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Live recombinant vesicular stomatitis viruses (VSVs) expressing foreign antigens are highly effective vaccine
vectors. However, these vectors induce high-titer neutralizing antibody directed at the single VSV glycoprotein
(G), and this antibody alone can prevent reinfection and boosting with the same vector. To determine if efficient
boosting could be achieved by changing the G protein of the vector, we have developed two new recombinant
VSV vectors based on the VSV Indiana serotype but with the G protein gene replaced with G genes from two oth-
er VSV serotypes, New Jersey and Chandipura. These G protein exchange vectors grew to titers equivalent to
wild-type VSV and induced similar neutralizing titers to themselves but no cross-neutralizing antibodies to the
other two serotypes. The effectiveness of these recombinant VSV vectors was illustrated in experiments in which
sequential boosting of mice with the three vectors, all encoding the same primary human immunodeficiency virus
(HIV) envelope protein, gave a fourfold increase in antibody titer to an oligomeric HIV envelope compared with
the response in animals receiving the same vector three times. In addition, only the animals boosted with the
exchange vectors produced antibodies neutralizing the autologous HIV primary isolate. These VSV envelope ex-
change vectors have potential as vaccines in immunizations when boosting of immune responses may be essential.

Vesicular stomatitis virus (VSV) is the prototype of the fam-
ily Rhabdoviridae. The 11-kb, nonsegmented, negative-strand
RNA genome of VSV encodes five mRNAs directing synthesis
of four internal structural proteins called the nucleocapsid (N),
phosphoprotein (P), matrix protein (M), and polymerase (L),
as well as one transmembrane glycoprotein (G) exposed on the
exterior of the virion (39).

Earlier studies from our laboratory have established that
VSV can serve as a highly effective vaccine vector. For exam-
ple, a single intranasal (i.n.) inoculation with a VSV recombi-
nant expressing influenza virus hemagglutinin (HA) generates
serum neutralizing antibody titers to influenza virus of 1:4,000
and completely protects mice from a normally lethal influenza
virus (32, 33). Also, inoculation with a VSV recombinant ex-
pressing the measles virus H protein induces higher measles
virus neutralizing titers than measles virus itself in cotton rats
and can immunize cotton rats against measles even in the
presence of passively transferred “maternal” antibodies to
measles virus (36). Replication of the VSV vectors given i.n. is
required to generate an immune response, since UV-inacti-
vated virus is not effective in generating neutralizing antibodies
or protecting from a lethal virus challenge (33).

Both antibody and cellular immune responses are likely to
be important in the development of immunity to human im-
munodeficiency virus (HIV) (3, 25). Because of the strong
antibody and cellular immune responses induced by VSV vec-
tors (21, 32, 33, 41) we have begun investigating the possibility
of using recombinant VSV as an AIDS vaccine. Recombinant
VSVs which express functional HIV envelope proteins from
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primary (patient-derived) and laboratory-adapted HIV strains
have been prepared (18). In addition, a single VSV recombi-
nant can be made to express both HIV Gag and Env proteins
from separate genes (15). HIV neutralizing antibodies are di-
rected to the HIV envelope protein (29, 40), while cytotoxic T
cells recognize epitopes in multiple HIV proteins, including
Env and Gag (1, 14).

Initial studies from our laboratory showed that i.n. vaccina-
tion of mice with a VSV encoding the envelope protein of the
laboratory-adapted HIV IIIb strain induced serum HIV neu-
tralizing antibody titers as high as 1:125 (11a). However, sub-
sequent studies using a VSV encoding the envelope of the
primary HIV isolate 89.6 showed induction of antibodies to
this envelope protein but no detectable neutralizing antibodies
even after multiple inoculations. It is often more difficult to
neutralize infection by primary HIV isolates compared with
laboratory-adapted HIV strains, although a wide range of neu-
tralization sensitivities exists in both (4, 28). To determine if
VSV vectors could be modified to allow boosting of immune
responses and generation of neutralizing antibodies to the HIV
89.6 envelope protein, we developed a new vector strategy
based on VSV vectors expressing G proteins from different
serotypes.

A basic limitation of live viral vector systems is that animals
develop neutralizing antibodies to the vector after the first
vaccination and these antibodies prevent subsequent boosting
(25, 32). Such vector-directed immunity normally dictates an
alternate means of boosting, such as using more than one type
of vector or boosting with purified protein (25). In the case of
VSV, neutralizing antibodies are directed to the single G gly-
coprotein (20), and these anti-G antibodies are highly effective
at preventing reinfection (32). To get around such neutralizing
antibodies, we have generated VSV envelope exchange vectors
that allow effective boosting even in the presence of neutral-
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izing antibodies directed against the first vector. Our original
VSV vectors had the genes encoding the N, P, M, G, and L
proteins all derived from the VSV Indiana (I) serotype (23,
37). The G protein exchange vectors described here have the
same N, P, M, and L genes but express a G protein from either
the New Jersey (NJ) or Chandipura (Ch) serotype of VSV.
These G proteins do not generate cross-neutralizing antibodies
and allow reinfection and effective boosting of antibody re-
sponses to foreign proteins encoded by the vector.

