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The immunogenicity and protective efficacy of a recombinant subunit West Nile virus (WNV) vaccine was
evaluated in rhesus macaques (Macaca mulatta). The vaccine consisted of a recombinant envelope (E) protein
truncated at the C-terminal end, resulting in a polypeptide containing 80% of the N-terminal amino acids of
the native WNV protein (WN-80E), mixed with an adjuvant (GPI-0100). WN-80E was produced in a Drosophila
melanogaster expression system with high yield and purified by immunoaffinity chromatography using a
monoclonal antibody specific for flavivirus E proteins. Groups of monkeys were vaccinated with formulations
containing 1 or 25 �g of WN-80E antigen, and both humoral and cellular immunity were assessed after
vaccination. The results demonstrated potent antibody responses to vaccination, as determined by both enzyme-
linked immunosorbent assay and virus-neutralizing antibody assays. All vaccinated animals responded favorably,
and there was little difference in response between animals immunized with 1 or 25 �g of WN-80E. Cellular
immunity was determined by lymphocyte proliferation and cytokine production assays using peripheral blood
mononuclear cells from vaccinated animals stimulated in vitro with WN-80E. Cell-mediated immune responses
varied from animal to animal within each group. About half of the animals responded with lymphoproliferation,
cytokine production, or both. Again, there was little difference in response between animals immunized with a 1- or
25-�g dose of WN-80E in the vaccine formulations. In a separate experiment, groups of monkeys were immunized
with the WN-80E/GPI-0100 vaccine or an adjuvant-only control formulation. Animals were then challenged by
inoculation of wild-type WNV, and the level of viremia in each animal was monitored daily for 10 days. The results
showed that whereas all animals in the control group had detectable viremia for at least 3 days after challenge, all
of the vaccinated animals were negative on all days after challenge. Thus, the WN-80E vaccine was 100% efficacious
in protecting monkeys against infection with WNV.

West Nile virus (WNV) was first detected in North America
in 1999 and spread rapidly across the continental United States
(3, 32), as well as into Canada (8), Mexico (9), and Central and
South America (17). The virus is transmitted via mosquitoes,
primarily through the bite of Culex species but also by many
other genera of mosquitoes (14). Birds are the natural hosts
and serve as the zoonotic reservoir, while mammals and rep-
tiles are considered to be incidental hosts from which, it is
believed, further transmission generally does not occur (12).
This is thought to be due to the relatively low levels of viremia
that develop in these latter hosts, which may be insufficient to
allow for secondary mosquito transmission (11). However,
more recent studies (2, 38) have suggested that, in some mam-
mals and reptiles, sufficient viremia may develop to yield at
least a low competence for transmission.

Based on retrospective seroepidemiological surveys con-
ducted after the initial discovery of this virus in North America,

it was determined that about 20% of those individuals infected
developed clinical disease (3). The large majority of clinical
cases resulted in a self-limiting, influenza-like syndrome (3);
however, about 1 in 150 infected patients developed neurolog-
ical complications (28). These complications included cases of
meningitis; encephalitis; meningoencephalitis; and an acute,
flaccid paralytic, poliomyelitis-like syndrome (13). The cases
with WNV-associated neurological complications tend to be
severe, often resulting in permanent disabilities, with reported
case fatality rates of 5 to 15% (3). However, in a recent study
(4), it was reported that even in those cases of mild, nonneu-
ropathological disease, after resolution of the infection had
apparently occurred, residual defects in neuromotor and cog-
nitive function could be measured for at least 1 year after the
original diagnosis.

Moreover, the disease course tends to be much more severe
in elderly individuals, with significantly higher case fatality
rates of about 30% in neuroinvasive cases (5, 30, 33, 42). This
may be due to declining immunocompetence concomitant with
aging (“immunosenescence”). In addition to the elderly pop-
ulation, individuals whose immune systems have been compro-
mised through primary immune deficiencies, acquired defi-
ciencies, or immunosuppressive therapies are also at increased
risk of severe disease caused by WNV infection (10, 18). Cer-
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tain other chronic diseases, such as diabetes mellitus and hy-
pertension, may also render individuals infected with WNV
more susceptible to developing severe disease (16).

