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The emergence in 1997 and continuance today of a highly lethal H5N1 avian influenza virus (AIV) causing
human disease has raised concern about an impending pandemic and the need for a vaccine to prepare for such
an occurrence. We previously generated an efficacious vesicular stomatitis virus (VSV)-based AIV vaccine
expressing H5 hemagglutinin (HA) from the fifth genomic position of VSV (J. A. Schwartz et al., Virology
366:166-173, 2007). Here we have generated and characterized VSV-based vaccines that express the A/Hong
Kong/156/1997 (clade 0) H5 HA from the first position of the VSV genome. These vectors induce broadly
cross-neutralizing antibodies against homologous and heterologous H5N1 viruses of different clades in mice.
The vaccines provide complete protection against morbidity and mortality after heterologous challenge with
clade 0 and clade 1 strains in animals even 1 year after vaccination. Postchallenge pulmonary virus loads show
that these vectors provide sterilizing immunity. Therefore, VSV-based AIV vaccines are potent, broadly
cross-protective pandemic vaccine candidates.

Influenza viruses are negative-stranded, segmented RNA
viruses of great public health importance. Not only do they
cause epidemics affecting hundreds of thousands of people
worldwide every year, but on rare occasions, they cause pan-
demics that can kill millions of people. The 20th century saw
three such pandemics, and in the three pandemics combined,
up to 100 million people worldwide have been estimated to
have died. Pandemics occur when novel influenza virus sub-
types infect humans and cause disease (42). The current H1N1
influenza pandemic appears to have arisen from a swine influenza
reservoir, while others may have come from avian reservoirs (42).
Influenza virus subtypes are based on the antigenicity of two
envelope proteins, hemagglutinin (HA) and neuraminidase
(NA). Currently, there are 16 known HA types and 9 NA types
(8, 42).

In 1997, avian influenza viruses (AIVs) of the H5N1 subtype
emerged and caused disease in humans. This was the first
known instance of human disease by this subtype. The H5N1
viruses reemerged in 2003 and continue to cause disease in
humans up to the present day. They also continue to circulate
in poultry and migratory birds throughout Asia, Europe, and
Africa (13). Viruses of this subtype are of great concern be-

cause of the high fatality rate (�60%) in humans. These fac-
tors caused the Centers for Disease Control and Prevention
and the World Health Organization to issue warnings of an
impending pandemic resulting from H5N1 viruses (http://www
.who.int/csr/disease/avian_influenza/en/).

To prepare for such a pandemic, vaccines are being devel-
oped using traditional and novel methodologies (reviewed in
references 13 and 20). Currently, the annual seasonal trivalent
influenza vaccine is directed against two influenza virus A
subtypes (H1 and H3), and one influenza virus B type (36).
Unfortunately, the antibodies induced by these vaccines do not
cross-react well with AIV H5 strains. An additional concern
with vaccine development is the ability of influenza viruses to
undergo dramatic antigenic drift. AIVs within a subtype often
undergo mutations, particularly within the HA, generating an-
tigenically distinct sublineages (or clades) of HA (5, 41). Neu-
tralizing antibodies against a strain in one clade are not always
effective against strains in other clades, even within a subtype.
Therefore, an important aspect to any pandemic influenza
vaccine is that it elicit broadly cross-reactive immunity across
clades.

In addition to the problems caused by the intrinsic biological
properties of AIVs, difficulties exist with practical issues re-
garding traditional vaccine production strategies. One issue is
the highly pathogenic nature of many AIVs. This raises bio-
safety and biocontainment risks associated with manufacture
of AIV vaccines, which are typically inactivated, live attenu-
ated, or subvirion vaccines. It also presents difficulty in gener-
ating high-titer vaccine stocks, since many of the highly patho-
genic avian influenza (HPAI) viruses are pathogenic to chicken
eggs in which traditional influenza vaccines are grown. Addi-
tionally and probably the most important in containing world-

* Corresponding author. Mailing address: Department of Pathology,
Yale University School of Medicine, 310 Cedar St., LH 315, New
Haven, CT 06520. Phone: (203) 785-6184. Fax: (203) 785-6127. E-mail:
john.rose@yale.edu.

