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ABSTRACT

Antivector immunity limits the response to homologous boosting for viral vector vaccines. Here, we describe a new, potent vac-
cine vector based on replication-competent vesicular stomatitis virus pseudotyped with the glycoprotein of the lymphocytic cho-
riomeningitis virus (VSV-GP), which we previously showed to be safe in mice. In mice, VSV and VSV-GP encoding ovalbumin
(OVA) as a model antigen (VSV-OVA and VSV-GP-OVA) induced equal levels of OVA-specific humoral and cellular immune
responses upon a single immunization. However, boosting with the same vector was possible only for VSV-GP-OVA as neutral-
izing antibodies to VSV limited the immunogenicity of the VSV-OVA boost. OVA-specific cytotoxic T-lymphocyte (CTL) re-
sponses induced by VSV-GP-OVA were at least as potent as those induced by an adenoviral state-of-the-art vaccine vector and
completely protected mice in a Listeria monocytogenes challenge model. VSV-GP is so far the only replication-competent vaccine
vector that does not lose efficacy upon repeated application.

IMPORTANCE

Although there has been great progress in treatment and prevention of infectious diseases in the past several years, effective vac-
cines against some of the most serious infections, e.g., AIDS, malaria, hepatitis C, or tuberculosis, are urgently needed. Here,
several approaches based on viral vector vaccines are under development. However, for all viral vaccine vectors currently in clin-
ical testing, repeated application is limited by neutralizing antibodies to the vector itself. Here, we have exploited the potential of
vesicular stomatitis virus pseudotyped with the glycoprotein of the lymphocytic choriomeningitis virus (VSV-GP) as a vaccine
platform. VSV-GP is the first replication-competent viral vector vaccine that does not induce vector-specific humoral immunity,
i.e., neutralizing antibodies, and therefore can boost immune responses against a foreign antigen by repeated applications. The
vector allows introduction of various antigens and therefore can serve as a platform technology for the development of novel
vaccines against a broad spectrum of diseases.

Despite the progress in treatment and prevention of many in-
fectious diseases, there is still an urgent need for effective

vaccines against diseases like AIDS, malaria, hepatitis C, or tuber-
culosis. Many successful vaccines are based on live-attenuated
pathogens (e.g., those for polio, measles, mumps, and rubella) and
usually confer strong and long-lasting immunity (1, 2). For those
infectious agents that cannot be attenuated or where, despite at-
tenuation, safety concerns remain (e.g., HIV), replication-compe-
tent viral vector vaccines can be used. These viral vectors express
the antigen of choice with the expectation that the induced immu-
nity will be as strong and lasting as the response to live-attenuated
vaccines. An ideal viral vector vaccine must fulfill several criteria:
it must be safe, it must induce strong and durable cellular and
humoral immune responses, there should be no preexisting im-
munity in the human population, and ideally the vaccine should
not lose its potency upon repeated application. All current repli-
cation-competent viral vector vaccines lose efficacy upon repeated
application but are very effective in a heterologous prime-boost
regimen. Preexisting or vector-induced neutralizing antibodies
can limit replication of the vector vaccine as shown, e.g., for ad-
enoviral and poxvirus-based vector vaccines (3–5).

Vesicular stomatitis virus (VSV), a negative-strand RNA virus
of the rhabdovirus family, is a potent candidate vaccine vector.
VSV-based vaccines can mount both strong humoral (6) and po-
tent cellular immune responses against pathogens (7). Accord-

ingly, VSV vectors have been shown to induce protective immu-
nity against a large number of different pathogens in animal
models, e.g., HIV, influenza virus, Marburg virus, and Ebola virus
(8–10). VSV has several characteristics required for an ideal vac-
cine vector: the general population lacks antibodies against VSV,
which can interfere with vaccination efficacy (11); infections in
humans are rare and mostly asymptomatic (12); there is no risk of
genotoxicity as the virus does not integrate into the host genome
and replicates in the cytoplasm (13); due to the helical structure of
the capsid, the viral genome can accommodate large antigenic
transgenes (14); the packaging capacity of VSV can even be in-
creased further by using a semi-replication-competent vector sys-
tem, consisting of a pair of VSV variants with trans-complement-
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ing mutations (15); and finally, as VSV is an enveloped virus, viral
glycoproteins are potentially presented in their natural, lipid en-
velope-associated conformation on the viral surface, thereby ex-
posing conformational epitopes not always found in the recombi-
nant protein. Such conformational epitopes on the surface of a
viral pathogen can be potent inducers of neutralizing antibodies.

However, VSV has two major limitations. Neutralizing anti-
bodies against the VSV glycoprotein G are already induced after
the first application, so that homologous boosting with VSV-
based vector vaccines is ineffective (6). Therefore, for VSV, boost-
ing can be achieved only by using multiple serotypes (16). Addi-
tionally, VSV replicates in neurons and thereby can cause viral
encephalitis (17, 18). Therefore, only attenuated VSV variants can
be used in humans, but these, however, have been found to be less
potent (6, 19).

Our group has recently shown that neurotropism (studied in
mice and human neurons) and neurotoxicity (mice) are com-
pletely abolished by pseudotyping viruses with the glycoprotein
(GP) of the lymphocytic choriomeningitis virus (LCMV) WE-
HPI strain (20–22). In contrast to the LCMV Armstrong strain,
the WE strain of LCMV is not neurotropic and is not significantly
pathogenic (23). The LCMV-GP-WE pseudotype VSV-GP is not
neurotoxic even at high intracranial doses in mice. Further exten-
sive safety studies in mice have not shown any pathogenicity of
VSV-GP even at extremely high systemic doses (A. Muik, L. J.
Stubbert, R. Z. Jahedi, Y. Geiss, C. Dold, R. Tober, A. Volk, S.
Klein, U. Dietrich, B. Yadollahi, T. Falls, H. Miletic, D. Stojdl, J. C.
Bell, and D. von Laer, submitted for publication).