WNV is a member of the Flaviviridae family, genus Flavivi-
rus. It is an enveloped, positive-strand RNA virus. The RNA
genome comprises 10 genes, coding for three structural and
seven nonstructural proteins (31). The structural proteins are
the core or capsid protein (C); a premembrane protein (prM),
which is cleaved to yield the membrane protein in the mature
virion; and the envelope protein (E). The latter two are glyco-
sylated. The E protein shares significant homology with the E
proteins of other flaviviruses, particularly those of the other
members of the Japanese encephalitis virus (JEV) serocom-
plex, JEV itself, St. Louis encephalitis virus (SLEV), and
Murray Valley encephalitis virus. Antibodies directed against
particular epitopes contained within the E protein are capable
of virus neutralization. These epitopes have recently been
mapped to at least two of three domains of the E protein,
domains II and III, using sets of monoclonal antibodies for
dengue virus (DENV) (6), as well as JEV (20) and WNV (1,
41). Neutralizing antibodies reacting with domain III are gen-
erally specific for each virus and do not cross-neutralize other
viruses (or other serotypes of the same virus if multiple sero-
types exist), while those targeting domain II are often cross-
reactive. A high titer of virus-neutralizing antibodies is gener-
ally accepted as the best in vitro correlate of in vivo protection
against virus infection or immunity to subsequent infection (23,
45). For this reason, the E protein was selected as the appro-
priate immunogen for use in the development of a WNV
vaccine candidate.

In previous studies at Hawaii Biotech, Inc. (HBI), a propri-
etary method of expression was used successfully to produce
recombinant E proteins from flaviviruses, such as DENV se-
rotypes 1 to 4, JEV, hepatitis C virus, and WNV (7, 19, 25, 26,
35). These proteins are truncated at the C terminus, leaving
80% of the native E protein (80E). The truncation deletes the
membrane anchor portion of the protein, thus allowing it to be
secreted into the extracellular medium, facilitating recovery.
Furthermore, the expressed DENV and WNV proteins have
been shown to be properly glycosylated and to maintain native
conformation as determined by reactivity with conformation-
ally sensitive monoclonal antibodies 4G2 and 9D12 (B. -A.
Coller, D. E. Clements, and G. S. Bignami, unpublished data)
and X-ray crystallography structure determination (25, 26).
The immunogenicity of the vaccine formulations using the
truncated WNV E protein (WN-80E [amino acids 1 to 401])
was demonstrated in mice (19), and its protective efficacy doc-
umented in hamsters (39, 43) and geese (15). The present
report for the first time documents the immunogenicity and
protective efficacy of a WN-80E vaccine formulation in a non-
human primate animal model.

MATERIALS AND METHODS

Animals. Rhesus monkeys (Macaca mulatta) of either sex weighing 3 to 7 kg
were used. Animals were screened by serology for exposure to herpes B virus,
simian immunodeficiency virus, WNV, DENV (all serotypes), yellow fever virus,
SLEV, and JEV. Only animals that were negative for the aforementioned viruses
were used in this study. Animals were housed and maintained at the Southwest
National Primate Research Center/Southwest Foundation for Biomedical Re-
search (SNPRC/SFBR), San Antonio, TX, according to established principles of

animal welfare under a protocol approved by the Institutional Animal Care and
Use Committee.

Vaccines. The vaccines used were comprised of recombinant E protein from
WNV (NY 99 isolate) formulated with an adjuvant (GPI-0100). WN-80E was
produced in a Drosophila melanogaster expression system and purified from
transformed cell culture supernatants by immunoaffinity chromatography using a
flavivirus group-specific monoclonal antibody. The preparation; purification;
properties; and immunogenicity in mice, hamsters, and geese of the WN-80E
protein have been previously described (15, 19, 39, 43). A “mock” antigen was
also prepared for use as a control in antigen stimulation experiments. This
material was prepared by subjecting culture supernatants from induced Drosoph-
ila cells transformed with plasmids lacking the genes encoding the specific anti-
gens to the same purification scheme used for the WN-80E protein. The purpose
of including this material with adjuvant was to control for any possible nonspe-
cific immunostimulatory effects of potential contaminants from the cell cultures
copurified with the antigens. GPI-0100 (HBI, Aiea, HI) is a semisynthetic sapo-
nin previously shown to enhance the immunogenicity of soluble protein antigens
(22, 36). Vaccines were formulated at HBI and shipped to SFBR immediately
prior to administration to the animals.