† Present address: MedImmune, 297 N. Bernardo Ave., Mountain
View, CA 94043.

‡ Present address: Laboratory of Virology, Division of Intramural
Research, National Institute of Allergy and Infectious Diseases, Na-
tional Institutes of Health, 903 S. 4th St., Hamilton, MT 59840.

� Published ahead of print on 24 February 2010.

4611



wide spread of a highly lethal infection is the 6- to 9-month
period it takes for manufacture of traditional vaccines.

The ability of influenza viruses to undergo antigenic shift
and drift makes it difficult to predict which subtype or clade
will lead to a pandemic. The strains included in the annual
seasonal influenza vaccine are based on predictions made by a
group of international scientists several months before the
influenza season begins. These predictions are based on re-
ports of the previous year’s circulating strains. This prediction
is not always accurate, as exemplified by the year 2008 in which
the strain causing the greatest incidence of disease was not
included in the annual trivalent vaccine and therefore was not
significantly effective. Thus, novel vaccine strategies that re-
duce the biosafety risks and increase the cross-reactivity
against different clades and/or subtypes, thereby reducing the
need to predict the future pandemic strain, would be benefi-
cial.

One such strategy is the use of a virus-based vaccine vector
system, such as vesicular stomatitis virus (VSV). Recombinant
VSV (rVSV) vaccines have been efficacious against a wide
number of viral diseases, including the respiratory diseases
caused by respiratory syncytial virus (RSV) (23), severe acute
respiratory syndrome (SARS) coronavirus (24, 25), and a
mouse-adapted human influenza virus (32, 33). Additionally,
we previously reported on rVSVs as effective vaccines against
an AIV (38). These vectors expressed the H5 HA from a clade
0 H5N1 virus, A/Hong Kong/156/1997 (HK/156), from the fifth
genomic position of the rVSV vectors. This vaccine induced
broadly cross-neutralizing antibodies against the homologous
virus as well as another clade 0 strain (A/Hong Kong/483/1997
[HK/483]) and two heterologous strains from clades 1 and
2.1.3. These fifth position vectors also completely protected
mice against challenge with the antigenically distinct HK/483
virus in mice (38).

In order to generate a greater and potentially more robust
cross-protective response against distantly related AIV strains,
we constructed rVSVs that express the HK/156 H5 HA from
the first genomic position of VSV, near the 3� end of the
negative-strand RNA genome (30). Because VSV transcrip-
tion is sequentially attenuated along the genome (22), this
position provides optimal expression of the HA transgene. We
show here that these first position rVSV vectors expressing the
HK/156 H5 HA induce broadly cross-neutralizing antibodies
against clade 0, 1, and 2.1.3 viruses. The rVSV vaccines induce
sterilizing immunity and are highly efficacious against infection
with heterologous AIVs. Furthermore, this protective response
is maintained in mice for at least a year postvaccination.

MATERIALS AND METHODS

Cells and viruses. BHK-21 cells were propagated in Dulbecco’s modified
essential medium (DMEM) (Invitrogen, Carlsbad, CA) containing penicillin and
streptomycin (1� Pen-Strep; Invitrogen) and 5% fetal bovine serum (FBS)
(Gemini Bio Products, West Sacramento, CA). Madin-Darby canine kidney
(MDCK) cells were grown in minimum essential medium (MEM) (Invitrogen)
containing 1� Pen-Strep and 10% FBS.

Recombinant VSVs were grown and titrated on BHK-21 cells as described
previously (29, 37). The following AIVs, used in the neutralization assays, were
provided by N. Cox and A. Klimov (Influenza Branch, Centers for Disease
Control and Prevention [CDC], Atlanta, GA): A/Hong Kong/156/1997 (HK/156;
clade 0), A/Hong Kong/483/1997 (HK/483; clade 0), A/Vietnam/1203/2004 (VN/
1203; clade 1), and A/Indonesia/5/2005 (INA/5; clade 2.1.3). For challenge virus
stocks, MDCK cells were infected at a low multiplicity of infection (MOI) in

MEM plus 0.3% bovine serum albumin (BSA), 1� Pen-Strep, and 1 �g/ml
trypsin that had been treated with tosylsulfonyl phenylalanyl chloromethyl ke-
tone (TPCK). AIV stocks were titrated on MDCK cells in media supplemented
with 1 �g/ml trypsin that had been treated with TPCK.

