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We analyzed the ability of a vaccine vector based on vesicular stomatitis virus (VSV) to induce a neutralizing
antibody (NAb) response to avian influenza viruses (AIVs) in rhesus macaques. Animals vaccinated with
vectors expressing either strain A/Hong Kong/156/1997 or strain A/Vietnam/1203/2004 H5 hemagglutinin (HA)
were able to generate robust NAb responses. The ability of the vectors to induce NAbs against homologous and
heterologous AIVs after a single dose was dependent upon the HA antigen incorporated into the VSV vaccine.
The vectors expressing strain A/Vietnam/1203/2004 H5 HA were superior to those expressing strain A/Hong
Kong/156/1997 HA at inducing cross-clade NAbs.

The reemergence in 2003 of highly lethal avian influenza
virus (AIV) infections in humans (4) generated concern about
a pandemic caused by an H5N1 virus (http://www.who.int/csr
/disease/avian_influenza/en/). Traditional influenza vaccine
technologies have several disadvantages when it comes to AIV
vaccines. The typical development time of an influenza vac-
cine, 6 to 9 months, would be a serious drawback in the event
of a fast-spreading AIV pandemic. Additionally, biosafety and
biocontainment risks arise with AIVs requiring biosafety level
3 (BSL3) laboratories. Furthermore, the use of eggs to grow
the AIVs to generate the vaccines is problematic, as many of
the strains with predicted pandemic potential are highly lethal
to chicken eggs. Thus, reverse genetic techniques are needed
to engineer viruses that are not embryo lethal and can be used
in BSL2 containment. Therefore, vaccine platforms that can
avoid such shortcomings are in demand.

Our laboratory and others have generated effective experi-
mental vaccines against a number of viral diseases using re-
combinant vesicular stomatitis virus (rVSV). These include the
respiratory diseases caused by severe acute respiratory syn-
drome (SARS) coronavirus (7, 8), respiratory syncytial virus
(RSV) (6), influenza virus (12, 13), and AIV (16, 17). VSV is
an ideal AIV vaccine vector because it can replicate to high
titers and in large quantities in cell lines already approved for
human vaccine production and can be delivered intranasally
(i.n.). It requires minimal biosafety levels for production and
expresses foreign antigens at high levels, leading to potent
immune responses in the absence of adjuvant.

Nonhuman primate model. Previously, we generated rVSV
vectors expressing the influenza virus strain A/Hong Kong/156/
1997 (HK/156) H5 hemagglutinin (HA) gene from the first
[VSV-HK156(1)] (17) or fifth (16) genomic position of VSV.
Our analyses showed that both of these vaccine vectors were
100% effective against homologous and heterologous AIV
challenge in mouse models (16, 17). To further assess the
potential of these vectors as human AIV vaccines, we em-
ployed a nonhuman primate vaccination model. Immune re-
sponses obtained using nonhuman primates are more likely to
be predictive of immune responses in humans than those ob-
tained using mice.

Vaccination of macaques with VSV vectors expressing AIV
HK/156 HA. Five rhesus macaques (CD02, EH71, EK39,
FC29, and FG66), bred and housed at the Tulane National
Primate Research Center (TNPRC), a USDA-inspected and
Association for Assessment and Accreditation of Laboratory
Animal Care International (AAALAC)-approved facility, were
inoculated i.n. and intramuscularly (i.m.) with a total of 4 �
107 PFU of VSV-HK156(1) expressing the AIV HK/156 HA
(17). Six control group animals (CV03, DF82, DN48, EH41,
EJ48, and EK32) were given VSV vectors expressing unrelated
genes from a simian immunodeficiency virus (SIV). At 2
months postprime, the vaccine group animals were boosted
with 4 � 107 PFU of VSV-NJG-HK156(1) (17), which has the
VSV New Jersey (NJ) serotype G gene replacing the VSV
Indiana G gene present in the priming vector. This serotype
switch increases the efficacy of boosting by circumventing neu-
tralizing antibodies (NAbs) developed to the VSV G protein
present in the priming vector (14). Control group animals
received boosts with serotype switch vectors expressing SIV
antigens. All animal experiments were performed under pro-
tocols approved by the animal care and use committee of the
TNPRC.