Vaccination and immunogenicity. Twenty animals were divided into five
groups of four animals in each group and administered vaccines formulated to
contain 1 or 25 �g of WN-80E per dose and 0.5 or 2.0 mg of GPI-0100 adjuvant
per dose, along with a group that was administered 25 �g of WN-80E without
adjuvant (Table 1). Immunization was performed by the intramuscular route in
the deltoid muscle with a 0.5-ml dose. Animals were given four doses of vaccine
at intervals of approximately 3 weeks, and blood was collected pre- and postvac-
cination for analysis of the immune response. The vaccination regimen chosen
was based on the results of previous studies of rhesus monkeys with a recombi-
nant dengue vaccine (35; B.-A. Coller, M. M. Lieberman, and J. R. Putnak,
unpublished data).

Challenge experiment. The WNV challenge experiment was conducted within
the animal biosafety level 3 (ABSL-3) facility at the SNPRC. Nine additional
animals were divided into two groups of five and four animals in each group
(Table 2) and administered either 5 �g of WN-80E plus 2.0 mg of GPI-0100
(group 1) or 2.0 mg of GPI-0100 without antigen (group 2). Three doses of
vaccine were given at 3-week intervals. Animals were then rested for 6 months
prior to the administration of a fourth dose of vaccine, followed by challenge
(infection) with 2 � 105 PFU of the NY99 strain of WNV (37) by the subcuta-
neous route 2 months later. Animals were bled daily for 10 days after infection,
and the level of viremia in each animal was determined by direct plaque assays
on Vero cells as described below. The challenge dose was chosen based on results
from a preliminary experiment which showed that challenge with 2 � 105 or 106

PFU yielded no significant difference in viremia (data not shown). These latter

TABLE 1. Experimental design for testing immunogenicity of WN-
80E vaccine in rhesus monkeysa

Group WN-80E dose (�g) Adjuvant dose (mg)

1 1 2
2 1 0.5
3 25 2
4 25 0.5
5 25 0

a Each group had four animals. There were four doses of vaccine, adminis-
tered on days 0, 20, 41, and 59. Blood for serology was drawn prior to vaccination
on the same days, as well as on day 77. Blood for CMI assays was drawn on days
0 and 77.

TABLE 2. Experimental design for testing protective efficacy of
WN-80E vaccine in rhesus monkeysa

Group No. of animals WN-80E dose (�g) Adjuvant dose (mg)

1 5 5 2
2 4 0 2

a Four doses of vaccine were administered, on days 0, 21, 42, and 230. Animals
were challenged on day 290. One animal from group 1 was euthanized after
completion of the vaccination schedule but prior to challenge due to chronic
severe anemia of an unknown origin that was nonresponsive to nutritional
supplementation, as well as abnormal behaviors.
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doses were selected based on similar doses used in previously published studies
of WNV pathogenesis in nonhuman primates (37).

WNV plaque assay. Viremia in serum samples was determined by direct
plaque assay on Vero cells. Vero cells were prepared at a density of 6 � 105

cells/well in M-199 growth medium in six-well plates. Plates were incubated at
37°C in 5% CO2 for 3 days to reach 90% confluence for the plaque assay. Serum
samples were diluted 1:10 and 1:100 in M-199 growth medium, and 100 �l of
undiluted serum and each dilution of serum were added onto Vero cells in
triplicate and incubated for 1 h at 37°C. After incubation, the cells were overlaid
with 3 ml of M-199 maintenance medium (M-199 with 2% fetal bovine serum)
containing 1% agarose. For visualization of plaques, each culture was overlaid at
3 days postinfection with M-199 maintenance medium containing neutral red
(0.004% final concentration). Plaques were counted at 5 days postinfection, and
titers are expressed in PFU/ml.

Antibody assays. Blood specimens were collected in clot tubes immediately
prior to each vaccination (days 0, 20, 41, and 59) and after dose 4 (day 77). Serum
was separated, frozen, and shipped to HBI or to the John A. Burns School of
Medicine, University of Hawaii (JABSOM, UH), Honolulu, HI, for further
analysis.