Construction and recovery of recombinant VSVs. The H5 HA gene from
HK/156 (provided by Y. Kawaoka, University of Wisconsin, Madison, WI;
GenBank accession number AF046088), amplified by PCR from pBS-H5 as
previously described (38), was cloned using XhoI and NheI into the recombinant
wild-type VSV vector (Indiana serotype), pVSV1XN (30), which incorporates
the H5 HA gene into the first genomic position of VSV to generate the pVSV-
H5(1) plasmid. The serotype switch vector, pVSV-NJG-H5(1), expressing the H5
HA gene from the first position and the G gene from the VSV New Jersey (NJ)
serotype was made by switching the ApaI-XbaI fragment containing the portion
of the rVSV genome with the NJ G gene from pVSV-NJG-XN (35) with that
from pVSV-H5(1).

The rVSVs, VSV-H5(1) and VSV-NJG-H5(1), were recovered from the above
plasmid DNAs as previously described (27, 38). Briefly, BHK-21 cells infected
with a vaccinia virus expressing T7 polymerase, vTF7-3 (9), at an MOI of 10 for
1 h were transfected with 50 �g of the appropriate H5 HA plasmid plus the
support plasmids, pBS-N (15 �g), pBS-P (25 �g), pBS-G (20 �g), and pBS-L (5
�g). At 48 h posttransfection, the cell culture medium was collected, filtered (0.2
�m), and passaged onto BHK-21 cells. Once a cytopathic effect (CPE) was
observed, the culture medium was filtered (0.1 �m), plaque purified, and used to
grow virus stocks.

Western blot analysis. Western blot analysis was performed as described
previously (38). Briefly, whole-cell extracts from BHK-21 cells infected at an
MOI of �20 of the indicated viruses were collected at 4.5 hours postinfection
(hpi). After the monolayers were washed twice with ice-cold phosphate-buffered
saline (PBS), the cells were incubated for 5 min on ice with lysis buffer. The
lysates were subjected to SDS-PAGE on a 4 to 12% bis-Tris NuPAGE gel
(Invitrogen), and the proteins were transferred to nitrocellulose using a semidry
transfer apparatus (Bio-Rad Laboratories, Inc., Hercules, CA). The blot was
blocked overnight in PBS containing 0.5% Tween 20 (PBST) and 4% nonfat milk
(PBST-milk) and then incubated in PBST-milk containing the NR-665 polyclonal
anti-influenza virus H5 HA A/Hong Kong/156(483)/97 sheep antiserum (NIH
Biodefense and Emerging Infectious Research Repository, NIAID, NIH) at a
1:1,000 dilution for 1 h at room temperature. After three 5-min washes in PBST,
the blot was incubated as before in a 1:10,000 dilution of donkey anti-sheep IgG
conjugated to horseradish peroxidase (HRP) (Santa Cruz Biotechnology, Santa
Cruz, CA) in PBST-milk. The blot was washed 3 more times and subjected to
chemiluminescence analysis using a LAS-3000 imaging system (Fujifilm).

Vaccinations. All vaccination procedures were approved by the Institutional
Animal Care and Use Committee of Yale University. Six- to 8-week-old female
BALB/c mice (Charles River Laboratories, Wilmington, MA) were primed by
intramuscular (i.m.) injection with 50 �l of 107 PFU of VSV-H5(1) or VSV-
SIVGag(1), an rVSV (30) expressing the unrelated simian immunodeficiency
virus (SIV) Gag gene from the first genomic position (L. Buonocore and J. Rose,
unpublished data). At 2 or 2.5 months postprime, all of the mice were boosted
i.m. with 50 �l of 107 PFU of VSV-NJG-H5(1) or VSV-NJG-SIVGag(1), a NJ
serotype switch vector expressing the unrelated SIV Gag gene from the first
genomic position (L. Buonocore and J. Rose, unpublished data).