Here, we evaluated the immunogenicity of a VSV-GP-based
vector vaccine using the model antigen ovalbumin (OVA) in mice.
We found that VSV-GP was as immunogenic as VSV and adeno-
viral vector vaccines upon prime, but VSV-GP was the only vector
that did not induce neutralizing antibodies to the vector itself and
therefore did not lose immunogenicity upon repeated application.

MATERIALS AND METHODS
Ethics statement. Animal experiments were performed in compliance
with the Austrian national animal experimentation law (“Tierversuchs-
gesetz”), and animal trial permission was granted by Austrian national
authorities (Bundesministerium für Wissenschaft und Forschung, no.
66.011/154-II/3b/2011).

Cell lines and bacteria. BHK-21 cells (American Type Culture Collec-
tion, Manassas, VA) were cultured in Glasgow minimum essential me-
dium (GMEM) (Gibco, Carlsbad, CA) supplemented with 10% fetal calf
serum (FCS; PAA Laboratories), 5% tryptose phosphate broth (Gibco,
Carlsbad, CA), 100 units/ml penicillin (Gibco), and 0.1 mg/ml strepto-
mycin (Gibco). Murine splenocytes were isolated from spleens of immu-
nized C57BL/6 mice, treated with ACK buffer (Lonza, Basel, Switzerland)
to lyse erythrocytes, washed with phosphate-buffered saline (PBS), and
subsequently cultured in RPMI 1620 medium (Lonza, Basel, Switzerland)
supplemented with 10% FCS.

A Listeria monocytogenes strain expressing OVA134 –387 (Lm_OVA)
(24) was kindly provided by Hao Shen, University of Pennsylvania, USA.
Bacteria were grown in LB medium supplemented with 5 �g/ml erythro-
mycin and 5 mg/liter glucose.

Viruses. VSV, VSV-GP, VSV-gfp, and VSV-GP-gfp were described
previously (25, 26) (Muik et al., submitted). VSV-OVA and VSV-GP-
OVA were generated de novo. The OVA-enhanced green fluorescent pro-
tein (eGFP) fusion cassette was inserted on position 5 in the viral genomes
between G/GP and L genes. For construction of the OVA-eGFP fusion
cassette, the full-length OVA sequence was amplified (GenBank sequence
accession number NM_205152) using primers 5=-GCA TGG ACG AGC

TGT ACA AGA TGG GCT CCA TCG GCG CA-3= and 5=-CAA ACA TGA
AGA ATC TGG CTA GAT CAT CAA GGG GAA ACA CAT CTG CC-3=.
The eGFP sequence starting with a unique NheI restriction site and the
intergenic region between the VSV G and L genes was obtained from
pVSV-gfp using primers 5=-AAA GTA ACT CAA ATC CTG CTA GG-3=
and 5=-TGC GCC GAT GGA GCC CAT CTT GTA CAG CTC GTC CAT
GC-3=. The sequence spanning the L gene up to a unique HpaI restriction
site was amplified with primers 5=-GGC AGA TGT GTT TCC CCT TGA
TGA TCT AGC CAG ATT CTT CAT GTT TG-3= and 5=-GTA AAA AAC
TAT ACC CTT GAC TGG-3= from pVSV-gfp. To obtain the full-length
eGFP_OVA sequence, a fusion PCR with these three PCR products and
the primers 5=-AAA GTA ACT CAA ATC CTG CTA GG-3= and 5=-GTA
AAA AAC TAT ACC CTT GAC TGG-3= was performed. The resulting
cassette was ligated via unique NheI/HpaI sites into pVSV-GP to obtain
pVSV-GP-OVA. To create pVSV-OVA, LCMV-GP was replaced in
pVSV-GP-OVA by VSV-G from pVSV-XN2 using the unique restriction
sites MluI and XhoI.

�M51-GP-OVA was created by exchange of wild-type M in VSV-GP-
OVA with an M gene containing the �M51 mutation (kindly provided by
Oliver Ebert, Munich, Germany).

Recombinant VSVs were rescued and plaque purified as described
elsewhere (27). Titers were determined on confluent BHK-21 monolayers
via plaque assay.

The adenovirus vectors described here are replication-defective E1-
deleted vectors based on human adenovirus type 5 (Ad5) and bear a hu-
man cytomegalovirus (hCMV) promoter-driven expression cassette for
secreted, full-length ovalbumin or N-terminally truncated intracellular
ovalbumin. Cloning details can be obtained upon request. Vectors were
produced on N52.E6 cells (28) and purified by double CsCl gradients.
Vector titration was performed by a DNA-based slot blot procedure (29).

Preparation of cell lysates and Western blot analysis. BHK-21 cells
were infected with VSV-OVA or VSV-GP-OVA at a multiplicity of infec-
tion (MOI) of 0.1, and cell lysates were prepared 24 h later. Uninfected
BHK-21 cells were used as a control. Cells were lysed in ice-cold cell lysis
buffer (50 mmol/liter HEPES, pH 7.5; 150 mmol/liter NaCl; 1% Triton
X-100; 2% aprotinin; 2 mmol/liter EDTA, pH 8.0; 50 mmol/liter sodium
fluoride; 10 mmol/liter sodium pyrophosphate; 10% glycerol; 1 mmol/
liter sodium vanadate; and 2 mmol/liter Pefabloc SC) for 30 min. Subse-
quently, cell lysates were centrifuged (13,000 rpm) for 10 min to remove
cell debris, and lysates were stored at �80°C until use.