NAb responses to VSV vectors expressing AIV HK/156 HA.
Sera collected from individual animals were analyzed for the
presence of NAbs against homologous and antigenically dis-
tinct H5N1 AIVs using a stringent microneutralization assay as
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previously described (16–18). After the prime administration,
40% (2 of 5) of the animals made a detectable NAb response
against the homologous HK/156 (Fig. 1A, left and middle
panels), while 80% (4 of 5) had a detectable NAb response by
2 months postprime against the closely related A/Hong Kong/
483/1997 (HK/483) (Fig. 1B, left and middle panels) clade 0
strain. One month after boosting, all animals had high NAb
titers to both clade 0 strains (Fig. 1A and B, right panels). After
priming, the animals did not generate detectable NAbs against
the more divergent H5N1 strains, A/Vietnam/1203/2004 (VN/
1203) (Fig. 1C) and A/Indonesia/5/2005 (INA/5) (Fig. 1D),
with the exception of one animal that had NAbs against INA/5
(Fig. 1D, left panel). After boosting, however, the animals
generated significant levels of NAbs against VN/1203 (Fig. 1C,
right panel) and INA/5 (Fig. 1D, right panel), although the
levels were lower than those in response to the clade 0 strains
(Fig. 1A and B, right panels). The geometric mean titers
(GMTs) after boosting (3 months postprime) against each AIV
are shown in Fig. 1. The magnitudes of the homologous and
heterologous NAb responses after boosting were similar to
those seen for mice given the same vectors (17). The strong
NAb responses in the macaques after boosting are clear evi-
dence of effective priming in all animals.

VSV vectors expressing a more recent AIV HA protein. In
order to create an effective pandemic AIV vaccine, it is impor-
tant that the vaccine protect against AIVs across clades and/or
subtypes. In the studies described above and in our earlier

mouse studies, we used an HA derived from an H5N1 virus
isolated during the initial human infections in 1997. Although
this antigen expressed in VSV vectors did induce cross-NAbs
and cross-protection to later strains, from 2003 and 2004, we
also wanted to evaluate the efficacy of an rVSV vector express-
ing an H5 HA from a more recent AIV strain to determine if
it might be more effective at generating cross-NAbs. We there-
fore generated VSV priming and boosting vectors expressing a
gene encoding the AIV VN/1203 H5 HA protein. The VN/
1203 strain is an H5N1 AIV that emerged in humans in Viet-
nam in 2004. A codon-optimized VN/1203 HA gene was pur-
chased from Blue Heron Biotechnology (Bothell, WA). This
gene was cloned into the fifth genomic position of a full-length
VSV plasmid (15) to generate pVSV-VN1203(5). The serotype
switch boosting vector was constructed by replacing the G gene
(Indiana serotype) of pVSV-VN1203(5) with the G gene from
the NJ serotype to generate pVSV-NJG-VN1203(5). The
rVSVs, VSV-VN1203(5) and VSV-NJG-VN1203(5) (Fig. 2A),
were recovered as described previously (10, 16, 17).

Expression of VN/1203 H5 HA. To ensure that the VN/1203
H5 HA was expressed from the vectors, we examined protein
accumulation by Western blot analysis in infected BHK-21
cells as previously described (16, 17). Figure 2B shows that
both the full-length (HA0) and cleaved isoforms (HA1, HA2)
of VN/1203 H5 HA accumulate in cells infected with either
VSV-VN1203(5) or VSV-NJG-VN1203(5). For comparison,
Fig. 2B also shows the accumulation of the full-length and