MATERIALS AND METHODS

Plasmid construction. A plasmid containing the Chandipura glycoprotein
[G(Ch)] gene (27) was kindly provided by Amiya Banerjee. To construct the
VSV vector containing the G(Ch) gene in place of the Indiana glycoprotein
[G(T)] gene, we first eliminated an Xhol site from within the G(Ch) gene using
oligonucleotide-directed mutagenesis with the complementary primers 5'-CCC
CTAGTGGGATCTCCAGTGATATTTGGAC and 5'-GTCCAAATATCACT
GGAGATCCCACTAGGGG and the Stratagene QuikChange mutagenesis kit.
The mutation of CTCGAG to CTCCAG eliminated the X#ol site without af-
fecting the amino acid sequence of the G(Ch) protein. The gene was then am-
plified by PCR using Vent DNA polymerase (New England Biolabs). The for-
ward primer was 5-GATCGATCGAATTCACGCGTAACATGACTTCTTC
AG, containing an Mlul site (underlined) upstream of the ATG initiation codon
for the G(Ch) protein. The reverse primer was 5'-GGAACGGTCGACGCGCC
TCGAGCGTGATATCTGTTAGTTTTTTTCATATCATGTTGTTGGGCTTG
AAGATC and contained Sall and Xhol sites (bold), followed by VSV transcrip-
tion start and stop signals (underlined), followed by the complement of the 3’
coding sequence of G(Ch). The PCR product was digested with MluI and Sall
and cloned into the pVSVXN-1 vector (37) that had been digested with Miul and
Xhol to remove the VSV G(I) coding sequence (Sa/l and X#hol leave compatible
ends for ligation). The plasmid derived by this method was designated pVS-
V(GCh)XN-1 and contains an expression site for foreign genes flanked by
unique X#ol and Nhel sites between the G(Ch) gene and the L gene.

A procedure identical to that described above was used to generate the vector
containing the G(NJ) protein gene from plasmid pNJG (13). The forward primer
was 5'-GATCGATCGAATTCACGCGTAATATGTTGTCTTATCTAATCTTT
GC, and the reverse primer was 5'-GGAACGGTCGACGCGCCTCGAGCGTG
ATATCTGTTAGTTTTTTTCATATTAACGGAAATGAGCCATTTCCACG.
The sites indicated by bold letters and the underlined sequences are as described
for the Chandipura construction above, and the subsequent cloning steps were
also as described above. The final vector plasmid derived was designated pVS-
V(GNJ)XN-1 and contains an expression site for foreign genes flanked by
unique X#ol and Nhel sites between the G(NJ) gene and the VSV L gene.

To generate the above vectors containing the HIV Env 89.6 G gene, the gene
encoding the 89.6 envelope protein with the VSV G cytoplasmic tail was excised
with Xhol and Nhel from pVSV-89.6gp160G (18) and cloned between the Xhol
and Nhel sites in vector pVSV(GNJ)XN-1 or pVSV(GCh)XN-1. This gp160G
gene encodes all of gp120 and the ecto- and transmembrane domains of gp41 and
has four amino acids of the 89.6 Env cytoplasmic domain (N-R-V-R) fused to the
26 C-terminal amino acids of the VSV G cytoplasmic domain, beginning with the
sequence I-H-L-C (18).

Recoveries of recombinant viruses. Recombinant VSVs were recovered using
established methods (23, 37). Briefly, baby hamster kidney (BHK) cells were
grown to approximately 60% confluency on 10-cm dishes. The cells were then
infected at a multiplicity of infection (MOI) of 10 with vIF7-3, a recombinant
vaccinia virus that expresses T7 RNA polymerase (12). After 1 h, each dish of
cells was transfected with 3 g of pBS-N, 5 pg of pBS-P, 1 pg of pBS-L, and 10
pg of the plasmid encoding one of the three full-length recombinants described
above. Transfections were performed with a cationic liposome reagent contain-
ing dimethyldioctadecyl ammonium bromide and dioleyl-phosphatidylethanol-
amine (34). Cells were then incubated at 37°C for 48 h. Cell supernatants were
passed through a 0.2-um filter to remove the majority of the vaccinia virus and
then applied to fresh BHK cells for an additional 48 h at 37°C. For some
recoveries, an additional plasmid encoding VSV G (pBS-G), 4 ng/plate, was
included with the N, P, and L support plasmids. Recovery of infectious virus was
confirmed by scanning BHK cell monolayers for VSV cytopathic effect. Virus
plaques were then isolated on BHK cells, and virus stocks from individual
plaques were grown by adding virus from a single plaque to a 10-cm-diameter
plate of BHK cells. These stocks were then stored at —80°C. The titers obtained
for VSV(GI)-89.6G, VSV(GCh)-89.6G, and VSV(GNJ)-89.6G were all in the
range of 107 to 108 PFU/ml after freezing and thawing, a procedure that reduces
VSV titers approximately threefold.

