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Abstract
While several West Nile vaccines are being developed, none are yet available for humans. In this
study aimed at developing a vaccine for humans, West Nile virus (WNV) envelope protein (E) and
non-structural protein 1 (NS1) were produced in the Drosophila S2 cell expression system. The C-
terminal 20% of the E protein, which contains the membrane anchor portion, was deleted, thus
allowing for efficient secretion of the truncated protein (80E) into the cell culture medium. The
proteins were purified by immunoaffinity chromatography (IAC) using monoclonal antibodies that
were flavivirus envelope protein group specific (for the 80E) or flavivirus NS1 group specific (for
NS1). The purified proteins were produced in high yield and used in conjunction with adjuvant
formulations to vaccinate mice. The mice were tested for both humoral and cellular immune
responses by a plaque reduction neutralization test and ELISA, and by lymphocyte proliferation and
cytokine production assays, respectively. The results revealed that the 80E and the NS1 proteins
induced both high-titered ELISA and neutralizing antibodies in mice. Splenocytes from immunized
mice, cultured in vitro with the vaccine antigens as stimulants, showed excellent proliferation and
production of cytokines (IFN-γ, IL-4, IL-5, and IL-10). The level of antigen-stimulated lymphocyte
proliferation and cytokine production was comparable to the level obtained from mitogen
(phytohemagglutinin or pokeweed) stimulation, indicating a robust cellular response as well. These
findings are encouraging and warrant further in vivo studies to determine the protective efficacy of
the WNV vaccine candidate.
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1. Introduction
Since the introduction of West Nile virus (WNV) into the United States in 1999, annual
outbreaks have caused severe and fatal encephalitis in humans and equines and death in a
variety of species of feral birds throughout the U.S. and parts of Canada [1,2]. In addition, more
recent findings show evidence of WNV human and equine infection in several countries of
tropical America [3]. While WNV disease generally results in moderate to severe flu-like
symptoms in approximately 20% of infected individuals, about 1 out of 150 progress to severe
neurological disease [4]. However, the proportion of reported cases that are neuroinvasive is
much higher, about 40% in the past few years [2], because of biased reporting of neuroinvasive
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disease compared to uncomplicated WNV fever. About 5–14% of neuroinvasive cases are fatal.
In a high percentage of the non-fatal cases permanent neurological disabilities have been
reported. These clinical findings are significantly worse in elderly patients. In a recent study
involving a group of 233 hospitalized patients during an outbreak of WNV infections in Israel,
the overall case fatality rate was 14%. However, the case fatality rate was 29% among patients
aged 70 or older [5]. Similar findings were also reported from recent epidemics in Romania
[6] and Russia [7]. Thus, there is significant morbidity and mortality associated with the
disease.

WNV is a member of the Flaviviridae family, genus Flavivirus. As an enveloped, positive
strand RNA virus, the RNA genome comprises 10 genes, coding for three structural and 7 non-
structural proteins [8]. The structural proteins include the core or capsid protein (C), and a pre-
membrane protein (prM), which is cleaved to yield glycosylated membrane protein and
envelope protein (E) in the mature virion. The envelope protein shares significant homology
with the envelope proteins of other flaviviruses, particularly those of the other members of the
Japanese encephalitis virus (JEV) serocomplex: JEV, St. Louis encephalitis virus (SLEV), and
Murray Valley encephalitis virus (MVEV). Antibodies directed against particular epitopes of
the envelope protein are capable of virus neutralization, i.e., the inhibition of virus infection
of susceptible cells in vitro. The dominant neutralizing epitopes have been mapped to one of
three domains of the envelope protein, domain III, using monoclonal antibodies for dengue
virus [9], as well as JEV [10] and WNV [11]. Additional neutralizing epitopes have recently
been identified on domains I and II of the envelope protein as well [12]. Neutralizing antibodies
(recognizing domain III epitopes) are generally specific for each virus and do not cross-
neutralize other viruses (or other serotypes of the same virus if multiple serotypes exist). Viral
neutralizing antibodies are generally accepted as the best in vitro correlate of in vivo protection
against viral infection or immunity to subsequent infection for flaviviruses [13,14]. Therefore,
assessment of virus neutralizing responses induced by vaccine candidates represents a
reasonable way to screen for potential vaccine efficacy.

