (56°C for 30 min) human serum, or medium control. (a) The
virus-serum or virus-medium mixture was incubated for 1 h at 37°C. Following incubation, the mixture was overlaid on 12-well plates of Vero cells, and
micrographs were taken 24 h postinfection. (b) The virus-serum mixture was diluted 10-fold and titrated on 96-well plates of overnight-plated Vero cells for a
TCID50/ml determination. (c) VSV-GFP was incubated for 1 h at 37°C with nonimmune human serum, C1INH-treated nonimmune human serum, Clq-
depleted human serum, or Clq-depleted human serum that was constituted with purified Clq protein or, as a control, with medium only. The virus titer was
determined as for panel b. (d) VSV-GFP (1 � 104 TCID50) was incubated for 1 h at 37°C with medium containing 10% guinea pig complement, heated
nonimmune serum, or heated nonimmune serum reconstituted with 10% guinea pig complement, followed by plating the mixture on monolayers of Vero cells
on 96-well plates. Micrographs were taken 24 h postinfection. All virus neutralization assay experiments were conducted in triplicate, and the error bars show
standard deviations.
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(Fig. 5a). The new recombinant virus was easily rescued and prop-
agated to high titer on Vero cells. One-step growth curves of the
parental VSV and VSV/Maraba G were next compared on Vero
cells and found to be almost superimposable (Fig. 5b). Since the
host range properties of Maraba virus have not been extensively
studied and its natural host species has not been identified, there is
considerable uncertainty as to whether the Maraba virus and VSV
G proteins bind to the same receptor. We therefore compared the
infectivities of the parental and Maraba G-pseudotyped viruses on
a panel of tumor cell lines. As shown in Fig. 5c, there was no
discernible difference in the infectivities of the two viruses for any
of the tumor cell lines that were tested, suggesting that the two G
proteins do indeed use the same receptor. To further investigate
this question, we performed an additional antibody-blocking
study. It was recently shown that the primary VSV receptor on
mammalian cells belongs to the LDL receptor family and that VSV
entry can be inhibited by preincubating target cells with an anti-
LDLR antibody (45). We therefore tested the infectivities of VSV,
Maraba virus, and VSV/Maraba G on K562-av�3 cells that had
been pretreated with this VSV receptor-blocking antibody or con-

trol measles virus receptor binding antibody (anti-CD46 anti-
body). As shown in Fig. 5d, the entry of all viruses except MV was
equally impacted by the anti-LDLR antibody, but treatment with
anti-CD46 antibody had no effect on the vesiculoviruses while it
blocked MV infection, confirming that the VSV and Maraba G
proteins do use the same cellular receptor.

VSV with Maraba G substituted is resistant to nonimmune
human serum. Since VSV and VSV/Maraba G have indistin-
guishable cell tropisms and replication kinetics (Fig. 5b and c),
we anticipate that the oncolytic potency of the Maraba G-pseu-
dotyped VSV will be at least equivalent to that of the parental
VSV. However, the goal of generating the VSV/Maraba G pseu-
dotype virus was to introduce the serum-resistant phenotype of
Maraba virus into the oncolytic VSV platform. VSV and VSV/
Maraba G were therefore incubated for 1 h at 37°C with non-
immune human serum (20-fold) supplemented with standard
guinea pig complement. As shown in Fig. 6a and b, the infec-
tious titer of VSV/Maraba G was at least 1,000-fold higher after
this treatment than that of the parental VSV. Thus, as was
observed for the parental Maraba virus, the VSV/Maraba G