SDS-PAGE of protein lysates was performed under standard reducing
conditions on a 10% polyacrylamide gel. Proteins were electrophoreti-
cally transferred to 0.45-�m nitrocellulose membranes (Whatman, Das-
sel, Germany). Membranes were blocked with PBSTM (PBS containing
5% skim milk and 0.1% Tween 20) and stained overnight at 4°C with a
GFP-specific mouse monoclonal antibody (B-2, sc-9996; Santa Cruz Bio-
technology, Santa Cruz, CA) diluted 1:1,000 in PBSTM. Detection was
performed with a peroxidase-conjugated mouse IgG-specific antibody
from goat (Invitrogen, Carlsbad, CA), diluted 1:10,000 in PBSTM. Blots
were developed with enhanced chemiluminescence (ECL) (30). For beta-
actin staining, blots were stripped with NaOH (0.1%) for 10 min at room
temperature and blocked with PBSTM. Actin was stained with a beta-
actin-specific monoclonal antibody from mouse (A2228; Sigma, Munich,
Germany) diluted 1:5,000 in PBSTM and a secondary horseradish perox-
idase-conjugated mouse IgG-specific antibody from goat and develop-
ment with ECL.

TCID50 assay. For in vitro growth curves, virus titers were determined
using a 50% tissue culture infective dose (TCID50) assay using the method
of Spearman-Kärber as described previously (31). Briefly, 10-fold serial
dilutions of virus were prepared. One hundred microliters of each dilu-
tion was added in quadruplicate to confluent BHK-21 cells in 96-well
plates and incubated for 24 to 48 h at 37°C until a cytopathic effect was
visible. Numbers of infected wells were counted, and TCID50 values were
calculated.
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Mouse experiments. C57BL/6 wild-type mice were purchased from
Harlan Laboratories (Rossdorf, Germany) and bred and maintained in
the animal facilities of the Innsbruck Medical University. All experiments
were performed in compliance with local animal experimentation guide-
lines and approved by local authorities (Bundesministerium für Wissen-
schaft und Forschung no. 66.011/154-II/3b/2011). Mice were immunized
intramuscularly with 1 � 106 PFU of VSV vectors or 2 � 109 vector
particles (vp) of recombinant adenovirus vectors diluted in 50 �l PBS,
respectively. Control animals received immunizations with 50 �l PBS
without virus.

Serum transfer experiment. C57BL/6 mice were immunized on days
0 and 26 with VSV-OVA or VSV-GP-OVA. For generation of nonim-
mune sera, naive C57BL/6 mice were used. On day 7 post-boost immu-
nization, mice were bled. Blood was allowed to coagulate for 1 h at room
temperature, and subsequently, serum was obtained by centrifugation for
5 min at 8,000 rpm. Serum was stored at �80°C till use. Three hundred
fifty to 500 �l of serum was injected intravenously into naive C57BL/6
mice. Mice were immunized 24 h later with the respective virus or PBS as
control. On day 7 postimmunization, OVA-specific cytotoxic T-lympho-
cyte (CTL) responses were determined via tetramer and intracellular cy-
tokine staining.

IFN-� enzyme-linked immunosorbent spot (ELISpot) assay. The
mouse gamma interferon (IFN-�) ELISpot Plus kit (Mabtech, Nacka
Strand, Sweden) was used to quantify ovalbumin-specific CD8� T cells.
The assay was performed according to the manufacturer’s protocol.
Briefly, 2 � 105 splenocytes per well were incubated under standard cell
culture conditions in 96-well plates precoated with a mouse IFN-�-spe-
cific antibody. For stimulation of OVA-specific CTLs, 2.5 �g/ml of a pep-
tide containing the ovalbumin-specific CTL epitope (SIINFEKL) was
added. Anti-CD3/anti-CD28-coupled magnetic beads (32) were added to
stimulate CTLs in positive-control wells, while negative-control wells re-
mained unstimulated. After 20 h, the cells were removed. The plates were
subsequently incubated with a biotinylated IFN-�-specific antibody and a
streptavidin-horseradish peroxidase (HRP)-conjugated secondary anti-
body. The plates were developed with tetramethylbenzidine (TMB) sub-
strate, and spots were counted in a CTL-Immunospot plate reader (CTL,
Cleveland, OH). The assay was performed in duplicate, and counts of
unstimulated samples were subtracted from those of peptide-stimulated
samples.

Intracellular cytokine staining. Intracellular production of the cyto-
kines IFN-�, tumor necrosis factor alpha (TNF-�), and interleukin-2
(IL-2) was examined by flow cytometric analysis. Briefly, 106 splenocytes
were incubated in the presence or absence of 2.5 �g/ml peptide (SIINF
EKL) in standard medium supplemented with 1 �g/ml GolgiPlug (BD,
Franklin Lakes, NJ, USA) for 6 h at 37°C in a humidified 6% CO2 incuba-
tor. Cells were washed once with fluorescence-activated cell sorting
(FACS) buffer (PBS supplemented with 1% fetal calf serum and 0.05%
sodium azide) and stained with a peridinin chlorophyll protein (PerCp)-
Cy5-conjugated CD8�-specific antibody (BD, Franklin Lakes, NJ, USA).
Intracellular staining with fluorescein isothiocyanate (FITC)-conjugated
IFN-�-specific, phycoerythrin (PE)-conjugated IL-2-specific, and allo-
phycocyanin (APC)-conjugated TNF-�-specific antibodies (BD), respec-
tively, was performed using the Cytofix/Cytoperm fixation/permeabiliza-
tion solution kit (BD) according to the manufacturer’s instructions.
Samples were measured and analyzed using a FACSCanto II cytometer
(BD) and DIVA software.

Tetramer staining. SIINFEKL-specific CD8� T cell counts were
determined using APC-conjugated iTAg tetramers (iTAg tetramer/APC–
H–2-kb OVA [SIINFEKL]; Beckman Coulter, catalog no. T03002).
Splenocytes (106) were stained with PE-conjugated CD8�-specific, FITC-
conjugated CD3�-specific antibodies (BD) and 2.5 �l of tetramer. After
washing with FACS buffer, cells were fixed with 3.7% formaldehyde. The
proportion of tetramer-positive CD8� T cells was determined by flow
cytometric analysis using a FACSCanto II cytometer and DIVA software.