Currently, there is no approved commercially available vaccine for prevention of WNV
infection in humans, and therapy for disease is limited to only supportive and symptomatic
treatment. Several candidate WNV vaccines are in various stages of research and development.
These include: (i) a “naked” DNA vaccine encoding the prM and E genes [15]; (ii) a live,
attenuated dengue serotype 4-WNV chimera [16]; (iii) a live attenuated Yellow Fever-WNV
chimera [17]; (iv) a recombinant envelope protein vaccine expressed in E. coli [18] and
Drosophila cells [19]; (v) a live, attenuated WNV (veterinary) vaccine [20]; (vi) a formalin-
inactivated WNV (veterinary) vaccine [21]; and a canarypox virus vectored vaccine [22].
Scientists at Hawaii Biotech have successfully used a proprietary method of expression to
produce recombinant envelope proteins from flaviviruses, such as dengue serotypes 1–4, JEV,
hepatitis C, and WNV [23–26]. These proteins are truncated at the C-terminus, leaving 80%
of the native envelope 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 proteins have been shown to be properly glycosylated and to
maintain native conformation as determined by reactivity with conformationally sensitive
monoclonal antibodies (Hawaii Biotech, unpublished data), and X-ray crystallography
structure determination [24–26]. The expression system used to produce these recombinant
proteins involves the construction of expression plasmids containing cDNAs which are then
used to transform insect cells. The resulting transformant cell lines have been shown to be
genetically stable by Southern blot analysis of restriction digests of DNA from serially
passaged cell lines. This has been shown for at least 10 transformant cell lines (Clements, DE,
et al., Hawaii Biotech, unpublished data).

Lieberman et al. Page 2

Vaccine. Author manuscript; available in PMC 2007 March 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Moreover, in addition to the envelope protein, we investigated inclusion of a non-structural
protein (NS1) from WNV in the vaccine formulations. The purpose of including NS1 protein
is the potential to enhance the ability of the vaccine to elicit a cell-mediated immune response,
as well as an additional humoral component of immunity. Although non-structural proteins are
not present in mature virions, they are produced as a necessary part of the enzymatic system
for viral replication. Peptide epitopes processed from these proteins are displayed on the surface
of infected antigen-presenting cells in association with MHC class I or class II molecules, and
thus may be recognized by subsets of immune cell populations, i.e., CD8+ or CD4+ T
lymphocytes. When activated, these cells can function as cytotoxic T cells, and thus are capable
of eliminating cells infected with virus [27,28]. This cellular immune response may contribute
significantly to the overall protective efficacy of a subunit vaccine. In addition, there is evidence
that NS1 may elicit a humoral protective immune response involving the complement fixing
activity of antibodies to this protein [29,30], through mechanisms, such as antibody-dependent,
complement-mediated cytolysis, or Fc receptor mediated antibody-dependent cellular
cytotoxicity [30]. Thus, the inclusion of NS1 in the vaccine formulation can be justified on the
basis of a humoral as well as a cellular immune response. The same expression system used
for production of recombinant envelope proteins has also been used successfully for the
production of the NS1 protein from dengue virus, and is now being used successfully for the
production of NS1 from WNV.

The purpose of this study is to describe the production, purification, and immunogenicity in
mice of a WNV recombinant subunit vaccine. The protective efficacy of the vaccine in the
golden hamster model of West Nile encephalitis is described in an accompanying paper [31].

2. Materials and methods
2.1. Animals

Balb/c or Swiss Webster mice, 6–8 week old females, were used in all experiments. Mice were
obtained from Charles River Laboratories (Hollister, CA), and maintained in a specific
pathogen-free (SPF) environment and given food and water ad libitum.