Enzyme-linked immunosorbent assays (ELISAs) were performed as described
previously (19), using an anti-rhesus monkey immunoglobulin-specific secondary
antibody. Briefly, 96-well microtiter plates were coated with WN-80E (15 �g/ml
in phosphate-buffered saline [PBS], pH 7.2, 75 �l/well at 4°C overnight), blocked
with 1% bovine serum albumin (BSA) in PBS, washed with PBS containing
0.05% Tween 20 (PBST), and incubated for 2 h at room temperature with
monkey serum samples diluted in PBST containing 0.1% BSA (PBST-BSA).
After incubation, wells were washed and incubated with horseradish peroxidase-
conjugated anti-rhesus monkey immunoglobulin (Serotec Labs) diluted in PBST/
BSA for 1 h at room temperature. Wells were then washed and incubated with
100 �l/well peroxidase substrate (o-phenylenediamine dihydrochloride; Sigma
Chemical Co.) for 30 min. Reactions were stopped by the addition of 50 �l of 2
N H2SO4 and read at 450 nm in an automated ELISA plate reader. ELISA titers
were reported as the serum dilution yielding 50% maximum absorbance in the
assay using a sigmoidal dose response (variable slope) model, with the aid of a
commercially available statistical program (GraphPad Prism).

Virus-neutralizing assays (plaque reduction neutralization tests [PRNT]) were
conducted as described previously (40, 44) using wild-type WNV (Egypt 101
strain) or, alternatively, chimeric DENV serotype 4-WNV (34) and immunofocus
visualization of plaques, using standard laboratory protocols. The chimeric-virus
assay was developed as a surrogate assay which can be conducted in a BSL-2
laboratory rather than a BSL-3 laboratory. For the wild-type WNV assay, serum
dilutions were incubated with �50 PFU of virus at 4°C for 16 h and then
serum-virus mixtures were plated on Vero cells in six-well cell culture plates,
incubated for 1 h at 37°C, overlaid with agarose, and further incubated for 4 to
5 days. Plaques were visualized after 5 days of growth at 35°C by using neutral red
staining. The percent reduction in plaque numbers was calculated compared to
the growth of the virus control, and the highest dilution of serum resulting in
90% reduction in the number of plaques compared to the growth of the virus
control (PRNT90 titer) was determined.

For the chimeric-virus assay, serum dilutions were incubated with �50 PFU of
virus at 37°C for 30 min. Serum-virus mixtures were plated on Vero cells in
six-well cell culture plates, incubated for 1 h at 37°C, and overlaid with carboxy-

methyl cellulose. Infective foci were revealed after formalin fixation and immu-
nostaining. The dilution of serum resulting in 50% reduction in the number of
plaques compared to the growth of the virus control was calculated using Graph-
Pad Prism sigmoidal dose response, variable slope (four-parameter logistic equa-
tion equivalent) curve fit and defined as the PRNT50 titer.

Cell-mediated immune (CMI) response assays. Heparin-anticoagulated whole-
blood specimens (20 ml) were collected from each animal prior to vaccination
(day 0) and after dose 4 (day 77) and transported to HBI or to JABSOM, UH,
for processing and performance of assays. Whole blood was centrifuged at
1,000 � g for 10 min, and the buffy coats (white blood cell interphase between the
erythrocytes and plasma/platelets) were collected. Residual erythrocytes were
lysed with an ammonium chloride-based lysis solution (0.15 M NH4Cl, 0.1 mM
EDTA, 10 mM NaHCO3, pH 7.3), washed two times with culture medium
(RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100
U of penicillin/ml, 100 �g of streptomycin/ml, and 50 �g of gentamicin/ml), and
resuspended in culture medium.