Metabolic labeling of infected cells. BHK cells on 35-mm-diameter plates
(nearly confluent) were infected with wild-type (wt) VSV or the recombinant
viruses at an MOI of approximately 10. Plates were incubated at 37°C for 4 h or
until cytopathic effect was seen. The medium was removed, and the cells were
washed twice with warmed, methionine-free Dulbecco’s modified Eagle’s me-
dium (DMEM). Then, 1 ml of methionine-free DMEM containing 100 wCi of
[3>S]methionine was added to each plate for 1 h at 37°C. To prepare labeled cell
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extracts, the medium was removed, and the cells were washed twice with phos-
phate-buffered saline (PBS) and lysed in 0.5 ml of detergent solution (1%
Nonidet P-40, 0.4% deoxycholate, 50 mM Tris-HCI [pH 8], 62.5 mM EDTA) on
ice for 5 min. The cell lysates were collected into 1.5-ml Eppendorf tubes and
centrifuged for 2 min at 14,000 rpm in an Eppendorf microcentrifuge. Labeled
lysates were analyzed by electrophoresis on a sodium dodecyl sulfate (SDS)-10%
polyacrylamide gel.

Inoculation of mice. Female BALB/c mice 5 to 6 weeks old (Charles River
Laboratories) (five to seven mice per experimental or control group) were
housed in filter/isolette cages upon arrival. Mice were inoculated no earlier than
4 days after arrival. Prior to inoculation (day 0), mice were lightly anesthetized
with Metofane (Mallinckrodt Veterinary, Inc., Mundelein, Ill.) and marked by
ear punch. Twenty-five microliters of virus inoculum (10° PFU) in DMEM was
delivered i.n. by 200-pl pipette to anesthetized mice. Mice were weighed in a
plastic beaker to +£0.02 g. Subsequent i.n. boosts were given in an identical
manner. Mice were observed and weighed on a daily basis. For intraperitoneal
(i.p.) boosting with VSV vectors, 200 ul of DMEM containing 6.25 X 10° PFU
of each of the three purified viruses was injected. Vaccinia virus encoding HIV
Env 89.6 protein was generously provided by Robert Doms and administered by
i.p. injection of 2.0 X 10° PFU in 100 ul of DMEM.

Virus purification for i.p. boost. BHK cells were infected with VSV recombi-
nants at an MOI of 0.1 for 20 h. The medium from the infected cells was
collected and clarified by centrifugation at 2,000 X g for 10 min. Virus in the
supernatant was pelleted by centrifugation in a Beckman ultracentrifuge using a
19K rotor at 18,000 rpm for 90 min at 4°C. The virus pellets were resuspended
in PBS, loaded onto 10% (wt/vol) sucrose in PBS, and centrifuged at 4°C and
39,000 rpm for 65 min using an SW41 rotor. The virus pellets were resuspended
in PBS, aliquoted, and stored at —80°C. The titers of the purified viruses were
determined by plaque assays on BHK cells with an overlay of 1% methylcellulose
in DMEM supplemented with 5% fetal bovine serum (FBS).

Preparation of sera. Blood samples from inoculated mice were collected and
allowed to clot at 4°C overnight. Clots were removed, and samples were centri-
fuged in a TOMY MTX-150 centrifuge (TMA-11 fixed-angle rotor) at 4°C for 10
min at 5,500 rpm. Clarified sera were transferred to sterile Eppendorf tubes and
heat inactivated at 56°C for 1 h. Blood samples from mice inoculated with the
same virus constructs (or with DMEM) were pooled.

Antigen for ELISAs. The HIV 89.6 gp140 envelope protein for the enzyme-
linked immunosorbent assays (ELISAs) was derived from the primary isolate
HIV 89.6 (5) and expressed by recombinant vaccinia virus vector vBD1 (R.
Doms, unpublished). This virus expresses an oligomeric gp140 protein containing
the extracellular domains of gp120 and gp41 but lacking the transmembrane and
cytoplasmic domains of gp41. The protein is secreted into the medium of vBD1-
infected cells. To produce gp140 protein, 293 cells (human embryonic kidney,
epithelial) were infected with vBD1 at an MOI of 4. The infecting virus was
replaced with serum-free DMEM at 3 h postinfection. The medium containing
gp140 was collected at 24 h postinfection and clarified by centrifugation at
2,000 X g for 5 min. The optimal amount of gp140 added to each well was de-
termined by ELISA, using different amounts of supernatant together with a fixed
amount of mouse serum positive for HIV envelope antibodies. In subsequent
ELISAs, reported here, 30 ul of the gp140 supernatant was added to each well.

ELISAs. ELISAs were performed essentially as described previously (31).
Costar 96-well plates were first coated with 0.1 mg of concanavalin A (ConA;
Sigma) per ml in 20 mM Tris-HCI-1 M NaCl (pH 8.5) for 2 h at room temper-
ature. In the next step, gp140 diluted in PBS was added. After the binding of
gp140 to ConA overnight at 4°C, a blocking step with PBS containing 10% calf
serum (blocking solution) was carried out for 30 min. Each mouse serum was
diluted twofold with blocking solution from 1:100 to 1:800 and added to the wells.
Plates were incubated at room temperature for 2 h. The secondary antibody,
biotinylated goat anti-mouse immunoglobulin antibody (Pierce), was diluted
1:100,000 in blocking solution. After 0.5 h of incubation with the secondary
antibody, horseradish peroxidase-conjugated avidin (Pierce) was added to the
incubation at a final concentration of 1:10,000, and the plates were incubated for
an additional hour at room temperature. The substrate used for colorimetric
analysis was 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt tablets, 10 mg/tablet (Immunopure ABTS; Pierce). Following each incuba-
tion step, wells were washed three times with 200 wl of PBS-0.05% Tween 20.
Following conjugate incubation, a single 2X PBS-0.05% Tween high-salt wash
was performed to lower background binding (22). This wash was followed by
three washes with 1X PBS—0.05% Tween 20 wash solution. The volume added to
the wells in each step was 100 wl except for the blocking step, where a volume of
200 pl/well was added. All incubations except the binding of gp140 were carried
out at room temperature. Optical densities were determined at a wavelength of
405 nm in a BioRad ELISA plate reader.