2.2. Vaccines
2.2.1. Expression of recombinant proteins—The West Nile envelope protein (E) and
non-structural protein 1 (NS1) were produced in the Drosophila S2 expression system. The
expression system consists of the Drosophila S2 cells and a series of broad host plasmid vectors
that directed the expression of heterologous proteins [32–34]. The expression plasmid pMttbns
(derived from pMttPA) contained the following elements: Drosophila melanogaster
metallothionein promoter, the human tissue plasminogen activator secretion leader (tPAL) and
the SV40 early polyadenylation signal. A 14 base pair BamHI fragment was excised from the
pMttbns vector to yield pMttΔXho that contained a unique XhoI site in addition to an existing
unique BglII site. This expression vector targets expressed proteins that were secreted into the
culture medium. All WNV genome sequences were introduced into the pMttΔXho vector using
these unique BglII and XhoI sites. For the expression of a carboxy-truncated WNV envelope
protein, a synthetic gene encoding the prM protein and 80% of the E protein from WNV was
synthesized (Midland Certified Reagent Co., Midland, TX). The nucleotide sequence of the
synthetic gene followed the published sequences of WNV isolated in 1999 in New York City
[35]. The C-terminal truncation of the E protein at amino acid 401 eliminated the
transmembrane domain to allow the E protein to be secreted into the medium. For the
expression of a full-length WNV NS1 protein, a gene fragment was generated by RT-PCR
from viral RNA (gift from A. Barrett, Univ. of Texas Medical Branch, Galveston). The NS1
gene fragment represented nucleotides 2470–3525 on the genome [35] and coded for a product
containing 352 amino acid residues. Both the synthetic prM80E and RT-PCR generated NS1
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gene fragments were designed to include restriction endonuclease sites that were used for
cloning and also included two stop codons immediately following the last WNV codon. The
final prM80E plasmid construct was designated pMttWNprM80E and the NS1 plasmid
construct was designated pMttWNNS1.

S2 cells were co-transformed with these pMttΔXho-based expression plasmids and the
pCoHygro selection plasmid that encodes hygromycin resistance utilizing the calcium
phosphate co-precipitation method or with Cellfectin (Invitrogen Kits, Carlsbad, CA)
according to the manufacturer’s recommendations. Cells were co-transformed with 20 μg total
DNA with a 20:1 ratio of expression plasmid to selection plasmid. Transformants were selected
with hygromycin B (Roche Molecular Biochemicals, Indianapolis, IN) at 300 μg/ml. Following
selection, cells were adapted to growth in the serum free medium Excel 420 (JRH, Lenexa,
KS). For expression, cells were grown in Excel 420, 300 μg/ml hygromycin, and induced with
200 μM CuSO4. Cells were seeded at a density of 2 × 106 cells/ml and allowed to grow for 6–
7 days, yielding cell densities of 1.5 to 2 × 107 cells/ml. The culture supernatant was examined
for expressed protein by SDS-PAGE and Western blot.

For the detection of West Nile 80E on Western blots a rabbit polyclonal anti-WNV antibody
(BioReliance Corp.) followed by an anti-rabbit IgG-alkaline phosphatase conjugated
secondary antibody was used. For the detection of West Nile NS1 on Western blots the
flavivirus group specific anti-NS1 monoclonal 7E11 followed by an anti-mouse IgG-alkaline
phosphatase conjugated secondary antibody was used. The blots were developed with NBT/
BCIP (Sigma Chem. Co.) solid phase alkaline phosphatase substrate.