Lymphocyte proliferation assays were performed using peripheral blood
mononuclear cells (PBMC) from vaccinated monkeys. Cell suspensions were
counted and adjusted to 2 � 106 PBMC/ml, and 100-�l aliquots of the suspen-
sions were added to wells of a 96-well cell culture plate. Equal volumes of antigen
(WN-80E, 10 �g/ml), “mock” antigen (equivalent to 10 �g/ml), mitogen (con-
canavalin A, 20 �g/ml), or culture medium were added to each well. Plates were
incubated at 37°C and 5% CO2 in a humidified incubator for 3 days (with
mitogen stimulation) or 7 days (with antigen stimulation). One microcurie of
tritiated thymidine ([3H]methyl thymidine, 50 Ci/mmol; ICN Biomedicals) was
then added to each well, and incubation continued for another 18 to 24 h. Plates
were then harvested using a Filtermate 196 cell harvester system (PerkinElmer
Corp.), and the amount of radioactivity incorporated was determined with a
TopCount microplate scintillation system (PerkinElmer Corp.). Separate un-
stimulated control cultures were included for the mitogen-stimulated and anti-
gen-stimulated assays.

Cytokine production assays were also performed using PBMC from vaccinated
monkeys. Cell suspensions were counted and adjusted to 107 PBMC/ml, and
aliquots (0.5 ml) added to wells of 24- or 48-well cell culture plates. Equal
volumes of antigen (WN-80E, 10 �g/ml), “mock” antigen (equivalent to 10
�g/ml), mitogen (pokeweed mitogen, 10 �g/ml), or culture medium were added
to each well. Plates were incubated at 37°C and 5% CO2 in a humidified incu-
bator for 5 days, and then culture supernatants were harvested and frozen for
later analysis. Gamma interferon (IFN-�), tumor necrosis factor-�, interleukin-2
(IL-2), IL-4, IL-5, and IL-6 cytokine levels in culture supernatants were quanti-
fied simultaneously using a multiplexed flow cytometric bead array assay (Becton
Dickinson Corp.) as directed by the manufacturer.

Statistical analysis. Tests of significance (t tests), calculations of geometric
mean titers, 95% confidence intervals, standard deviations, and correlation co-
efficients (r2) were performed using GraphPad Prism statistical programs.

RESULTS

Immunogenicity of WN-80E vaccine in rhesus monkeys.
PRNT and ELISA antibody assays were performed on groups
of vaccinated animals (Table 1). The results of PRNT antibody

FIG. 1. PRNT90 antibody titers (log10) in monkey sera collected
after two and three doses of vaccine (days 41 and 59, respectively; see
footnote a to Table 1). All group 5 monkeys had titers of �5 at both
time points (depicted as log10 0.4 in the figure). SD, standard deviation.

FIG. 2. ELISA antibody titers in monkey sera collected after three
and four doses of vaccine (days 59 and 77; see footnote a to Table 1).
Titers of �50 are depicted as 25 (group 5). GMT, geometric mean
titer; CI, confidence interval.
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assays (using wild-type virus) after two and three doses of
vaccine are shown in Fig. 1. Antibody titers increased with the
number of vaccine doses given up through dose 3 (groups 1 to
4). The titers in sera collected prior to immunization (day 0)
and after one immunization (day 20) were undetectable in all
animals (data not shown). All group 5 monkeys had titers of
�5 after the second and third immunizations (depicted as log10

0.4 in the figure), with P values of �0.05 (unpaired t test) for
pair-wise comparisons of groups 1 to 4 with group 5 at each
time point. There was little or no difference in titers (P � 0.1;
unpaired t test) between groups administered 1 or 25 �g of
WN-80E at the same dose of adjuvant (0.5 or 2.0 mg of GPI-
0100) except after dose 2 with 2.0 mg of adjuvant, where a
small increase in titer was observed with the higher dose of
WN-80E compared to the titer with the lower dose. However,
antibody titers were higher in the groups of animals receiving
2.0 mg of GPI-0100 than in the groups receiving 0.5 mg. The
results of PRNTs performed with the chimeric virus were con-
sistent with the results from assays with wild-type virus (data
not shown). The results of ELISAs performed after three and
four doses of vaccine demonstrate that no further increase in
antibody titers occurs after three doses of vaccine (Fig. 2). All
group 5 animals had titers of �100 at both time points except
for one animal after dose 4. There were good correlations
between the results of PRNTs performed with either virus
(data not shown) and between the results of PRNTs and
ELISAs (Fig. 3).