VSV neutralization assays. We used VSV Indiana or VSV New Jersey to
detect antibodies neutralizing the corresponding G proteins. To detect antibod-
ies neutralizing the G(Ch) protein, a recombinant VSV Indiana expressing the
G(Ch) in place of the G(I) was used. Neutralization assays were performed as
follows. Mouse sera were diluted with PBS in a volume of 50 pl in serial twofold
dilutions in 96-well plates. Fifty microliters of each virus (approximately 100
PFU) in serum-free DMEM was added to the diluted serum in each well. The
96-well plates containing serum and virus were incubated at 37°C for 1 h.
Approximately 1,500 BHK cells in 100 wl of DMEM-10% FBS were then added
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FIG. 1. Diagram of VSV G protein exchange vectors. A schematic representation of the negative-strand recombinant VSV genomic RNAs of the G protein
exchange vectors is shown at the top, indicating the gene order 3’ to 5'. The proteins expressed by the recombinants are depicted by the symbols above the RNA genome.
A gene encoding the HIV (89.6) envelope with its cytoplasmic tail replaced by the cytoplasmic tail of VSV G was cloned into the three different infectious VSV plasmids
downstream from the indicated VSV G protein genes. The different G protein trimers are shown with distinct shading patterns, as indicated. Diagrams of the three
recombinant viruses are shown below. The HIV EnvG protein has been shown to be incorporated into the VSV virion, as indicated (18).

to each well. The plates were incubated at 37°C and 5% CO, for 2 to 3 days. Each
assay was performed in duplicate. Neutralizing titers are given as the highest
dilutions which correspond to complete inhibition of VSV cytopathic effect. All
duplicate assays agreed within one dilution.

Detection of neutralizing antibody recognizing the HIV-1 envelope. Assays
detecting neutralization of the HIV envelope were performed essentially as
described previously (2). Approximately 20,000 HeLa T4 cells were plated per
well on 96-well plates on the day before the assay to give confluent monolayers.
VSVAG-89.6G-GFP was diluted in DMEM-10% FBS to a final concentration of
approximately 100 infectious units per 25 pl. To neutralize traces of infectivity
due to residual G protein (2), the virus mixture was incubated for 10 min at room
temperature with the I1 monoclonal (24) antibody against VSV G at a concen-
tration of 1 wl/ml. Mouse sera were diluted with DMEM-10% FBS in serial
twofold dilutions from 1:10 to 1:640. Equal volumes of diluted virus and diluted
antibody were mixed and incubated for 30 min at 37°C, and 50 pl of each mixture
was added to the HeLa T4 cells in duplicate wells containing 150 pul of DMEM-
10% FBS. At 18 to 20 h postinfection, green fluorescent protein (GFP)-positive
cells and syncytia were counted by fluorescence microscopy, using an Olympus
CK40 microscope with a 4X objective.

RESULTS

Recovery of recombinant VSVs expressing alternative G
proteins. To generate recombinant VSV vectors that would
not be neutralized by antibodies to the VSV Indiana serotype,
we prepared plasmid vector DNA constructs representing the
full-length VSV Indiana genome but with the G(I) protein
gene replaced with the G protein gene from the VSV Chan-
dipura or VSV New Jersey serotype (see Materials and Meth-
ods). The new vectors were designed with unique Xhol and
Nhel sites for cloning of foreign genes to be expressed down-
stream of the G gene, just as in the original VSV Indiana vec-
tor (37). Because the different VSV serotypes do not generate
cross-neutralizing antibodies, we thought that viruses derived
from these plasmids might be suitable for boosting immune
responses in animals previously infected with the VSV Indiana
vector. Because we wanted to use these vectors to examine

immune responses to an HIV envelope from primary isolate
89.6 (5), a gene encoding the HIV Env (89.6) protein with its
cytoplasmic domain replaced with that of the VSV G protein
(18) was cloned into both the Chandipura and New Jersey
vectors. This hybrid protein is designated EnvG. The presence
of the G cytoplasmic domain allows incorporation of the HIV
Env protein into the VSV virions (18).

Recombinant viruses were recovered from the infectious
clones using standard procedures that involve expression of the
full-length antigenomic recombinant VSV RNA in cells also
expressing the VSV N, P, and L proteins (23). The antigenomic
RNA is packaged into nucleocapsids containing the N, P, and
L proteins. These nucleocapsids are templates for replication
by the L-P polymerase complex, forming nucleocapsids con-
taining the negative-strand genomic RNA. After transcription
of these nucleocapsids and translation of the viral mRNAs,
progeny recombinant VSVs are released from the cells. The
VSV vector G(I), encoding the HIV 89.6 EnvG hybrid protein,
was described previously (18). The structures of the recom-
binant viral genomes and the viruses encoded are diagrammed
in Fig. 1. The titers obtained for the new recombinants were
similar to those obtained for the original VSV recombinant
encoding the HIV EnvG envelope, indicating that the foreign
glycoproteins are compatible with normal VSV assembly and
replication.