Anti-OVA IgG enzyme-linked immunosorbent assay (ELISA).
Ninety-six-well microtiter plates were coated overnight at 4°C with 100 �l
of ovalbumin protein (ICN Biomedicals Inc., Costa Mesa, CA) at a con-
centration of 100 �g/ml in PBS. Nonspecific binding sites were blocked
with 100 �l PBSTM for 1 h at 37°C. All washing steps were performed with
PBS containing 0.1% Tween 20 (PBST). Mouse plasma was diluted in
PBST in 1:4 serial dilutions, starting with a 1:40 dilution. One hundred
microliters of plasma dilution was added to the coated wells in duplicate
and incubated for 1 h at 37°C. Detection was performed with a horserad-
ish peroxidase-conjugated mouse IgG-specific antibody from goat (di-
luted 1:10,000; Invitrogen, Carlsbad, CA) and Sure Blue TMB detection
reagent and TMB stop solution (KPL, Gaithersburg, MD). Plates were
analyzed at 450 nm (signal) and 650 nm (background) on a model 680
microplate reader (Bio-Rad, Hercules, CA) using Microplate Manager 5.2.1
software (Bio-Rad, Hercules, CA). Endpoint titers were determined as the
reciprocal maximum dilution at which the mean optical density at 450 nm
(OD450) � OD650 of duplicates was greater than the mean OD450 � OD650

plus 2 standard deviations of naive sera.
For absolute quantification, a standard curve was generated using

2-fold serial dilutions (128 ng to 0.125 ng per well) of an ovalbumin-
specific monoclonal antibody from mouse (A6075; Sigma).

LCMV-GP1 IgG ELISA. ELISA plates (PS-Microplate, 96 wells;
Greiner-Bio One) were coated overnight at 4°C with F(ab)2 fragments of
anti-human IgG (Jackson ImmunoResearch) diluted 1:800 in 0.1 M so-
dium carbonate buffer (pH 9.6). After a 2-h blocking step at room tem-
perature with 2% bovine serum albumin (BSA)-PBS, the F(ab)2 frag-
ments were loaded with 100 �l/well of purified Fc-LCMV-GP1 (33) and
incubated for 1 h at room temperature. On a parallel plate, plasma sam-
ples were prediluted 1:8 in 0.1% BSA-PBS and a 3-fold dilution series was
performed. A total of 50 �l/well was applied to the Fc-LCMV-GP1-satu-
rated plate and incubated for 1 h at room temperature. LCMV-GP1-
specific IgG antibodies were detected with anti-mouse IgG-�-HRP
(Sigma) diluted 1:100 in 0.1% BSA-PBS. Plates were developed with 100
�l/well of a solution containing 0.2 mg/ml 2,2=-azino-di-(3-ethylbenz-
thiazoline sulfonic acid), 0.1 M NaH2PO4, 0.04% H2O2, pH 4. Plates were
read at 405 nm in a Victor3 reader (Wallac 1420; PerkinElmer). Between
each step, plates were washed five times with PBST. Titers were deter-
mined as the reciprocal maximum dilution at which the OD405 was
greater than the 2-fold OD405 signal of the naive plasma.

Antiadenovirus ELISA. Of a purified E1-deleted Ad5 vector without a
transgene expression cassette, 6 � 108 vp were coated in 0.2 M Na2CO3-
NaHCO3, pH 9.5, overnight in 96-well Maxisorp plates (Nunc). Blocking
was performed for 1 h at room temperature with 3% (wt/vol) BSA in PBS.
After blocking, serial dilutions of the mouse sera in blocking buffer were
transferred into the wells and incubated for 2 h at room temperature.
Detection was performed using a horseradish peroxidase-conjugated
mouse IgG-specific antibody from goat (BD 554002) (incubation of a
1:2,000 dilution for 1 h at 37°C). Plates were analyzed at 491 nm (signal)
and 620 nm (background).

VSV neutralization assay. The VSV neutralization assay was per-
formed as described elsewhere (34). Briefly, mouse plasma samples were
diluted in 2-fold serial dilutions in PBS, starting with a 1:10 dilution. One
hundred PFU of VSV-GFP or VSV-GP-GFP diluted in 50 �l serum-free
GMEM was mixed with 50 �l of plasma dilution in duplicate samples, and
mixtures were incubated at 37°C for 1 h. Then, samples were transferred
to 96-well plates containing a monolayer of confluent BHK-21 cells in 100
�l complete GMEM. Plates were incubated at 37°C, 6% CO2, for 2 to 3
days and analyzed for cytopathic effect. Neutralizing titers are given as the
highest plasma dilution which completely inhibited a VSV-GFP- or VSV-
GP-GFP-induced cytopathic effect.

Lm_OVA challenge. Immunized mice were intravenously challenged
on day 7 postboost with 1 � 105 CFU of Listeria monocytogenes expressing
OVA (Lm_OVA). On day 3 postchallenge, mice were sacrificed and
splenocytes were isolated. Tenfold serial dilutions of splenocytes were
performed in PBS. Dilutions were plated in duplicate on LB plates sup-
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plemented with 5 �g/ml erythromycin and 5 mg/liter glucose. After 2
days, colonies were counted and the number of CFU per spleen was cal-
culated.

Statistical analysis. Statistical analysis was performed using Graph-
Pad Prism software (GraphPad Software, Inc., La Jolla, CA).

RESULTS
Construction of VSV and VSV-GP vectors containing the model
antigen ovalbumin. We introduced the model antigen ovalbumin
(OVA) fused to eGFP at position 5 into the VSV and VSV-GP
genomes (Fig. 1A). After infection of BHK-21 cells with equal
MOIs, similar amounts of OVA-eGFP fusion protein were ex-
pressed by the two viruses as determined by Western blotting (Fig.
1B). Both viruses replicated well in BHK-21 cells with a slightly
delayed replication of VSV-GP-OVA compared to VSV-OVA in
the initial phase. However, the two viruses reached comparable
titers after 24 h (Fig. 1C).