CMI responses were evaluated after four doses of vaccine
and were found to vary between animals within each group. In
groups 1 to 4, about half of the animals responded with either
positive antigen-stimulated lymphocyte proliferation (Fig. 4)
or antigen-stimulated cytokine production (Fig. 5). All group 5
animals, however, were negative for either measure of cellular
immunity, with the exception of a small amount of IFN-�
produced by one monkey. Among animals in groups 1 to 4, the
production of various cytokines, including IFN-�, tumor ne-
crosis factor-�, IL-4, IL-5, and IL-6, was also detected (data
not shown). Vaccination with increased antigen (1 or 25 �g)
and/or adjuvant (0.5 or 2.0 mg) did not appear to increase the
cellular immune responses observed.

Protective efficacy of WN-80E vaccine in rhesus monkeys.
Protective efficacy was determined by prevention of viremia
after WNV infection of vaccinated animals in a second exper-
iment (Table 2). Antibody titers were determined after each
vaccination, and peak antibody titers were observed 28 days

after dose 3, with PRNT90 titers in the range of 320 to 1,280
for group 1 animals. Titers determined in sera collected from
these monkeys 140 days after the third vaccination (about 1
month prior to the fourth vaccination and about 3 months
prior to challenge) were in the range of 80 to 160 for all five
animals, whereas monkeys receiving adjuvant alone (group 2)
had no detectable antibody titers at any time. Lymphocyte
proliferation responses were also observed in two of the vac-
cinated animals (stimulation indices, 7.5 and 5.6) but not in any
of the animals receiving adjuvant alone (stimulation indices,
�1.7) after dose 3.

The results of daily viremia determinations after infection of

FIG. 3. Correlation of ELISA and PRNT antibody titers in monkey
sera. Sera were obtained from animals in groups 1 through 4 after
three vaccinations (day 59; see footnote a to Table 1).

FIG. 4. Antigen-stimulated lymphocyte proliferation after four doses
of vaccine. Only three monkeys from group 1 were tested, as one
animal was euthanized prior to sample collection due to unrelated
pathology (suppurative synovitis of left knee, weight loss, and de-
pression). Results were obtained from 2 � 105 PBMC/0.2 ml in
96-well cell culture plates, with antigen (WN-80E) at 5 �g/ml.
“Mock” antigen stimulation indices were all �2, while mitogen
(concanavalin A) stimulation indices were all within the range of 28
to 72 (data not shown).

FIG. 5. Antigen-stimulated cytokine production in vitro after four
doses of vaccine. Only three monkeys from group 1 were tested, as one
animal was euthanized prior to sample collection due to unrelated
pathology (see legend to Fig. 4). Results were obtained from 5 � 106

PBMC/ml in 24- or 48-well cell culture plates, with antigen (WN-80E)
at 5 �g/ml. Values represent the difference between cytokine levels for
WN-80E-stimulated animals and either “mock” antigen-stimulated or
unstimulated controls, whichever was higher. For IFN-�, this differ-
ence was at least 2.5-fold for all but one positive animal. For IL-5, this
difference was at least threefold for each positive animal. Pokeweed
mitogen-stimulated IFN-� production was at least 2,000 pg/ml for all
animals (data not shown). Pokeweed mitogen-stimulated IL-5 produc-
tion was �20 pg/ml (data not shown). SD, standard deviation.
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WN-80E- and control-vaccinated animals with wild-type WNV
are given in Table 3 and demonstrate that while all control
animals had detectable viremia on multiple days postchallenge,
all vaccinated animals were negative for viremia on all days
postchallenge. Thus, the WN-80E vaccine protected these an-
imals against challenge with wild-type WNV.

DISCUSSION

The results reported herein describe the immunogenicity and
protective efficacy of the WN-80E vaccine in nonhuman primates.
The vaccine was shown to elicit a good humoral immune re-
sponse, yielding high titers of antibodies as determined by an
antigen-binding assay (ELISA), as well as a functional virus-neu-
tralizing assay (PRNT). Virus-neutralizing antibodies are gener-
ally accepted as the best correlate of protective immunity to fla-
vivirus infection (23, 45). Maximal antibody titers were raised
after three immunizations, although good titers were observed
after the second immunization. Thus, a vaccination regimen of
only two immunizations could be adequate for effective protec-
tion. All animals in groups immunized with a vaccine formulated
with adjuvant responded well, with high antibody titers.