Microneutralization assays. Neutralizing antibody titers against the H5 HA
were determined under enhanced biosafety level 3 (BSL-3) containment proce-
dures in laboratories approved for use by the U.S. Department of Agriculture
and CDC as previously described (38, 39). All AIVs used in this assay were grown
in the allantoic cavities of specific-pathogen-free eggs as previously described
(39). In brief, heat-inactivated, serially diluted mouse serum was combined with
an equal volume of �100 50% tissue culture infective dose (TCID50) of the
indicated virus, incubated at room temperature for 1 h, and then added to
MDCK cells in quadruplicate. Neutralizing antibody titers were determined by
the reciprocal dilution at which infectivity was neutralized, which is defined as the
absence of CPE at 4 days postinfection (dpi). An arbitrary titer of 10 was given
to any sample that did not display neutralizing activity.

AIV challenge and viral load. Challenge infections were performed as previ-
ously described (38) under an approved animal use protocol according to the
guidelines of the Canadian Council on Animal Care using BSL-4 containment
procedures. At various times postvaccination, mice were anesthetized with isoflu-
rane and challenged intranasally (i.n.) with 100 50% lethal doses (LD50s) of
either HK/483 or VN/1203 in 50 �l MEM containing 0.3% BSA. The LD50s were
determined as described previously (31). Mice were weighed daily and analyzed
for disease. Mice displaying severe morbidity were humanely euthanized.

On day 3 postchallenge, the lungs were harvested from mice challenged with
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the indicated virus. The tissues were homogenized, and viral load was deter-
mined by plaque assay on MDCK cells.

RESULTS

Construction and characterization of vectors containing an
AIV H5 HA gene in the first position of the VSV genome. The
five genes in VSV (N, P, M, G, and L) are transcribed sequen-
tially starting from the 3� end of the genome with transcription
attenuation of about 30% occurring at each gene junction (22).
Because of this attenuation, foreign genes expressed from the
first position of the VSV genome are typically expressed about
4-fold better than genes expressed from the fifth position (J.
Rose, unpublished results).

Previously, we described a VSV-based H5N1 vaccine vector
in which the HK/156 H5 HA gene was expressed from the fifth
position of a VSV recombinant (38). To generate vectors ex-
pressing higher levels of the H5 HA and to maximize the
immune responses to HA, we incorporated the HK/156 (clade
0) H5 HA gene into the first position of the VSV (Indiana
serotype) genome upstream of the N gene (Fig. 1A). We also
prepared a vector [VSV-NJG-H5(1)] for booster vaccination in
which the Indiana G gene from VSV-H5(1) was replaced with
the G gene from the VSV New Jersey (NJ) serotype (Fig. 1A).
Vaccination with VSV vectors generates high levels of G neu-
tralizing antibodies, which precludes efficient boosting with the
same vector (35). Therefore, the NJ serotype switch vector was
used for boosting.

To determine how well the H5 HAs were expressed from the
first position vectors (Fig. 1A), we performed indirect immu-
nofluorescence (data not shown) and Western blot analyses
(Fig. 1B). H5 HA accumulates to high levels in cells infected
with either VSV-H5(1) or VSV-NJG-H5(1) (Fig. 1B). Cells
infected with the first position vectors accumulated more H5
HA than cells infected with the fifth position vectors (Fig. 1B).

Induction of neutralizing antibodies against heterologous
H5 HAs in mice after vaccination with VSV-based vectors. To
determine the immunogenicity of the first position vectors, 24
mice were inoculated intramuscularly (i.m.) with 107 PFU of
VSV-H5(1) and 2.5 months later were boosted with the sero-
type switch vector, VSV-NJG-H5(1). Another group of 24
mice (controls) were primed and boosted with first position
vectors expressing an unrelated foreign antigen. Initial dose-
response studies (data not shown) showed that this dose was
sufficient to generate maximal neutralizing antibody (nAb) ti-
ters against the homologous AIV. Doses above 107 PFU did
not yield higher levels of nAb titers to the homologous AIV.