VSV-GP boosts immune response. In a prime/boost immu-
nization experiment, C57BL/6 mice were immunized intramus-

cularly with VSV-OVA, VSV-GP-OVA, or respective control vec-
tors without the OVA transgene (VSV and VSV-GP) and cellular
and humoral immune responses against OVA were analyzed at
different time points. Only mice immunized with vectors contain-
ing the OVA transgene developed OVA-specific T cells and anti-
bodies, whereas control mice immunized with vector VSV or
VSV-GP did not (Fig. 2 and data not shown). Seven days post-
prime immunization, VSV-OVA and VSV-GP-OVA induced
comparable frequencies of IFN-�-secreting OVA-specific cyto-
toxic T lymphocytes (CTLs) as determined in an enzyme-linked
immunosorbent spot (ELISpot) assay with mean values of 363 and
273 IFN-�� cells per 106 splenocytes, respectively. CTL responses

FIG 1 VSV vectors containing OVA antigen. (A) Genomes of VSV-OVA and
GP-pseudotyped VSV-GP-OVA vectors containing ovalbumin (OVA). The
sequence coding for full-length OVA, C terminally fused to eGFP, was intro-
duced at position 5 into both vectors. (B) BHK-21 cells were infected with
VSV-OVA or VSV-GP-OVA at an MOI of 0.1, and 24 h later, cell lysates were
prepared. The eGFP_OVA fusion protein (69 kDa) was detected by Western
blotting using a GFP-specific antibody. (C) BHK-21 cells were infected with
VSV-OVA or VSV-GP-OVA at an MOI of 0.1 in duplicate. Virus production at
the indicated time points was determined by TCID50 assay.

FIG 2 Cellular and humoral immune responses induced by VSV-OVA and
VSV-GP-OVA. C57BL/6 mice were immunized intramuscularly on days 0 and
26 with 1 � 106 PFU of VSV-OVA or VSV-GP-OVA. Mice were sacrificed at
the indicated time points, and splenocytes and plasma samples were collected.
n was �5 mice per group and time point. (A) OVA-specific CD8� T cell
responses were determined in an IFN-�–ELISpot assay after restimulation of
splenocytes with OVA257–264 peptide (SIINFEKL). Values for unstimulated
cells were subtracted as background. Statistical significances were determined
in a one-way analysis of variance followed by Bonferroni’s multiple compari-
son test (*, P � 0.05; ***, P � 0.001; n.s., not significant). (B) OVA-specific IgG
titers in mouse plasma were determined by ELISA. Data were analyzed by
nonparametric statistics (two-tailed, Mann-Whitney test), and statistically sig-
nificant differences are marked (*, P � 0.05; **, P � 0.01).
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decreased over time for the two vectors with similar kinetics (Fig.
2A and data not shown). Prior to boosting (26 days postprime),
fewer than 70 IFN-�� cells per 106 splenocytes were detected in
both groups.

A second administration of VSV-OVA did not boost CTL re-
sponses. In sharp contrast, boosting was highly efficient for the
VSV-GP-OVA pseudotype, leading to CTL levels comparable to
those after prime immunization. This secondary CTL response for
VSV-GP-OVA lasted for at least 26 days after boost immuniza-
tions. In contrast, for VSV-OVA-immunized animals, OVA-spe-
cific CTLs further decreased over time and were undetectable 26
days after boost immunizations. Also, the humoral immune re-
sponse against the OVA antigen was boosted only with VSV-GP-
OVA (Fig. 2B). While the two vectors induced comparable titers
of anti-OVA IgGs after prime immunization, VSV-OVA could
not boost this response. In contrast, VSV-GP-OVA efficiently
boosted antibody titers after the second immunization, and titers
of up to 1:100,000 (corresponding to 	25 �g/ml anti-OVA IgG)
were reached in mouse plasma.

The attenuated VSV variant �M51 was shown to be less cyto-
toxic in vitro and less neurotoxic in animals than VSV expressing
the wild-type M protein (35). Vaccination with such a less cyto-
toxic vector may lead to a prolonged antigen expression in vivo
and consequently improve the immune response. To test this hy-
pothesis, we compared OVA-specific CTL levels and antibody
titers after prime/boost immunization with either VSV-GP-OVA
or VSV-�M51-GP-OVA. Both vectors induced potent anti-OVA
immune responses. However, reduction of cytotoxicity had no
advantage for vaccination, as VSV-GP-OVA induced significantly
higher levels of IFN-�- and TNF-�-secreting CTLs and higher
titers of anti-OVA IgGs than did VSV-�M51-GP-OVA (Fig. 3).

VSV-GP does not induce neutralizing antibodies against the
vector. Previous studies demonstrated that high titers of neutral-
izing antibodies are induced as early as 1 week after infection with
VSV, whereas neutralizing antibodies against LCMV do not read-
ily develop (36, 37). Therefore, we next determined whether this
difference in neutralizing antibody responses to the viral vector
itself could explain the difference in boosting capacity observed