Protein expression in cells infected with recombinant VSVs.
To examine the expression of the VSV proteins and the HIV
EnvG hybrid proteins encoded by each virus, we infected BHK
cells with each recombinant or with wt VSV Indiana. Cells
were labeled for 1 h with [>>S] methionine at 4 h postinfection,
and cell lysates were analyzed by SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE). VSV shuts off host cell protein syn-
thesis after infection, and the proteins encoded by the VSV
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FIG. 2. Proteins encoded by VSV vectors. Plates of BHK cells were infected
with each of the three recombinant envelope exchange viruses expressing HIV
envelope for 4 h and then labeled for 1 h with 100 wCi of [*>S] methionine. Cell
extracts were prepared and electrophoresed on SDS-10% PAGE. All five VSV
proteins (N, P, M, G, and L) are expressed by each recombinant virus. The
different mobilities of each of the three VSV glycoproteins, indicated as G(I),
G(Ch), and G(NJ), can be seen, and all three constructs express the Env G
protein. Recombinant wt VSV (rwt) was used as a control.

recombinants can therefore be visualized without immunopre-
cipitation. Figure 2 shows [*S] methionine-labeled lysates
from BHK cells infected with wt VSV (control) or the three re-
combinants, indicated as G(I), G(Ch), and G(NJ). As expect-
ed, all five VSV proteins were expressed by each of the recom-
binants, and the mobilities of the N, P, M, and L proteins were
identical for each vector. The mobilities of the VSV G proteins
are different on SDS-PAGE, and these differences are readily
apparent in Fig. 2. The G(NJ) protein migrates faster than
G(I), and the G(Ch) protein migrates slower than G(I). The
HIV EnvG protein was expressed at similar levels by all three
recombinants.

Pathogenesis of recombinant VSVs in mice. Infection of 6-
week-old BALB/c mice with VSV recombinants results in sig-
nificant weight loss and is a good measure of vector-associated
pathogenesis (33). To examine the pathogenesis of the three
recombinants expressing HIV EnvG, mice were weighed daily
for 16 days after the initial i.n. inoculation with 10° PFU of
each recombinant.

As shown in Fig. 3, the weight loss (average of five to seven
mice in each group) was similar after inoculation of naive mice
with Indiana or Chandipura vectors, while weight loss follow-
ing inoculation with the New Jersey vector was less dramatic.
The average maximum loss of initial body weight after inocu-
lation with VSV (GI), VSV (GCh), and VSV (GNJ) was 15.2,
15.7, and 5%, respectively. However, an additional group of
naive mice inoculated with VSV (GNJ) lost 10% of their initial
body weight (not shown), and thus the pathogenesis with this
vector may be similar to that with the other two. The mice
inoculated with recombinant VSVs started regaining weight at
6 to 7 days after inoculation. A control group of mice that was
inoculated with DMEM showed no weight loss.

Induction of neutralizing antibodies to the VSV G proteins
after inoculation with each vector separately. To examine the
titers of neutralizing antibodies induced by each vector, mice
that had been inoculated i.n. with 10° PFU of each recombi-
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FIG. 3. Pathogenesis (weight loss) caused by VSV vectors in mice. Four
groups of five to seven mice were inoculated i.n. on day 0 with DMEM (weight
control) or with 10° PFU of each of the VSV G protein exchange vectors
diagrammed in Fig. 1. After the inoculation, the mice were weighed daily, and
average weights are presented.

nant were bled after 1 month. Pooled serum samples were used
to perform virus neutralization assays by endpoint dilution.
Serial dilutions of sera from inoculated mice were incubated in
duplicate on 96-well plates with appropriate viruses, and BHK
cells were then added to this mixture. Plates were incubated at
37°C for 2 to 3 days. Neutralization was scored as lack of cell
killing by VSV and was also readily evident from the color
(pH) of the medium. As shown in Fig. 4, the titers induced by
the three different vectors at 1 month after inoculation (bar
labeled 1) were similar, 1:10,240 for VSV (GI) and 1:5,120 for
VSV (GCh) or VSV (GNJ). We also attempted to boost these
animals with an identical i.n. inoculation of the same virus
given 1 month after the initial inoculation. Neutralizing titers
obtained 1 month after boosting with the identical vector (Fig.
4, bar labeled 2) showed no increase compared with the neu-
tralizing titers obtained after the first inoculation. Further-
more, there was no weight loss associated with boosting. These
results suggest that the mice were immune to reinfection with
each vector and are consistent with earlier studies showing that
i.n. boosting of immune responses with the VSV (GI) vector
has no effect (33).