Using a stringent microneutralization assay (100% inhibition
of CPE), we evaluated the ability of the individual animals to
mount a serum nAb response against a homologous clade 0
AIV, HK/483 (Fig. 2A), and a heterologous clade 1 AIV,
VN/1203 (Fig. 2B). All vaccinated animals (n � 24) generated
high nAb titers against HK/483 after priming alone, with a
significant increase after boosting. The nAb response against
HK/483 for the 8 mice that were subsequently challenged with
HK/483 is shown in Fig. 2A.

We also determined the nAb titers in individual animals
against the clade 1 VN/1203 strain. Unlike the response against
the highly homologous HK/483, only 50% of the mice had a
detectable nAb titer against VN/1203 after prime only, while

87.5% had nAb titers after boosting. Out of 24 boosted ani-
mals, only 3 (12.5%) had nAb titers that were below the level
of detection in the assay. The nAb titers against VN/1203 for
the group of 8 mice subsequently challenged with VN/1203 are
shown (Fig. 2B). The difference in nAb titers to the two viruses
is consistent with the degree of homology to the HA (HK/156)
expressed by the vaccine virus. The clade 0 strain, HK/156,
isolated in 1997 has 98.6% amino acid identity with HK/483,
also a clade 0 virus from 1997, compared to 96% identity with
VN/1203, a clade 1 strain from 2004.

Vaccination provides protection against a heterologous AIV
challenge. The majority of vaccinated mice had sufficient nAb
titers to indicate that they would be protected from challenge
with strain VN/1203 (Fig. 2B). To determine the degree of
protection against heterologous AIV challenge, mice primed
and boosted with the first position H5 HA vectors were chal-
lenged i.n. with either the highly homologous HK/483, a clade
0 virus (Fig. 2C and E), or the heterologous VN/1203, a clade

FIG. 1. Construction and characterization of recombinant VSVs
expressing an H5 HA gene from the first genomic position of VSV.
(A) Schematic diagram of the rVSV genomes showing the insertion of
the HK/156 H5 HA gene (H5) into the first genomic position upstream
of the VSV N gene in a recombinant wild-type (rWT) background
[Indiana strain; VSV-H5(1)] or a rWT background where the G gene
was replaced with the G gene from another VSV serotype [New Jersey
(NJ); VSV-NJG-H5(1)]. The numbers in parentheses indicate the
VSV genomic position at which the H5 HA gene is inserted. (B) West-
ern blot analysis of whole-cell extracts from cells mock infected or
infected with virus using a polyclonal antibody to the HK/156 H5 HA.
The cells were mock infected or infected with the following viruses:
rVSV (Indiana) (WT); first position vectors VSV-H5(1) [H5(1)] and
VSV-NJG-H5(1) [NJG-H5(1)]; and fifth position vectors VSV-H5 HA
[H5(5)] and VSV-NJG-H5 HA [NJG-H5(5)] (38). The full-length HA
(HA0) and cleaved isoforms of HA (HA1 and HA2) are indicated by
arrows to the right of the gel. The positions (molecular mass [in
kilodaltons]) of molecular size markers are indicated to the left of
the gel.
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1 virus (Fig. 2D and F). All vaccinees were protected against
HK/483 challenge (Fig. 2E) and did not display any signs or
symptoms of disease, including weight loss (Fig. 2C). All vac-
cinated mice were also protected against challenge with VN/
1203 (Fig. 2F) despite significantly lower nAb titers against this
strain (Fig. 2B). Furthermore, none of the animals showed
significant weight loss following challenge (Fig. 2D). Vaccina-
tion reduced the severity of disease, since none of the vacci-
nated animals challenged with either HK/483 (Fig. 2C) or
VN/1203 (Fig. 2D) displayed significant weight loss.

Challenge virus does not replicate in vaccinated animals. To
further analyze the extent of protection provided by the VSV-
based vectors, pulmonary loads of challenge virus were exam-
ined in four vaccinated mice and four control mice 3 days after
i.n. challenge. Mice that received the control vectors showed
robust AIV pulmonary replication after challenge as indicated
by virus titers in lung homogenates (Fig. 3A and C). However,
no virus was found in the lungs of vaccinated mice after chal-
lenge with either HK/483 (Fig. 3A) or VN/1203 (Fig. 3C).