2.2.2. Purification of recombinant proteins—The purification of both the 80E and the
NS1 proteins was accomplished by immunoaffinity chromatography (IAC). For 80E, the
monoclonal antibody (mab) 4G2 was utilized, while mab 7E11 was utilized for purification of
NS1. Both mabs were purified from cell culture grown hybridomas using protein A
chromatography. Antigen purification was performed by filtration of the insect cell culture
medium using a What-man 1 filter. The crude material was then loaded onto the IAC column,
which contains immobilized MAb that was covalently coupled via N-hydroxysuccinimide
chemistry, at a linear flow rate of 2 cm/min. After the sample was loaded, the matrix was
washed with 10 mM phosphate buffered saline (PBS, 140 mM NaCl), pH 7.2, containing 0.05%
(v/v) tween-20 (PBST). Bound protein was eluted from the IAC column with 20 mM glycine
buffer, pH 2.5. The eluent was neutralized and then the buffer was exchanged, using PBST for
80E, or PBS for NS1. The purified products were routinely analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) with Coomassie blue or silver staining,
Western blot, UV absorption, and sandwich ELISA to determine purity, identity, quantity, and
bioactivity. In addition, samples were analyzed by N-terminal amino acid sequencing and
amino acid analysis. These analyses provided confirmation of identity and the quantity of the
purified products (data not presented).

2.2.3. Adjuvant—ISCOMATRIX® adjuvant was obtained from CSL Ltd., Parkville,
Melbourne, Victoria, Australia. This is a saponin-based adjuvant containing Quil A and
cholesterol components [36].

2.3. Mouse immunogenicity analysis
2.3.1. Vaccinations and splenocyte preparations—Mice were vaccinated twice,
subcutaneously, at a 4 week interval with the indicated amounts (see Tables 1 and 2) of viral
antigens plus adjuvant. On days 4 and 7 post booster vaccination, splenectomies were
performed on 3–5 mice from each group and splenocyte suspensions were prepared.
Erythrocytes were lysed with an NH4Cl-based lysis solution, and the cell pellet was washed
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three times and resuspended in cell culture medium. Cell counts were performed on each
suspension using a hemacytometer, and the suspensions were diluted to 4 × 106 cells/ml for
lymphocyte proliferation and cytokine production assays.

2.3.2. Lymphocyte proliferation assays—Aliquots (100 μl) of each splenocyte
suspension were dispensed into each well of a 96-well cell culture plate. Aliquots (100 μl) of
the WNV antigens (80E and/or NS1) were then dispensed into the wells containing each of the
cell suspensions (in quadruplicate), at a final concentration of 5 μg/ml of each antigen. Wells
with unstimulated (antigen omitted) cell suspensions, as well as phytohemagglutinin (PHA)
stimulated cell suspensions (as a positive control) were also included. Cultures were incubated
at 37 °C/5% CO2/humidified for 7 days (3 days for PHA stimulated cultures), and then one
microcurie of tritiated (methyl-3H) thymidine (60 Ci/mmol; ICN Biomedicals, Inc., Irvine,
CA) was added to each well (in a volume of 10 μl), and incubation was continued for 18 h.
After incubation, the cell cultures were harvested onto glass fiber filtration plates and washed
extensively using a vacuum driven harvester system (Filtermate Plate Harvester, PerkinElmer
Co.). The filtration plates were then analyzed for radioactivity using the Top-Count Microplate
Scintillation and Luminescence Counter (PerkinElmer Co.).

2.3.3. Cytokine production assays—Aliquots (0.5 ml) of each splenocyte suspension
were dispensed into wells of a 24-well cell culture plate. Aliquots (0.5 ml) of the same antigens
used for lymphocyte proliferation were dispensed into the wells containing each of the cell
suspensions. Unstimulated and pokeweed mitogen (PWM)-stimulated cell suspensions were
also included. Cultures were incubated for 5 days at 37 °C/5% CO2/humidified. The culture
supernatants were then harvested and frozen prior to analysis for specific cytokines. The
cytokines interferon-gamma (IFN-γ), interleukin-4 (IL-4), IL-5, and IL-10 were assayed by
commercially available enzyme-linked immunosorbent assay (ELISA) kits or reagents
according to the directions of the vendor (BD Pharmingen, San Diego, CA, or Biosource
International, Camarillo, CA), or by using a flow cytometric bead array assay (BD
Biosciences).