FIG 3 Neutralization of VSV with nonimmune human serum depends on serum IgM antibodies. (a and b) VSV-GFP was incubated with nonimmune human
serum or nonimmune human serum that was treated with anti-IgM antibody (30 min at room temperature) or, as a control, with medium only. The virus-serum
or virus-medium mixture was incubated for 1 h at 37°C. Following incubation, the mixture was overlaid on a 12-well plate of overnight-plated Vero cells and
micrographs were taken 24 h postinfection (a) or the mixture was diluted 10-fold and titrated on 96-well plates of overnight-plated Vero cells for a TCID50/ml
determination (hatched, medium; checked, normal serum; stippled, normal serum plus anti-IgM antibody) (b). (c) VSV-GFP was incubated with nonimmune
MM patient serum or nonimmune normal serum, or as a control, virus was incubated with medium for 1 h at 37°C. Following incubation, the virus-serum
mixture was diluted 10-fold and titrated on 96-well plates of overnight-plated Vero cells for a TCID50/ml determination as for panel b. (d) IgM concentrations
of nonimmune human serum (NHS) (n � 3) and a multiple myeloma patient sample (n � 3) were analyzed, and the averages are shown. (e) VSV-GFP (1 � 104

TCID50) was incubated for 1 h at 37°C with media containing 10% guinea pig complement, 15 �g of purified IgM protein, or 15 �g purified IgM protein
reconstituted with 10% (by volume) guinea pig complement, followed by plating the mixture on monolayers of 96-well plates of Vero cells. Micrographs were
taken 24 h postinfection. All virus neutralization assay experiments were conducted in triplicate, and the error bars show standard deviations.
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pseudotype virus is highly resistant to the neutralizing activity
of nonimmune human serum.

DISCUSSION

We are developing VSV as an oncolytic agent for systemic treat-
ment of multiple myeloma. VSV is a negative-sense RNA virus
that can infect a wide variety of animals and cells and possesses a
rapid lytic replication cycle but demonstrates dramatic sensitivity
to the host interferon response (16, 30, 32, 33). The high sensitiv-
ity of VSV to innate interferon responses and its lack of pathoge-
nicity to humans have made it an attractive oncolytic platform
that has been extensively investigated and has been shown to kill
cancer cells selectively, particularly when they have a disrupted
interferon response (28–34). Preclinical studies show that VSV is
promising for the treatment of a variety of human cancers (10,
16–26). However, efficient intravenous delivery will be critical for
its successful clinical application. Neutralization of VSV by hu-
man serum is therefore an important area of study.

The objective of the study reported here was to characterize the
VSV-neutralizing activity of nonimmune serum and to engineer a
recombinant VSV no longer susceptible to nonimmune serum.
We first demonstrated that VSV is neutralized by nonimmune
sera from human, mouse, dog (Fig. 1a to d), and monkey (data not

shown), reducing its infectivity by up to 4 log units within 1 h. We
then showed that this neutralizing activity is mediated by the con-
certed actions of IgM antibody and complement (Fig. 2 and 3).
These results are in line with previously published studies showing
that nonimmune human serum neutralizes VSV via the combined
actions of a heat-labile factor(s) and IgM (38, 39). We further
analyzed the complement dependence of human serum by using
C1q-depleted serum or serum treated with a C1INH, both of
which abrogated the VSV neutralization ability of nonimmune
human serum (Fig. 2c). Moreover, addition of purified C1q pro-
tein to the Clq-depleted serum restored most of its VSV-neutral-
izing activity (Fig. 2c). As a further indication of the role of IgM in
this neutralizing activity, complement-rich sera from patients
with multiple myeloma had reduced VSV-neutralizing activity
compared to sera from healthy subjects or patients with ovarian
cancer (Fig. 3c and data not shown), and this correlated with the
reduced IgM antibody concentration in the multiple myeloma
cancer patient serum samples (Fig. 3d). Furthermore, addition of
purified IgM protein to complement was sufficient to restore its
VSV-neutralizing activity (Fig. 3e).