Because there was no evidence of challenge virus infection in
animals vaccinated with the VSV vectors expressing H5 HA, it
appears that sterilizing immunity was achieved.

To examine the range of nAb responses in these animals,
sera collected before and after boosting were analyzed in a
microneutralization assay. As expected, the mice challenged
with HK/483 had high nAb titers against this highly homolo-
gous virus (Fig. 3B) prior to challenge. Consistent with what
was seen in sera from other vaccinated animals (Fig. 2B), only
half the animals had a nAb response prior to boosting (Fig.
3D), and one animal did not have any detectable nAbs against
VN/1203 after boosting (Fig. 3D). However, despite the lack of
detectable nAbs against VN/1203 prior to challenge, this ani-
mal (Fig. 3C and D, mouse 5) showed no evidence of challenge
virus replication in the lungs (Fig. 3C).

Induction of a broadly cross-neutralizing antibody re-
sponse. Previously, we showed that VSV-based vectors ex-
pressing the HK/156 H5 HA protein from the fifth position
generated a cross-neutralizing antibody response against clade

FIG. 2. Induction of heterologous cross-protective immune responses in mice after vaccination with rVSVs expressing H5 HA from the optimal
first genomic position. (A and B) Mice (n � 8) were intramuscularly primed and boosted at 2.5 months postprime with 107 PFU of VSV-H5(1)
and VSV-NJG-H5(1), respectively. Sera collected from vaccinated mice at 2.5 months postprime (preboost; white bars) or 1 month postboost (3.5
months postprime; gray bars) were subjected to a microneutralization assay (39) against the challenge virus (HK/483[A] and VN/1203 [B]). All mice
vaccinated with the negative-control vectors (n � 8) had undetectable neutralizing activity that corresponds to a titer of 10 in this assay (data not
shown). Asterisks indicate sera from H5 HA-vaccinated animals with undetectable nAb. (C to F) At 2 months postboost (4.5 months postprime),
vaccinated mice were intranasally challenged with either HK/483 (clade 0; n � 8) (C and E) or VN/1203 (clade 1; n � 8) (D and F). (C and D)
Pathogenesis was assessed by weight loss and is shown as the average percentage of original prechallenge weight. (E and F) Kaplan-Meier plots
depict the percent survival of negative-control mice (controls) or H5 HA-vaccinated mice (vaccinees).
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0, 1, and 2.1.3 H5N1 viruses (38). To determine whether
broadly cross-neutralizing antibodies were also generated by
the first position vectors, we measured the nAb response
against the more highly diverged clade 2.1.3 virus, A/Indone-
sia/5/2005 (INA/5). The nAb titers against HK/156 (Fig. 4A)
and INA/5 (Fig. 4B) are shown for the individual serum sam-
ples previously examined in Fig. 2B against VN/1203. All H5
HA-vaccinated animals (n � 24) had high nAbs against HK/
156 before and after boosting. The titers against HK/156 for 8
representative mice are shown (Fig. 4A). Similar to what was
found for VN/1203 nAbs, only 50% of the mice (n � 24) had
detectable nAbs against INA/5 after priming. However, all
animals had detectable nAbs against INA/5 after boosting. The
nAbs titers tested against INA/5 for 8 representative mice are
shown (Fig. 4A).

Vaccination confers long-term immunity to and protection
against a heterologous AIV. Previously, we showed that mice
vaccinated with fifth position H5 HA VSV-based vectors re-
tained nAb responses at 5.5 months postvaccination and com-
plete protection from homologous challenge at 7.5 months
postvaccination (38). Here we found that even at 11 months
after vaccination, animals maintained levels of nAbs (Fig. 5A)
similar to those seen a few months after vaccination (Fig. 2A
and B and 4). The nAbs 11 months postvaccination had the
same distribution and broad cross-reactivity to all four anti-
genically distinct strains (compare Fig. 5A to Fig. 2A and B
and 4), with the highest neutralizing activity against the ho-
mologous clade 0 strains and �1-log-unit-lower, but relatively
similar, activity against the heterologous clade 1 and 2.1.3
strains (Fig. 5A).