2.3.4. Antibody titrations—The WNV antibody response was determined on serum
samples collected from individual mice 14 days post booster vaccination, or on pooled aliquots
from individual mice within a group. Sera were tested for antibodies to both the 80E and NS1
proteins by a standard ELISA technique using 96-well microplates coated with the individual
WNV antigens. Briefly, plate wells were coated with antigen at 1 μg/well in PBS overnight at
4 °C, and blocked with PBS/1% bovine serum albumin (BSA) for 1 h at room temperature.
The wells were then washed three times with PBST, incubated with serum dilutions prepared
in PBST/0.1% BSA for 2 h at room temperature, washed three times, and incubated with goat
anti-mouse IgG (H + L)-alkaline phosphatase conjugate (Southern Biotechnology Associates,
Birmingham, AL) for 1 h at room temperature. In some experiments, IgG1 and IgG2a specific
antibody titers were determined using mouse IgG subclass specific secondary antibody-
alkaline phosphatase conjugates (Southern Biotechnology Associates, Birmingham, AL).
After washing four times, 100 μl of the enzyme substrate p-nitrophenylphosphate (pNPP,
Sigma Chemical Co., St. Louis, MO), dissolved in 0.1 M trishydroxymethylaminomethane
(tris) buffer, 0.1 M NaCl, 5 mM MgCl2, pH 9.5, was added and the plates were incubated in
the dark for 30 min at room temperature. Reactions were stopped by addition of 50 μl of 2.5N
NaOH, and the absorbance at 405 nm (A405) was read in an automated microplate reader.

In addition, serum samples were also tested for WNV neutralizing antibody by a plaque
reduction neutralization test (PRNT) according to a previously described technique [37,38].
The Egypt 101 strain of WNV was used and all tests were performed on VERO cell cultures
propagated in 24-well microplates.
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3. Results
3.1. Production and purification of vaccine antigens

3.1.1. Production of recombinant antigens—S2 cells were co-transformed, grown, and
induced for protein expression as described above. SDS-PAGE and Western blots of crude
80E and NS1 are shown in Figs. 1 and 2. Comparison of Coomassie blue stained SDS-PAGE
gels of known quantities of purified protein and crude material, revealed that the production
of both proteins was ~10–25 mg/l of culture (data not shown).

3.1.2. Purification of expressed recombinant proteins—WNV 80E and NS1 proteins
were purified by IAC. Representative SDS-PAGE and Western blot profiles of the two purified
proteins are presented in Figs. 3 and 4. For the analysis, both samples were run under non-
reducing conditions. The 80E molecule migrated as a single band with a relative molecular
weight consistent with that determined from the amino acid composition (i.e., 43 kDa). This
finding indicated that disulfide bonding did not occur between molecules, although multimers
(e.g. dimers) stabilized by non-covalent interactions were still present in the native state. Trace
contaminants (~5 bands) were visible in a 10 μg load on the Coomassie stained gel. Assuming
a threshold of detection of 100 ng, the purity of the 80E was estimated to be >90%. In contrast,
the NS1 migrates as two distinct forms: one with a relative molecular weight that was consistent
with that expected for a monomeric form (40 kDa) and one with a relative molecular weight
that was consistent with a dimeric form (80 kDa). Unlike the 80E preparation, a major
contaminant was clearly visible in a 5 μg load with possibly 2–3 minor contaminants as well.
Since the major contaminant was still visible in a 1 μg load but not in a 0.5 μg load, the purity
of the NS1 preparations were estimated to be ~90%. The percent yield of the purified material
recovered (based on amino acid analysis of purified protein) was about 75–80% for 80E and
about 45–50% for NS1 (data not shown).

3.2. Immunogenicity in mice
3.2.1. Humoral immunity—Swiss Webster mice were vaccinated with 0.3 or 1 μg of 80E,
with 1 μg of NS1. ISCOMATRIX® adjuvant was used at 12 μg per mouse, including an
adjuvant control group. The antibody responses to low immunizing doses of both 80E and NS1
proteins (1 μg of either antigen) as determined by ELISA and PRNT were characterized by
high antibody titers (Table 1). The PRNT titers were high with an immunizing dose of 80E as
low as 0.3 μg.