FIG 3 VSV-GP-OVA containing the less cytopathic M mutant (�M51) induces reduced anti-OVA immune responses. C57BL/6 mice (n 
 5) were immunized
in a prime/boost schedule intramuscularly with either VSV-GP-OVA or VSV-�M51-GP-OVA. Seven days after the second boost, mice were sacrificed and
splenocytes were harvested. Cells were stimulated with the OVA-specific CTL peptide SIINFEKL and analyzed via intracellular cytokine staining for production
of IFN-� and TNF-�. (A and B) Means � standard deviations for IFN-�� (A) and IFN-��/TNF-�� cells within CD8� T cells (B) are depicted. Statistical
significances were determined using a two-tailed t test, and asterisks indicate statistical significance (**, P 
 0.01). (C) Plasma was collected at indicated time
points, and the titer of anti-OVA antibodies was determined by ELISA. Statistical significances were determined by nonparametric statistics (two-tailed,
Mann-Whitney test).
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between VSV-OVA and VSV-GP-OVA. Titers of neutralizing an-
tibodies were measured in an in vitro neutralization assay on
BHK-21 cells infected with either VSV-G or VSV-GP vectors ex-
pressing eGFP. All VSV-OVA-immunized mice had high titers of
neutralizing antibodies against VSV-G already after prime immu-
nization (mean, 2 � 103), which did not significantly increase
upon boost immunization (Fig. 4A). In contrast, none of the sera
of the VSV-GP-OVA-immunized mice was able to neutralize ei-
ther VSV or the VSV-GP pseudotype (Fig. 4B), although we found
antibodies binding to LCMV-GP (Fig. 4C).

To confirm that neutralizing antibodies against the VSV-G gly-
coprotein were indeed the reason for the inability of VSV-OVA to
reinduce/boost immune responses after second immunizations,
we performed a serum transfer experiment. Naive C57BL/6 mice
received either immune serum from VSV-OVA- or VSV-GP-
OVA-vaccinated mice or nonimmune serum from naive mice as a
negative control. Subsequently, mice were vaccinated with VSV-
OVA, VSV-GP-OVA, or PBS. OVA-specific CTL responses were
determined via tetramer staining and intracellular cytokine stain-
ing for IFN-�-secreting T cells. After transfer of nonimmune se-
rum, both VSV-OVA and VSV-GP-OVA induced potent CTL
responses, whereas immunization with PBS did not raise any
OVA-specific response (Fig. 4D and E). However, after transfer of
VSV-OVA immune serum, vaccination with VSV-OVA induced
only a minor OVA-specific CD8� T cell response, while transfer of
VSV-GP-OVA immune serum had no influence on vaccination
with VSV-GP-OVA.

VSV-GP-OVA induces immune responses as strong as those
induced by adenovirus-OVA, a state-of-the-art vaccine vector.
In a next step, we compared our VSV-GP-OVA pseudotype to an
adenoviral vector expressing OVA as a state-of-the-art vaccine
vector. Mice were immunized on day 0 (prime), day 26 (first
boost), and day 52 (second boost) intramuscularly with either 106

PFU of VSV-GP-OVA or 2 � 109 viral particles of an adenoviral
vector expressing intracellular or secreted OVA, AdiOVA and
AdsOVA, respectively. Seven days after the second boost, OVA-
specific CTL responses were determined. While the levels of IFN-
�-producing CTLs were not significantly different between the
VSV-GP-OVA pseudotype and the adenoviral vector AdiOVA,
VSV-GP-OVA induced significantly higher frequencies of multi-
functional OVA-specific T cells (Fig. 5).

Mice immunized with VSV-GP had high titers of anti-OVA
IgGs in the plasma already after the first immunization, which
were boosted by subsequent immunizations (Fig. 5). Mice im-
munized with AdiOVA, however, only occasionally developed
OVA-specific antibodies, while mice immunized with AdsOVA
exhibited high titers of anti-OVA antibodies. After prime im-
munization, these were comparable to those of VSV-GP-OVA-
immunized animals. The titers of anti-OVA antibodies in-
creased for both groups (AdsOVA and VSV-GP-OVA) after the
first boost. However, boosting was more pronounced for VSV-
GP-OVA, where OVA-specific IgG titers rose even further after
the second boost. These data are consistent with the antivector
antibody titers. Whereas for VSV-GP-OVA no neutralizing an-
tibodies were induced even after multiple immunizations (Fig.
4 and data not shown), adenovirus-immunized mice had high
titers of adenovirus-specific antibodies after the first boost im-
munization (Fig. 5C), a time point after which further boosting
with the AdsOVA became inefficient. For adenovirus-specific
antibodies, titers of binding antibodies typically correlate with

neutralizing capacity when mice are immunized intramuscu-
larly with Ad5 (38, 39).

VSV-GP-OVA vaccination protects mice from Lm_OVA
challenge. Finally, we tested the efficacy of VSV-GP-OVA vacci-
nation in a challenge model using Listeria monocytogenes express-
ing OVA (Lm_OVA). Mice were immunized in a prime/boost
schedule with VSV-GP-OVA, VSV-OVA, AdiOVA, VSV-GP con-
trol vector, or PBS and challenged 7 days postboost with
Lm_OVA. Three days after challenge, mice were sacrificed and
bacterial load in the spleen was measured (Fig. 6). In all PBS and
VSV-GP control mice, high-level Lm_OVA replication was de-
tected in the spleen (5 � 106 to 9 � 106 CFU per spleen). After
vaccination with VSV-GP-OVA or AdiOVA, however, bacterial
load in the spleen was below quantification limit (�102 CFU per
spleen) for all mice. For VSV-OVA, however, only a partial pro-
tection from Lm_OVA challenge was observed; 5 out of 8 mice
were completely protected, but for 3 animals a significant replica-
tion of Lm_OVA was observed (2 � 103, 9 � 103, and 2 � 106 CFU
per spleen). Consistently, mean SIINFEKL-specific CD8� T cell
frequencies were lower for VSV-OVA-vaccinated mice than for
the two protected groups, VSV-GP-OVA and AdiOVA. This cor-
responds well to the lower frequencies of OVA-specific IFN-�-
secreting CTLs after prime/boost immunization for VSV-OVA
compared to VSV-GP-OVA observed in the preceding experi-
ment (Fig. 2).