FIG. 1. Neutralization of AIV strains by sera from monkeys vaccinated with VSV-based vectors expressing the HK/156 H5 HA. Five rhesus
macaques (TNPRC numbers CD02, EH71, EK39, FC29, and FG66) were vaccinated i.n. and i.m. with a total of 4 � 107 PFU of VSV-HK156(1)
or negative-control vectors (data not shown). At 2 months postprime, all animals were boosted i.n. and i.m. with a total of 4 � 107 PFU of
VSV-NJG-HK156(1) or negative-control vectors (data not shown). At the indicated months postprime, serum from individual monkeys was
collected and analyzed for a NAb response against the homologous clade 0 strain HK/156 (black bars) (A) or the heterologous strains HK/483
(clade 0; white bars) (B), VN/1203 (clade 1; light gray bars) (C), or INA/5 (clade 2.1.3; dark gray bars) (D) as described previously (16, 17). Each
bar represents the NAb titer from an individual monkey as determined by 100% inhibition of cytopathic effect (CPE) in a microneutralization assay
(18). There were no detectable NAbs in pooled sera from 6 monkeys (TNPRC numbers CV03, DF82, DN48, EH41, EJ48, and EK32) vaccinated
with the negative-control vectors. Undetectable titers are represented by a titer of 10. The geometric mean titers (GMTs) after boosting are shown.
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cleaved isoforms of HK/156 H5 HA in cells infected with the
first-position HK/156 H5 HA vectors. It appeared that the
VN/1203 H5 HA expressed from the fifth genomic position of
VSV accumulated to lower levels than the HK/156 H5 HA
expressed from the first position (Fig. 2B). The reduced ex-
pression was expected because of the attenuation of VSV tran-
scription at each gene junction (5). The apparent reduced
expression may also result in part from use in the blot of an
antibody generated to the HK/156 H5 HA. This antibody may
have less reactivity for the VN/1203 H5 HA than for the ho-
mologous HK/156 H5 HA. The VN/1203 H5 HA protein is
diverged from HK/156 H5 HA at �4% of the amino acids. The
sequence differences result in slightly different mobilities for
the HA proteins by SDS-PAGE (Fig. 2B).

Neutralizing antibody responses to VSV vectors expressing
AIV VN/1203 HA. We next assessed the ability of the VSV
vectors expressing VN/1203 H5 HA to elicit a NAb response in
rhesus macaques just as in the initial experiments described
above. Interestingly, detectable NAb responses against the ho-
mologous VN/1203 AIV were seen for all 6 monkeys (EN82,
FT80, N288, FG05, DD04, and EP84) after the first dose with
VSV-VN1203(5) (Fig. 3C, left and middle panels). Large in-
creases in NAb titers were seen after boosting with VSV-

NJG-VN1203(5) (Fig. 3C, right panel). In contrast, the vec-
tors expressing the HK/156 HA only induced detectable
NAbs to the homologous AIV in 2 of 5 animals after the first
dose (Fig. 1A).

We then examined the ability of the vectors expressing VN/
1203 H5 HA to induce a NAb response against antigenically
distinct AIVs. While NAbs against INA/5 were not detected
after priming alone (Fig. 3D, left and middle panels), the
VSV-VN/1203(5) was able to induce NAbs against two clade 0
viruses, HK/156 (Fig. 3A, left and middle panels) and HK/483
(Fig. 3B, left and middle panels), after the priming alone in 80
to 100% of the animals. In contrast, the VSV HK/156 vaccine
did not induce cross-clade NAbs after the priming (Fig. 1C and
D, left and middle panels). After boosting with the serotype
switch vector, VSV-NJG-VN1203(5), the cross-clade NAb ti-
ters increased substantially against HK/156 (Fig. 3A, right
panel), HK/483 (Fig. 3D, right panel), and INA/5 (Fig. 3D,
right panel). The GMTs after boosting (3 months postprime)
against each AIV are shown in Fig. 3. Interestingly, the NAb
titer levels achieved against the heterologous clade 0 strains
(Fig. 3A and B) were similar to the levels achieved using the
homologous HK/156 vaccine vectors (Fig. 1A and B).

Rodent models have been an invaluable resource for study-
ing the efficacy of vaccines, but the results obtained may not be
predictive of results in humans. For example, results obtained
for mice (18) with a live-attenuated cold-adapted AIV vaccine
did not correlate well with results obtained for humans (9).
Nonhuman primate animal models often need to be utilized in
the preclinical setting, as they more closely mimic human bi-
ology and disease pathogenesis. Here, we have shown that our
VSV-based AIV vaccines are able to induce a robust NAb
response against homologous and heterologous AIV strains in
all of the macaques after boosting. Many of the currently
approved human AIV vaccines induce immune responses pre-
dictive of protection in only 40 to 70% of individuals (1–3, 11,
19). Although the protective NAb titer for AIVs is not known,
there is a correlation between serum hemagglutination inhibi-
tion and NAb titers in humans who have received inactivated
vaccines against H5N1 viruses with and without adjuvants (11,
19), and a NAb titer of 1:40 is believed to represent a protec-
tive titer.