Several approaches can be contemplated to address the slow
inactivation of VSV by nonimmune human serum, which, at least

FIG 4 Maraba virus is more resistant to serum neutralization. (b) VSV-GFP or Maraba-GFP (a 5-�l volume at 1 � 108 TCID50) was incubated with 100 �l
undiluted nonimmune human serum (NHS) that contained 10% standard guinea pig complement or heat-inactivated VSV-immune serum at 37°C for 1 h. As
a control, virus was incubated with medium only. This was followed by determination of the virus titer (TCID50/ml) on Vero cells (1 � 104 cells/well). The
neutralization assay result was read at 48 h after infection with virus that was treated or not with serum. (a) Alternatively, virus treated in the presence or absence
of serum was plated on 12-well plates of Vero cells (1 � 105 cells/well), and fluorescent images were taken at 24 h postinfection for each condition. All virus
neutralization assay experiments were conducted in triplicate, and the error bars show standard deviations.
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in theory, may be a significant barrier to the success of VSV as an
intravenously administered oncolytic agent (14, 46, 47) (see Dis-
cussion below). Previous studies have explored the use of virus-
infected cells as carriers to protect and transport the virus to sites
of tumor growth (48–51) or synthetic polymers to coat and
protect the virus from antibody neutralization (39, 52) or have
employed G protein evolution strategies to generate neutral-
ization-resistant variants of VSV G (53). However, each of
these approaches has its limitations. We therefore chose in the
current study to explore the effect of switching the VSV surface
glycoprotein (G) with that of Maraba virus, a closely related but
serologically distinct member of the family Rhabdoviridae (16,
40).

We first determined that, in contrast to VSV, Maraba virus is
relatively resistant to nonimmune human serum (Fig. 4a and b)
and that this resistance could be efficiently transferred to VSV by

replacing VSV G with Maraba virus G (Fig. 5a and 6a and b).
Interestingly, VSV with Maraba G substituted demonstrated cell
tropism and growth kinetics similar to those of the parental VSV,
and its infectivity is similarly neutralized by an anti-LDL receptor
antibody, indicating that the Maraba G protein probably interacts
with the same cellular receptor as VSV G (Fig. 5b, c, and d). An-
other potentially useful characteristic of VSV with Maraba G sub-
stituted is that it is also resistant to neutralization by sera obtained
from VSV-immunized mice (Fig. 6). Considering that VSV G and
Maraba virus G possess about 80% amino acid homology (refer-
ence 40 and data not shown), it may prove possible by site-di-
rected mutagenesis studies to pinpoint the VSV G residue(s) that
plays a role in both serum-IgM and serum-IgG interactions.

It is interesting that the VSV-neutralizing activity of nonim-
mune human serum is not completely destroyed by heat inactiva-
tion or by complement depletion (Fig. 2a, b, and c), suggesting

FIG 5 Cloning and characterization of Maraba virus G protein-pseudotyped VSV. (a) Generation of chimeric VSV containing Maraba G in place of VSV G. (b)
For virus growth curves, Vero cells were incubated with VSV or VSV/Maraba G at an MOI of 1.0 for 1 h at 37°C. Following this incubation, excess virus was
removed by washing the cells with PBS three times, followed by replacing the medium with fresh growth medium. Supernatant was collected at predetermined
time points (0, 4, 8, 12, 24, and 48 h) and subjected to low-speed centrifugation, filtered through a 0.2-�m filter, and titrated on Vero cells. TCID50 values were
determined by the Spearman-Karber equation. The error bars indicate standard deviations. (c) The infectivity of VSV was compared with that of VSV/Maraba
G on different cell lines. (d) LDLR was blocked with a specific monoclonal antibody against human LDLR. K562-av�3 cells were incubated with anti-LDLR
monoclonal antibody for an hour at 37°C or with a control anti-CD46 antibody. Then, VSV, VSV/Maraba G, Maraba virus, or, as a control, measles virus (103