Because the animals were able to retain significant levels
of nAbs long-term, we determined whether these animals
were still protected against a heterologous challenge. At 1
year postvaccination, the mice were i.n. challenged with the
heterologous virus, VN/1203. The vaccinated mice showed

little or no postchallenge weight loss or clinical symptoms of
disease (Fig. 5B). All vaccinees survived the challenge with
VN/1203, while all of the control animals died by 10 days
postchallenge (Fig. 5C).

FIG. 3. VSV-based vaccines provide sterilizing immunity against heterologous AIVs. Mice (n � 4) were vaccinated with the first position H5
HA vectors (vaccinees) (A and C) or negative-control vectors (controls) (A and C) and challenged with either HK/483 (A and B) or VN/1203 (C
and D) as in Fig. 2. (C to F) At 3 days postchallenge, the lungs were harvested, and the virus titer was determined by plaque assay. No virus was
detected in any vaccinee homogenate. The limit of detection for this assay was �50 PFU/g (dashed line) where the average lung mass was 100 mg.
(B and D) Sera collected from vaccinated mice (mouse 5 to mouse 8) at 2.5 months postprime (preboost; white bars) or 1 month postboost (3.5
months postprime; gray bars) were subjected to a microneutralization assay (39) against the challenge virus (HK/483 [B] and VN/1203 [D]). All
mice vaccinated with the negative-control vectors (mouse 1 to mouse 4) had undetectable nAb activity, which corresponds to a titer of 10 in this
assay (data not shown). Asterisks indicate sera from H5 HA-vaccinated animals with no detectable nAb.

FIG. 4. Vaccination induces a broad cross-neutralizing antibody
response. Sera collected at 2.5 months postprime (preboost; white
bars) or 1 month postboost (3.5 months postprime; gray bars) from
vaccinated mice (n � 8) that were challenged with VN/1203 (described
in the legend to Fig. 2B, D, and F) were subjected to microneutral-
ization assays (39) against the indicated viruses (HK/156 [A] and
INA/5 [B]). All mice vaccinated with the negative-control vectors (n �
8) had undetectable neutralizing activity, which corresponds to a titer
of 10 in this assay (data not shown). Asterisks indicate sera from H5
HA-vaccinated animals with undetectable nAb.
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DISCUSSION

Previously, we showed that VSV-based vectors expressing
the H5 HA from HK/156 could protect mice against lethal
challenge with a highly homologous AIV (38). Here we show
that VSV-based vectors can protect mice from lethal challenge
with a heterologous AIV. Additionally, our data show that not
only do our vaccines impart a 100% survival rate, they also
provide apparent sterilizing immunity in that challenge virus
was not detectable in the lungs 3 days after challenge.

The concern about an impeding pandemic created by an
H5N1 AIV has led to the need for a vaccine. It is difficult to
predict exactly which AIV clade might create a pandemic.

Therefore, development of vaccines that protect across a broad
range of clades is important. Although inactivated H5N1 vac-
cines are now available, their immunogenicity is not optimal.
The split virion vaccines without adjuvant induce antibody
titers predictive of protection in only �40% of vaccinated
individuals (40). The use of a whole virion vaccine (7) or the
inclusion of oil-in-water adjuvants (1, 4, 28) clearly improve the
immunogenicity of inactivated H5N1 virus vaccines. In any
case, due to numerous issues with traditional vaccine develop-
ment for pandemic strains, it is likely that novel vaccine ther-
apies will be needed in the event of a pandemic.

The broad cross-reactivity of our VSV-based vaccines is a
distinct advantage in developing a pandemic AIV vaccine. It
provides heterologous protection against and prevents infec-
tion by clade 0 and 1 viruses. Additionally, nAb titers suggest
that it would also be protective against another highly diver-
gent strain, INA/5, a clade 2.1.3 virus. Other vaccines contain-
ing the 1997 HK/156 HA have shown protection against newer,
more recent strains of AIV after vaccination with a cold-
adapted influenza vaccine (39), a DNA vaccine (26), and an
adenovirus vector (18). The adenovirus vector was able to
protect against a lethal AIV challenge, but not against repli-
cation of the challenge virus.