The CMI response was found to vary from animal to animal,
with some monkeys responding to vaccination by exhibiting
good antigen-stimulated lymphocyte proliferation and/or cyto-
kine production in vitro while others did not. The reason for
this variability is not clear, but similar results have been ob-
served with monkeys immunized with a DENV recombinant
subunit vaccine (Coller et al., unpublished data). The monkeys
used for these studies varied considerably in age, having been
selected based on a weight range and seronegativity for a panel
of viruses as described above. It may be possible that the CMI
responses of older animals are less vigorous than those of
younger animals. Previous data from studies of mice have
demonstrated that aged mice do not yield good lymphocyte
proliferative responses after vaccination (M. M. Lieberman
and T. A. Wong, unpublished data). Nevertheless, aged ani-
mals have been shown to be completely protected against a
lethal challenge with WNV in a hamster model of WN enceph-
alitis (39).

In nonhuman primates, infection with WNV (and other fla-
viviruses) has generally not been reported to cause clinical
disease as it does in humans (35, 37), although in one recent
study (2), one of five experimentally infected rhesus monkeys

developed neurologic disease. There has also been a reported
case of naturally acquired WN encephalitis in a Barbary ma-
caque housed in a zoo (29). However, regardless of clinical
presentation, a low level of viremia develops postinfection,
which can be monitored by serial blood collections. The preven-
tion or inhibition of the development of viremia by prior vacci-
nation is considered to be a demonstration of the protective
efficacy of the vaccine. In a second experiment with rhesus mon-
keys, vaccinated and control animals were challenged with live
WNV and monitored for viremia. The results showed that there
was no detectable viremia in any of the vaccinated animals on any
day postchallenge, while all control animals had multiple days of
detectable viremia. Thus, the vaccine demonstrated protective
efficacy in this nonhuman primate model of WNV infection.

These results extend and complement previously published
data in which the preparation, properties, immunogenicity in
mice (19), and protective efficacy in hamsters (39, 43) and geese
(15) of different WN-80E vaccine formulations were described.
The durability of immunization in hamsters was documented for
at least 1 year postvaccination (43). The hamster model of lethal
encephalitis has also been used to demonstrate protection in
immunocompromised (leukopenic) animals, as well as young
(weanling) and old (12 months old at initial vaccination) animals
(39). These models target the particular populations of patients at
highest risk of serious complications from WNV infection. This is
particularly relevant in the case of elderly individuals, whose case
fatality rate is double that of younger individuals (5, 33, 42). Other
candidate WNV vaccines are based on a live virus (21, 24, 27, 34),
which may be contraindicated in elderly (immunosenescent) and
immunocompromised individuals. A noninfectious, yet effective
WNV vaccine would provide a valuable addition to the available
preventive measures against disease caused by this emerging, neu-
rotropic, mosquito-borne virus.

ACKNOWLEDGMENTS

We thank the following staff of the Southwest National Primate
Research Center ABSL-3 facility for their technical contributions to
this study: Stacey Perez, Tony Bowers, Laura Rumpf, Melissa Mann,
George Villanueva, and Juan Zapata.

This work was supported in part by grant 9 R44 NS52139-02A1
from the National Institutes of Health (NIH). V. R. Nerurkar is
partially supported by grants P20RR018727 and G12RR003061
from NCRR, NIH.

TABLE 3. Levels of viremia postchallenge in vaccinated and control rhesus monkeys

Groupa Monkey
Level of viremiab at indicated day postinfection

1 2 3 4 5 6 7 8 9 10

1 28824 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 28828 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 28829 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 28831 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 28823 0.00 0.00 0.00 0.82 1.00 1.00 1.72 0.48 0.00 0.00
2 28825 1.54 0.00 1.60 1.72 1.48 1.48 0.00 0.00 0.00 0.00
2 28826 0.00 0.00 1.00 1.30 0.00 0.00 0.00 0.00 0.00 0.00
2 28830 1.40 0.70 1.12 1.70 0.00 0.00 0.00 0.00 0.00 0.00

a One animal from group 1 was euthanized after completion of the vaccination schedule but prior to challenge due to chronic severe anemia of an unknown origin
that was nonresponsive to nutritional supplementation, as well as abnormal behavior. Thus, only four animals from group 1 were challenged.

b Viremia is expressed as log10 PFU/ml of serum. The minimum detectable level was 0.48 log10 PFU/ml.
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