DISCUSSION

In this study, we describe a replication-competent vesicular sto-
matitis virus pseudotyped with the glycoprotein of an LCMV WE
strain (WE-HPI), VSV-GP, which was found to be a highly potent
vaccine vector.

VSV has previously been shown to be a highly efficient vaccine
vector; however, its inherent neurotoxicity has limited clinical ap-
plication. Several groups have engineered VSV mutants with re-
duced neurotoxicity (18, 19), and the level of toxicity/safety in
mice of an attenuated VSV variant has been highly predictive of
the safety level in nonhuman primates (40, 41). Initial studies in
humans with attenuated VSV strains have confirmed this predic-
tion ability of mouse experiments [J. Fuchs, I. Frank, N. Kochar,
M. Elizaga, M. Allen, D. K. Carter, N. Frahm, S. Kalams, M. Mul-
ligan, R. Sheets, M. Pensiero, D. Clarke, and J. Eldridge, First-in-
human phase I clinical trial of a recombinant vesicular stomatitis
virus (rVSV)-based preventive HIV-1 vaccine, presented at AIDS
Vaccine 2012, Boston, MA, 9 to 12 September 2012; http://www
.epostersonline.com/aidsvax2012/?q
node/2820]. VSV-GP is the
only attenuated VSV variant that has completely lost detectable
neurotoxicity in mice while preserving replication fitness (22)
(Muik et al., submitted). This lack of toxicity in mice should be
predictive of an excellent safety profile for VSV-GP in humans.

The required level of safety for a therapeutic vaccine, e.g., for
severe chronic infections or cancer, is already high but could well
be met by the VSV-GP vaccine vector described here. However,
safety requirements for a prophylactic vaccine used in a large
number of healthy individuals are even higher. This maximal
safety level is most likely difficult to achieve by any of the replica-
tion-competent vector vaccines under investigation (vaccinia vi-
rus, canarypox virus, CMV, and VSV pseudotyped with Ebola
virus envelope). However, as VSV-GP has a small genome of lim-
ited complexity, several additional modifications could easily be
introduced to maximize vaccine safety, such as splitting the ge-
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FIG 4 Vaccination with VSV-GP does not induce neutralizing antibodies against the vector. Mice were immunized intramuscularly on days 0 and 26 with 1 �
106 PFU of VSV-OVA or VSV-GP-OVA in a prime/boost regimen, and plasma samples collected at the indicated time points were analyzed for the titer of
neutralizing antibodies against VSV (A) or VSV-GP (B). Titers of neutralizing antibodies are given as the highest dilution which completely inhibited the
cytopathic effect induced by 100 PFU of VSV-GFP or VSV-GP-GFP. At least 5 mice were analyzed per time point and virus. Plasma samples from VSV- or
VSV-GP-immunized mice were collected at the indicated time points and were analyzed for the titer of LCMV-GP1 binding antibodies by ELISA using
recombinant LCMV-GP1 (C). Plasma samples from 4 mice per group were pooled, and data show means � standard deviations from 4 independent experi-
ments. Statistical significances were determined using nonparametric statistics (two-tailed, Mann-Whitney test; *, �0.05). For serum transfer, naive mice
received either immune serum from VSV-OVA- or VSV-GP-OVA-immunized mice or nonimmune serum from naive mice as a control. Subsequently, mice
were immunized intramuscularly with 1 � 106 PFU of VSV-OVA or VSV-GP-OVA, and OVA-specific CTL responses were determined via tetramer (D) and
intracellular cytokine (E) staining on day 7 postimmunization. Four mice per group were analyzed. Means � standard deviations are shown. Statistical
significances were determined using an unpaired, two-tailed t test (*, P � 0.05; ***, P � 0.01; ns, not significant).

VSV-GP as Vaccine Vector

May 2014 Volume 88 Number 9 jvi.asm.org 4903

http://jvi.asm.org


nome to generate a semireplicative virus system as described by us
previously for VSV (15).

Among all replication-competent vector vaccines, VSV-GP
was found to be unique in the ability to boost the vaccine response
upon repeated applications. Accordingly, VSV-GP-OVA rein-
duced OVA-specific CTL responses and boosted the titers of
OVA-specific antibodies. The lack of vector-neutralizing antibod-
ies in VSV-GP-OVA-immunized mice was found to be the reason
for VSV-GP-OVA’s ability to boost immune responses upon re-
peated applications. Accordingly, serum transfer from VSV-im-
munized mice reduced the subsequent T cell response to OVA
after VSV-OVA vaccination, while serum transfer from VSV-GP-
immunized mice had no effect on the response to VSV-GP-OVA
vaccination. Indeed, VSV is known to rapidly induce neutralizing
antibodies (11), while neutralizing antibodies to LCMV are, if at
all, induced only after chronic infection of 50 to 150 days (42). By
exchanging the glycoproteins between VSV and LCMV, Pin-

schewer and colleagues showed that the ability to induce neutral-
izing antibodies is determined solely by the viral glycoprotein and
not the backbone (43).

Antivector immunity is an important issue for viral vector vac-
cines. For those, currently in clinical testing (poxviruses, adeno-
viruses, VSV, etc.), repeated application is limited by antivector
immunity (44). There are several other candidates in preclinical
development. But among those, only a replication-deficient
LCMV vector allows homologous boosting (45, 46). To circum-
vent this problem, heterologous prime-boost regimes or different
serotypes of the same vector may be used.