G(NJ)

G(I)  G(Ch

10,000

1,000

[
o
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Neutralization titer
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1 2 1 2 1 2

FIG. 4. Neutralizing titers to VSV G proteins induced by VSV vectors after
initial inoculation and boost with the same vector. Sera from mice inoculated i.n.
with the three G protein exchange vectors expressing EnvG 89.6 (Fig. 1) were
assayed for neutralizing titer to the homologous G protein at 1 month after
inoculation. The mice were boosted with the identical vector at 1 month, and sera
were assayed again at 2 months. Neutralizing titers induced to the VSV G
proteins at 1 month after inoculation (bars numbered 1) were 1:10,240 to VSV
G(I) and 1:5,120 to VSV G(Ch) or VSV G(NJ) and were unchanged 1 month
after boost (bars numbered 2). There was no detectable cross-neutralization by
heterologous sera (titer less than 1:8).
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FIG. 5. Neutralizing titers induced to VSV vectors following sequential
boosting with G protein exchange vectors. Groups of five to seven mice were
inoculated sequentially i.n. with the G(I) vector, followed by boosting with the
G(Ch) vector at 1 month and boosting with the G(NJ) vector at 2 months.
Neutralizing antibody titers to all three VSV G proteins were determined in sera
taken at 1, 2, and 3 months, as indicated. Bars at the baseline indicate undetect-
able cross-neutralization (titer of less than 1:8).

Sequential boosting with different vectors. The effects of
boosting with vectors expressing different VSV G proteins are
shown in Fig. 5. Boosting with VSV (GCh) after an initial
inoculation with VSV (GI) gave a neutralizing titer of 1:640 to
VSV (GCh) at 1 month after the boost. This response was
reduced about eightfold compared to what was obtained in
naive mice with the same vector, but was still quite substantial.
The second boost with the VSV (GNJ) vector following VSV
(GI) and VSV (GCh) gave a titer of 1:64 to VSV New Jersey.
This response was reduced 80-fold compared to what was ob-
tained when the VSV (GNJ) vector was used in a naive mouse.
Neither boost resulted in detectable weight loss or pathogen-
esis, consistent with reduced viral replication. Because we have
detected no cross-neutralizing antibodies to our vectors in
mouse sera, it is likely that the cell-mediated response is lim-
iting replication of the vectors upon boosting and reduces the
antibody response to the glycoproteins in sequential inocula-
tions. The internal proteins encoded by each vector (N, P, M,
and L) are identical, and it is likely that the cell-mediated
response to amino acid sequence in one or more of these
proteins or in the HIV EnvG protein may reduce viral repli-
cation in the sequential boosts.

Induction of antibody to oligomeric HIV Env. To follow the
induction of antibodies to HIV EnvG protein encoded by each
vector, we used a published ELISA to oligomeric gp140 (31).
The quaternary structure of the oligomeric form of the HIV
Env protein has been shown to be important for its antigenic
integrity and consequently for binding of antibodies generated
against it (9, 35). The lectin ConA, which binds to the terminal
a-D-mannosyl and a-D-glucosyl residues of glycans (8), was
used to bind gp140 to the plastic surface in order to have gp140
molecules bound in multiple orientations with multiple anti-
body-binding sites exposed. We first coated 96-well plates with
ConA and then added oligomeric HIV gp140 envelope protein
derived from a primary HIV 89.6 isolate and expressed from
the vaccinia virus recombinant vBD1 (R. Doms, University of
Pennsylvania, unpublished). Serial dilutions of sera from mice
inoculated and boosted with the recombinant VSVs were
added to the wells, and ELISA titers were detected as de-
scribed in Materials and Methods. The results of the ELISAs
are shown in Fig. 6. The mice gave identical antibody responses
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to HIV Env after three i.n. inoculations with each of the re-
combinant viruses given 1 month apart. Control experiments
performed with only a single inoculation of the VSV (GI)
EnvG vector showed that the same ELISA titers to gp140 were
obtained after 3 months with only a single inoculation and no
boosting and that titers continued to rise for up to 3 months
after the initial inoculation (not shown). This result is consis-
tent with immunity to the vector after a single inoculation and
consequent lack of boosting of the humoral immune response
to HIV Env. In contrast, sequential boosting with the three
different vectors resulted in ELISA titers to HIV Env that were
fourfold higher at an arbitrary cutoff of 0.25 absorbance units
(Fig. 6). Other ELISAS have shown that the majority of the
boost to HIV Env occurred after the boost with the VSV (GCh)
vector.