The major correlate of protection against influenza viruses is
antibody. Our vaccine vectors may have an advantage over
other systems because they induce such high levels of homol-
ogous nAbs, a fraction of which are heterologous cross-reac-
tive nAbs. We also noted that protection against pathogenesis
and AIV replication occurred even in the absence of a detect-
able nAb response in some mice. Protection from challenge in
the absence of detectable nAbs has been seen with other H5N1
vaccines (2, 14, 17–19, 21). To date, no other study has shown
protection from virus pulmonary replication in the absence of
detectable nAbs in individual animals. Hoelscher et al. (19)
showed heterologous protection with little to no virus pulmo-
nary replication after vaccination with adenovirus vectors.
However, their data are presented for the vaccination group
only as a whole and do not show data for individual animals. In
our study, it is possible that all of the mice were at least primed
and able to generate nAb rapidly after challenge. Alternatively,
due to the limits of detection in the nAb assay, the assay may
not have been sensitive enough to detect low but protective
levels of nAb present in the mice in this study. VSV-based
vectors also generate potent cellular immune responses (15,
16), and these responses could also play a role in those animals
that were fully protected in the absence of detectable neutral-
izing antibody.

VSV vectors show promise as human vaccines. Recently, a
VSV-based vaccine vector was used successfully in a person in
an emergency situation with little to no apparent adverse re-
action. This live-attenuated VSV-based Ebola vaccine was
administered to a German researcher following a needle
stick injury with a syringe that had been used to inject mice
with a highly lethal Ebola virus strain (http://blogs.sciencemag.org
/scienceinsider/2009/03/researchers-aro.html). Furthermore, at-
tenuated VSV-based human immunodeficiency virus type 1
(HIV-1) vaccine vectors (6) are expected to receive final FDA
approval and be moved into clinical trials as HIV-1 vaccines in
2010. Single-cycle VSV-based vectors lacking the VSV glyco-

FIG. 5. Long-term protective heterologous immunity in vaccinated
mice. Mice (n � 5) were vaccinated and challenged at 1 year postprime
with VN/1203, as described in the legend to Fig. 2. (A) Sera collected
from vaccinated mice at 11 months postprime (9 months postboost)
were subjected to microneutralization assays (39) against the indicated
viruses (HK/156, HK/483, VN/1203, and INA/5). A titer of 10 in this
assay is negative. (B and C) At 1 year postprime (10 months post-
boost), vaccinated mice were challenged intranasally with VN/1203
(clade 1). (B) Morbidity was assessed by weight loss and is shown as the
average original prechallenge weight. (C) A Kaplan-Meier plot depicts
the percent survival of negative-control or H5 HA-vaccinated mice.
The control animals shown in panels B and C are the same animals as
those in Fig. 2 and are shown here for comparison.
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protein gene have also been tested and are highly effective
(25).

VSV-based vectors have significant advantages over other
virus-based vaccine platforms (34). These advantages include
the fact that there is no significant preexisting immunity to
VSV in humans and the availability of multiple serotypes that
would allow multiple vaccine applications. VSV can also be
delivered by mucosal routes, potentially providing improved
protection against mucosal challenges (34). They have been
shown to provide protection against exposure to Ebola and
Marburg viruses in nonhuman primates (10–12). In addition, a
VSV-based influenza vaccine has recently been shown to pro-
vide postexposure protection from influenza virus challenge in
a mouse model (3).

VSV can be grown rapidly with only BSL-2 containment in
cell lines approved for human vaccine production. The long lag
time required to produce an influenza vaccine by traditional
methods has caused a critical delay in the current H1N1 swine
influenza pandemic. In a pandemic caused by a highly lethal
influenza virus, such as H5N1 AIV, cutting the vaccine pro-
duction time could be even more critical to public safety.
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