Interestingly, we were able to boost anti-OVA antibody titers
once in mice immunized with AdsOVA (the OVA protein is se-
creted). These data correlated with titers of adenovirus-specific
antibodies in the plasma of the mice, which were low after prime.
It is known that the induction of adenovirus-specific antibodies in
mice by immunization with human Ad5 vectors is strongly depen-

FIG 5 VSV-GP-OVA is at least as potent as a state-of-the-art adenoviral vaccine vector. Mice (n 
 5) were immunized with VSV-GP-OVA, AdiOVA (expressing
intracellular OVA), or AdsOva (expressing secreted OVA) in a prime/boost schedule with two boost immunizations. (A) Seven days after the second boost
immunization, mice were sacrificed and splenocytes were harvested. Cells were stimulated with the OVA-specific CTL epitope SIINFEKL and analyzed by
intracellular cytokine staining for production of IFN-�, TNF-�, and IL-2. Means � standard deviations for IFN-��, IFN-��/TNF-��, and IFN-��/TNF-��/
IL-2� cells within CD8� T cell population are shown. Statistical significances were determined using an unpaired, two-tailed t test (**, P � 0.01; *, P � 0.05; n.s.,
not significant). (B) Plasma was collected at the indicated time points, and the titer of OVA-specific antibodies was determined by ELISA. Statistical significances
were determined using nonparametric statistics (two-tailed, Mann-Whitney test; *, P � 0.05). (C) Mice (n � 4) were immunized with AdiOVA in a prime/boost
schedule with two boost immunizations. Plasma was collected at indicated time points, and the titer of antiadenovirus antibodies was determined via ELISA.
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dent on both the applied dose and the route of delivery (39) and
can be boosted by repeated vector administration. Consistently,
only after the first low-dose boost were adenovirus-specific anti-
body titers high in all Ad-immunized animals. Importantly, a
large fraction of the human population—in particular in sub-
Saharan Africa—is already immune to several adenovirus sero-
types (47). While clinical data have demonstrated that preexisting
immunity restricts the efficacy of Ad5-based vaccine vectors, the
underlying mechanisms may well go beyond simple neutraliza-
tion but still have to be elucidated. In contrast, the seroprevalence
to LCMV is extremely low (48), and this can be considered a
significant advantage over vaccine vectors whose wild-type coun-
terparts have high seroprevalence.

Adenovirus vectors based on the human adenovirus serotype 5
were chosen for comparison with VSV-GP as a “gold standard”
since they have been shown by various groups to be the most
immunogenic viral vector vaccines currently available (44, 49).
Additionally, adenoviral vector vaccines showed efficacy in animal
models for several diseases, e.g., HIV infection and malaria. Here,
VSV-GP-OVA induced specific CTL responses as potent as those
induced by an adenoviral vector. The high frequencies of OVA-
specific CTLs also translated into protection in a Listeria monocy-
togenes challenge model, where control of the bacteria is mainly
achieved by CTLs. All VSV-GP-OVA- and AdiOVA-immunized
mice were able to completely control Listeria monocytogenes infec-
tion. In contrast, for VSV-OVA-immunized mice, which showed
lower OVA-specific CTL frequencies, only part of the animals
controlled the infection. Potential differences between AdiOVA-
and VSV-GP-OVA-induced immune protection could not be de-
tected as both vectors provided full protection against the dose of
Listeria used in the described experiment.

While T cell responses induced by adenoviral vectors and
VSV-GP were comparable, we found drastic differences in OVA-
specific antibody titers. In contrast to VSV infection, adenovirus
infection is not cytopathic. Therefore, the antibody response to
adenovirus immunization is weak for intracellular antigens but
potent for secreted antigens. For example, in the STEP trial, an
adenoviral vector containing HIV Gag, Pol, and Nef induced only
T cell responses whereas similar vectors encoding HIV Env also
elicited high titers of Env-specific antibodies (50, 51). In line with
these findings, we found that when expressed from an adenoviral
vector, only the secreted but not the intracellular OVA antigen
induced a significant antibody response. The same is true for other
vaccines. Fusion of an IgG signal sequence to HIV Nef or Chla-
mydia pneumoniae Omp2 in a DNA vaccine enhanced secretion of
antigens and titers of antigen-specific antibodies (52). Boyle and
colleagues showed that a DNA vaccine encoding OVA induced
higher titers of OVA-specific antibodies after intramuscular im-
munization of mice when the OVA protein was secreted or mem-
brane bound than when it was in a cytoplasmic form (53). In
contrast, OVA, when expressed from VSV, induced high titers of
antibodies even in the intracellular form. Accordingly, for VSV,
the localization of the antigen seems to be less important than it is
for other delivery systems. VSV encoding either wild-type hepati-
tis B virus middle envelope surface glycoprotein or a secretion-
deficient variant induced identical T cell and antibody responses
(54). The most likely explanation is that the intracellular antigen is
set free by virus-induced cell lysis.

We found that the noncytopathic �M51 variant was less im-
munogenic than the more cytopathic vector (VSV-GP or VSV)

FIG 6 VSV-GP-OVA-immunized mice were protected from challenge
with Listeria monocytogenes expressing OVA. Mice were immunized in a
prime/boost regimen with the indicated vectors or PBS as a control and chal-
lenged 7 days later with Lm_OVA. Three days after challenge, mice were sac-
rificed. (A) Bacterial load in the spleen was determined (n � 5). Data from two
independent experiments were combined in the graph. (B) Frequency of
OVA-specific CTLs was determined by tetramer staining in the second exper-
iment (n � 2).
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containing the wild-type M protein. Consistently, after intranasal
or intramuscular immunization the HIV Env-specific CTL re-
sponse was lower for a VSV-�M51 variant than for VSV with
wild-type M protein (55). Likewise, a recent study showed that a
VSV variant containing the �M51 protein induced lower titers of
antibodies against hepatitis B virus middle surface protein than
the corresponding virus with wild-type M protein (54). The re-
lease of antigen from cells killed by virus infection again seems to
be important for the induction of a potent humoral immune re-
sponse.

VSV-GP is the first replicating viral vector vaccine that does
not readily induce neutralizing antibodies to the vector itself and
thus can repeatedly boost immune responses against a vaccine
antigen. In future, this unique feature could potentially be con-
ferred also on other enveloped viral vaccine vectors simply by
pseudotyping these with LCMV GP protein.
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