TCID50) was added and incubated for 30 min at 37°C; the cells were washed twice with PBS, and the medium was replaced with fresh growth medium. Sixteen
hours (for vesiculovirus-infected cells) or 48 h (for MV-infected cells) postinfection, GFP expression was analyzed.
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that IgM may have some limited neutralizing activity even in the
absence of complement. Whether this residual complement-inde-
pendent IgM-dependent neutralization activity is due to virus ag-
gregation or direct blockade of G protein-receptor interactions, as
also suggested for herpes simplex virus IgM-dependent serum
neutralization (54), will be further explored in future studies. Sim-
ilarly, the level of neutralization by C1q-reconstituted sera is not
the same as that of normal nonimmune sera, which suggests the
presence of an alternative pathway, or it could be that we are
unable to optimally reconstitute the C1q protein level to that of
normal sera. It should also be noted that Maraba virus and VSV
with Maraba G substituted are not completely resistant to the
neutralizing effect of nonimmune human serum, suggesting that
they are still bound at some lower level by natural human IgM.
Similarly, compared to nonimmune human serum, nonimmune
mouse serum has considerably less VSV-neutralizing activity, sug-
gesting that natural mouse IgM may bind to the virus less effi-
ciently than natural human IgM. In light of these variable interac-
tions and the variable evolutionary pressures that have been
experienced by the various known serotypes of VSV and related
viruses (16, 40, 55), there are several additional rhabdovirus G

glycoproteins that could be evaluated to determine whether they
afford more complete protection from serum neutralization than
Maraba virus G.

Neutralization of VSV by IgM and complement in nonim-
mune serum is relatively slow, so it takes several minutes to
achieve even a 10-fold reduction in virus titer (Fig. 2) while we
have reported limited mouse experimental data that show 2- to
3-log-unit reduction in VSV titer within 1 min after injection (39).
Thus, it is not certain to what extent this neutralizing activity can
negatively impact the antitumor efficacy of a systemically admin-
istered oncolytic VSV. The kinetics of virus extravasation and tu-
mor cell infection at sites of tumor growth have not yet been
subjected to detailed study after bolus administration or intrave-
nous infusion of VSV. Likewise, the kinetics with which circulat-
ing VSV is sequestered by antigen-processing cells in liver and
spleen have not yet been determined. If substantial extravasation
and tumor cell infection occur within the first few minutes of virus
administration, when circulating concentrations of infectious vi-
rus are at their highest level, there may be little negative impact of
the serum-neutralizing activity that has been studied here. Future
studies are therefore planned to better elucidate this question.

FIG 6 Maraba G-pseudotyped VSV escapes serum neutralization. VSV-GFP or VSV/Maraba G (5-�l volume with 1 � 108 TCID50) was incubated with 100 �l
undiluted nonimmune human serum that contained 10% standard guinea pig complement (Cedarlane) or heat-inactivated VSV-immune serum at 37°C for 1
h, followed by determination of the virus titer (TCID50/ml) on Vero cells (1 � 104 cells/well). As a control, virus was incubated with medium only and plated on
Vero cells. The neutralization assay result was read at 48 h after infection with virus that was treated or not with serum. Alternatively, virus treated in the presence
or absence of serum was plated on 12-well plates of Vero cells (1 � 105 cells/well) and fluorescence images were taken at 24 h postinfection for each condition.
All virus neutralization assay experiments were conducted in triplicate. The error bars represent standard deviations.
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Unfortunately, the process cannot be meaningfully studied in
mice because of their low blood volume and blood draw restric-
tions. We therefore plan initially to conduct pharmacokinetics
(PK) studies in the context of an ongoing veterinary clinical trial in
which an oncolytic VSV is administered intravenously to com-
panion dogs with lymphoma or multiple myeloma requiring
treatment. This will allow us to determine the rate at which VSV
infectivity disappears from the bloodstream in this highly mean-
ingful animal model, following which we will be better equipped
to determine whether the rates of decay of circulating infectivity
are different for the unmodified VSV and VSV with Maraba G
substituted and whether this can impact intratumoral virus ex-
travasation and antitumor efficacy. Such animal model studies
will also provide us with an opportunity to evaluate the effect of
treatment with complement cascade inhibitors or incorporation
of complement-antagonizing proteins into the virus surface on
the stability of VSV in circulation and its antitumor efficacy.

In summary, we have shown that the VSV infectious titer drops
by 4 log units during the first hour of exposure to nonimmune
human serum due to the concerted actions of natural IgM and
complement. We have further shown that a VSV with Maraba G
substituted is relatively resistant to this neutralizing activity. VSV
with Maraba G substituted should therefore be further investi-
gated as a candidate for human systemic oncolytic virotherapy
applications.
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