Our experiments also show that obtaining optimal cross-
clade NAbs in nonhuman primates is dependent upon which
HA gene is used. Although the VN/1203 HA protein appeared
to be expressed at lower levels than the HK/156 HA protein, it
was able to induce stronger cross-clade NAb titers than the
HK/156 HA protein. Induction of broader cross-NAbs by the
VN/1203 HA protein could be due to better exposure of one or
more epitopes shared by divergent H5 proteins. The VN/1203
vaccine vector was able to elicit a more robust cross-NAb
response against HK/156 (Fig. 3A) than that elicited by INA/5
(Fig. 3D) despite the fact that the VN/1203 HA is about 96%
identical to HK/156 HA and to INA/5 HA. This result suggests
better exposure of cross-reactive epitopes on the HK/156 HA
protein than on the INA/5 HA protein. The four AIV strains
tested here are 96 to 98% identical. Moreover, even broader
coverage might be obtained through expression of multiple
AIV HAs in VSV vectors. Because the vaccinated animals in
this study were also controls in an SIV vaccine study and were
challenged with SIV, we were not able to assess the ability of

FIG. 2. Recombinant VSV vectors expressing the VN/1203 H5 HA
from the fifth genomic position of VSV. (A) Each diagram shows the
fifth position insertion site of the VN/1203 H5 HA gene into the
recombinant WT Indiana background [VSV-VN1203(5)] or into a NJ
serotype switch boosting vector [VSV-NJG-VN1203(5)]. (B) Western
blot analysis of BHK-21 whole-cell extracts either mock infected or
infected with the indicated viruses [WT, recombinant wild-type Indi-
ana strain; HK156(1), VSV-HK156(1) (17); NJG-HK156(1), VSV-
NJG-HK156(1) (17); VN1203(5), VSV-VN1203(5); NJG-VN1203(5),
VSV-NJG-VN1203(5)] was performed as described previously (16, 17)
using the polyclonal antibody NR-665 specific for the HK/156 H5 HA.
The genomic position at which the HA gene is inserted is indicated by
the number in parentheses. The full-length (HA0) or cleaved H5 HA
isoforms (HA1, HA2) are indicated by arrows to the right of the blot.
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the vaccine to protect from challenge. However, the NAb re-
sponses elicited would be expected to provide strong protec-
tion against AIV challenge.
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FIG. 3. Neutralization of AIV strains by sera from monkeys vaccinated with VSV-based vectors expressing the VN/1203 H5 HA. Six rhesus
macaques (TNPRC numbers EN82, FT80, N288, FG05, DD04, and EP84) were vaccinated i.n. and i.m. with 4 � 107 PFU total of VSV-VN1203(5)
or negative-control vectors (data not shown). At 2 months postprime, all animals were boosted i.n. and i.m. with 4 � 107 PFU total of
VSV-NJG-VN1203(5) or negative-control vectors (data not shown). At the indicated months postprime, serum from individual monkeys was
collected and analyzed for a NAb response against the homologous clade 1 strain VN/1203 (light gray bars) (C) or the heterologous strains HK/156
(clade 0; black bars) (A), HK/483 (clade 0; white bars) (B), or INA/5 (clade 2.1.3; dark gray bars) (D) as described previously (16, 17). Each bar
represents the NAb titer from an individual monkey as determined by 100% inhibition of CPE in a microneutralization assay (18). Pooled sera
from 6 monkeys (TNPRC numbers CJ98, DG21, DT03, CM17, FP72, and DF38) vaccinated with the negative-control vectors had no detectable
NAb titers (data not shown), which is represented by a titer of 10 in this assay. The geometric mean titers (GMTs) after boosting are shown.
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