Neutralizing antibody titers to HIV Env after boosting. To
examine the induction of neutralizing antibodies to the HIV
Env protein, we used an assay based on neutralization of a
VSV recombinant designated VSVAG-89.6G-GFP, lacking
VSV G but encoding HIV EnvG (89.6) and GFP (2). This
recombinant lacks VSV G and instead encodes a functional
HIV Env protein with the same dual tropism as HIV 89.6 (2).
The assay gives neutralization titers comparable to those of
other more traditional and cumbersome assays for HIV neu-
tralization without the risks associated with exposure to HIV-1
(2). Diluted mouse sera were mixed and incubated in duplicate
on 96-well plates with approximately 100 infectious units of the
virus VSVAG-89.6G-GFP. This mixture of serum and virus
was then added to HeLa T4 cells (26), which express the HIV
receptor CD4 and the CXCR4 coreceptor (11). It should be
noted that these assays therefore measure neutralization of
virus using the CXCR4 coreceptor and not CCRS. From 18 to
20 h later, individual infected green fluorescent cells or green
fluorescent syncytia were observed using a fluorescent micro-
scope and counted. The titers are expressed as the maximal
serum dilution that gave greater than 50% reduction of the
number of GFP-positive cells or syncytia per well compared to
a negative control serum from mice vaccinated with a recom-
binant VSV encoding influenza virus HA protein. Neutraliz-
ing antibodies were not detected at 1 month following the
first inoculation and were not detected in the serum of mice
boosted twice with the same vector even after 3 months (not
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FIG. 6. Antibody titers to oligomeric HIV Env 89.6 determined by ELISA.
Oligomeric HIV 89.6 gp140 envelope protein was bound to plates coated with
ConA. Serial dilutions of sera from mice inoculated and boosted with the re-
combinant VSVs were added to the wells, and antibodies were detected using the
ELISA method described in Materials and Methods. Antibody responses to HIV
Env after three inoculations given 1 month apart with each of the recombinant
viruses [X, G(I); A, G(Ch); and B, G(NJ)] were virtually identical. Sequential
boosting with the three different vectors showed antibody titers to HIV Env that
were fourfold higher at an absorbance of 0.25 (®).
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FIG. 7. Neutralizing antibody titers to HIV envelope protein. Mice were
inoculated sequentially with all three VSV G protein exchange vectors encoding
HIV EnvG 89.6 and then given a boost (i.p.) with a combination of all three
vectors according to the time line shown in panel A. Panel B shows the titers of
neutralizing antibody to HIV Env 89.6 measured using an assay based on neu-
tralization of VSVAG-89.6G-GFP, a virus which lacks the VSV G protein but
expresses HIV EnvG 89.6 and GFP (2). Diluted mouse sera were mixed and
incubated in duplicate 96-well plates with approximately 100 infectious units of
VSVAG-89.6G-GFP. Then this mixture of serum and virus was added to HeLa
T4 cells. A reduction of >50% in the number of GFP-positive cells compared to
control mouse serum was scored as positive neutralization.

shown). However, a positive neutralizing titer to HIV Env 89.6
G was detected at a 1:10 serum dilution after inoculation with
the VSV (GI) vector followed by boosting with the VSV (GCh)
vector (Fig. 7). A second boost with the VSV (GNJ) vector
resulted in an increase in the neutralization titer to 1:20. A fur-
ther boost, given i.p. using a mixture of equal titers of each of
the three purified recombinant viruses, increased neutralizing
antibody titers to 1:80 (Fig. 7) and increased ELISA titers to
gp140 twofold (not shown). Furthermore, at a low (1:10) serum
dilution, these sera even exhibited 100% virus neutralization.

Subsequent boosting with a vaccinia virus vector. We next
determined if the immune response to EnvG 89.6 protein
raised by VSV vectors might be boosted further by a subse-
quent boost (i.p.) using a vaccinia virus vector encoding the
same Env 89.6 protein. We boosted mice that had already
received the three VSV vectors encoding EnvG 8§9.6 protein
sequentially as well as the i.p. boost with the three VSV vectors
combined as described in the legend to Fig. 7. These animals
received an additional boost of 2 X 10° PFU of a vaccinia virus
recombinant, vBD3, which encodes the HIV 89.6 Env protein
(7). The serum antibody response was measured 1 month later
by ELISA to HIV Env 89.6 gp140 (Fig. 8). There appeared to
be a small increase (less than 20%) in antibody titer after
boosting compared to serum from unboosted animals, but it was
not evident at all antibody dilutions and may not be significant.
Also, we observed no increase in the neutralizing antibody titer
to HIV Env after boosting with vBD3. The ELISA antibody
titer to Env 89.6 gp140 induced at 1 month by the vBD3 vector
alone given i.p. in naive mice was barely detectable (Fig. 8).
For comparison, the antibody response induced at 1 month by
i.n. inoculation with the VSV vector encoding 89.6 EnvG is
also shown and was low but readily detectable.

DISCUSSION

Recombinant VSVs derived from the Indiana serotype and
expressing foreign viral proteins have been established as
highly effective vaccine vectors when used for i.n. vaccination
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in animal models (32, 33, 36). For expression of some antigens,
a single vaccination with a recombinant VSV generates strong
and long-lived protective immunity (32). When it is difficult to
generate immunity to the foreign protein, boosting may be
desirable. However, boosting of immune responses with the
same recombinant VSV is not effective because the strong
neutralizing antibody response to the VSV G protein prevents
productive reinfection. Here we have described development
of new VSV vectors that evade these antibodies and allow
boosting of the immune response.

The vectors described here, VSV (GI), VSV (GCh) and
VSV (GNJ), do not elicit cross-neutralizing antibodies to their
divergent G proteins. Each vector was engineered to encode an
HIV envelope protein from the primary isolate 89.6. When
inoculated i.n. in mice, the vectors all induced similar neutral-
izing titers to the parent virus G protein but no cross-neutral-
izing antibody. They also generated antibodies to the HIV Env
protein, as measured in an ELISA, but they did not generate
detectable neutralizing antibody to the HIV Env protein. Se-
quential boosting with the same vector generated no detect-
able increase in antibody titers to VSV or HIV, indicating
immunity to the vector. However, inoculation with the Indiana
vector followed by boosting with the Chandipura and New
Jersey vectors generated a fourfold increase in antibody titers
to HIV Env protein when measured by ELISA. More impor-
tantly, neutralizing antibody to the HIV Env protein was
readily detectable after heterologous boosting but was not ob-
served without boosting or following a homologous boost.

The amino acid sequences of the G(I) and G(NJ) proteins
are about 50% identical (13). These G proteins are slightly less
related to the G(Ch) protein than they are to each other (27),
with both showing approximately 40% sequence identity with
G(Ch). The humoral immune response to the G(Ch) vector
obtained after inoculation into a mouse that had previously
been vaccinated with the G(I) vector was reduced eightfold
compared to the response to the Chandipura vector seen in a
naive mouse. A similar result was obtained when the G(I)
vector was followed by the G(NJ) vector, indicating that the
extent of relatedness of the glycoproteins is not a major factor
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FIG. 8. ELISA showing minimal effect of boosting with a vaccinia virus
recombinant encoding 89.6 Env protein. Mice were inoculated sequentially with
all three VSV G protein exchange vectors encoding HIV EnvG 89.6 and then
boosted i.p. with a mixture of all three vectors as in Fig. 7. Mice were rested for
1 month and then boosted i.p. with 2 X 10° PFU of vaccina virus recombinant
vBD3 encoding the HIV Env 89.6 protein. One month later, sera were collected
from boosted and unboosted animals and assayed by ELISA for antibodies to
oligomeric HIV Env 89.6 gp140. Results for serum from control mice vaccinated
with vBD3 alone or VSV (GI) EnvG alone and assayed after 1 month are
included for comparison.
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in reducing the humoral immune response to the second vec-
tor. We think it most likely that the reduced responses to the
second glycoprotein are due to cytotoxic T lymphocyte (CTL)
responses to the four internal VSV proteins and perhaps also
to the HIV Env protein encoded by all three vectors. These
responses, although unable to block reinfection directly, would
likely inhibit replication of the vector by killing infected cells
and limiting virus spread. Such responses would be expected to
increase after the second boost and could explain the 64-fold
reduction in immune response to the G(NJ) protein seen when
the VSV(GNJ) vector is used as the second boost following the
Indiana and Chandipura vectors. Another possibility is that
nonneutralizing cross-reactive antibodies to the different VSV
G proteins are playing a role in the decreasing immune re-
sponses in sequential boosts. Such nonneutralizing antibodies
have been shown to be protective against VSV infection in
mouse models (24).

Concurrent studies of VSV vectors encoding HIV Env pro-
tein in rhesus macaques have confirmed the usefulness of the
G protein exchange vectors in primates. In this system, 10- to
100-fold increases in antibody responses to HIV Env and neu-
tralizing antibody were seen after a boost with the G(Ch)
vector encoding the HIV EnvG 89.6 protein in animals initially
vaccinated with the G(I) vector (N. Rose, P. Marx, and J. Rose,
unpublished data). The greater boosting efficiency could be
due to species differences or to the fact that the boosts have
been spaced farther apart (2 months instead of 1), allowing
greater decrease in CTL activity prior to the boost.

Neutralizing antibodies to primary isolates often recognize
complex epitopes specific to the oligomeric form of the enve-
lope protein, and the ability of VSV vectors to encode correctly
folded and functional HIV Env proteins that are incorporated
into VSV particles (18) may contribute to their ability to elicit
the neutralizing antibody response. This feature, combined
with the strong boosting achieved with the G protein exchange
vectors, may mimic the long-term immune stimulation and
effective immunization achieved with live attenuated simian
immunodeficiency virus (SIV) Anef viruses (6) which replicate
at low levels and eventually induce immunity to SIV.

Although we have not studied cell-mediated immune re-
sponses here, a previous study has established that VSV vec-
tors induce excellent cytotoxic T-cell responses to encoded
ovalbumin (21). Also, preliminary studies using major histo-
compatibility complex class I tetramers have established that
VSV vectors encoding HIV-1 Gag and Env proteins induce a
strong primary response to immunodominant Gag and Env
peptides in mice (K. Haglund, E. Pamer, and J. Rose, unpub-
lished results).

The immunization studies in mice using sequential inocula-
tion with recombinant VSVs expressing HIV Env and different
VSV glycoproteins are promising. Ongoing studies of the same
vectors encoding both HIV Env and SIV Gag in rhesus ma-
caques will allow challenge with a pathogenic SHIV89.6P, a
hybrid containing the HIV 89.6 env gene and the remaining
genes from SIV, which became pathogenic after several pas-
sages in monkeys (30). Challenge studies are not possible in
mice because primate lentiviruses do not replicate in mice.
Successful outcomes of challenge studies in monkeys would
warrant preliminary studies of recombinant VSV vectors in
humans.

VSV is a natural pathogen of cattle, in which it causes a
self-limited disease most often characterized by vesicular le-
sions of the mouth and tongue. In cattle-growing regions of
Panama where many animals are infected with VSV, human
seropositivity to VSV is as high as 94%, but VSV infection is
not associated with serious human disease in this area (38).
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Febrile, flu-like illness associated with VSV has been reported
in animal handlers and laboratory workers (10, 16, 17, 19).
Recombinant VSVs derived from plasmid DNA are attenu-
ated relative to the wt virus in mice, and we have not observed
any pathogenesis or weight loss associated with inoculation of
rhesus macaques by oral, i.n., or intramuscular routes with up
to 5 X 107 PFU of live VSV recombinants (P. Marx, N. Rose,
and J. Rose, unpublished results). The low seroprevalence of
VSV antibodies in the general human population, the strong
immune responses induced, and the lack of pathogenesis sug-
gest that VSV vectors should be given serious consideration for
use in humans, especially against pathogens as formidable as
HIV-1.
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