In a separate experiment, Balb/c mice were vaccinated with 1, 3, or 10 μg of 80E, in
combination with 0, 0.3, or 1 μg of NS1. ISCOMATRIX® adjuvant was used at 5 μg per mouse,
including an adjuvant control group. PRNT titers were also determined in this experiment and
the results (Table 2) showed very high titers in all groups assayed, with no dose response
evident.

In addition, an analysis of IgG subclass (IgG1 and IgG2a)-specific antibody titers to WNV 80E
and NS1 was performed by ELISA. These results demonstrated that IgG1 titers to 80E were
relatively constant within the range of immunizing doses from 1 to 10 μg (Table 3). Anti-80E
IgG2a titers, however, appear to decrease within this range. This dose response result revealed
a decreasing ratio of IgG2a/IgG1 titers with increasing doses of 80E (Fig. 5A). The addition
of NS1 to the immunizing 80E vaccine did not affect the titers to 80E (Table 3).

Evaluation of antibody responses to NS1 revealed that both IgG1 and IgG2a antibody titers to
NS1 increase with increasing immunizing doses of NS1 from 0.3 to 1 μg (Table 3). However,
the increase in IgG2a was greater than the increase in IgG1, resulting in an increasing ratio of
IgG2a/IgG1 titers to NS1 with increasing immunizing doses within this range (Fig. 5B). An
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increase in the amount of 80E in the vaccine, from 1 to 10 μg, also appears to decrease the
antibody titers to NS1, but the decrease is relatively greater for IgG1 than for IgG2a (Table 3).
This yields an increasing ratio of IgG2a/IgG1 antibody titers to NS1 when the amount of 80E
added to the vaccine is increased (Fig. 5B).

3.2.2. Cellular immunity—Following immunization of Swiss Webster mice with 0.3 or 1
μg of 80E, in combination with 1 μg of NS1, antigen-stimulated lymphocyte proliferation and
cytokine production from immune splenocytes in vitro were assayed as described above. The
results of the lymphocyte proliferation assays (Fig. 6) demonstrate excellent proliferation in
response to either 80E or NS1 stimulation. There was no difference between splenocytes from
mice vaccinated with 0.3 or 1 μg of 80E when stimulated with 80E in vitro. A trend for greater
proliferation was seen following stimulation with a cocktail containing both antigens compared
to either antigen alone, but the trend was not statistically significant (t-test). Stimulation indices
calculated from the data shown in Fig. 6 varied from 23 to 48 for the vaccine groups and were
<2 for the adjuvant control group.

The yields of the cytokines IFN-γ, IL-4, and IL-5 were also analyzed from cultures of antigen-
stimulated immune splenocytes from these mice. The results demonstrated high levels of each
of these cytokines from the stimulated immune cells (Fig. 7). Stimulation with either 80E, NS1,
or a combination of both yielded about the same levels of IFN-γ. In contrast, production of
IL-4 following stimulation by 80E or NS1 was additive in that stimulation with both antigens
yielded much more cytokine than either antigen alone. Production of IL-5 also showed additive
stimulation in some cases, but not as dramatic as IL-4. Production of IL-10 had a similar pattern
to that of IL-5 (data not shown). There was no significant dose response to the immunizing
dose of 80E.

4. Discussion
The results reported herein describe the preparation, properties, and immunogenicity in mice
of a recombinant subunit candidate vaccine for the prevention of WNV encephalitis in humans.
The vaccine is comprised of a truncated envelope protein (80E) and a non-structural protein
(NS1) from the WNV (New York flamingo strain). The data presented document the production
and purification of the specific antigens, and their use in vaccine formulations for the generation
of both cellular and humoral immune responses in vaccinated animals. The results reported in
the accompanying paper [31] document the ability of the vaccine to afford protection against
lethal viral infection in a hamster model of WNV encephalitis highly relevant to human disease.

The Drosophila S2 expression system used to produce the WNV vaccine has proven to be
capable of expressing and secreting native-like proteins with complex secondary and tertiary
structure. This was shown in the crystal structure of a carboxy truncated dengue virus envelope
protein which was determined using protein expressed in S2 cells [24–26]. Thus, the expression
system is highly efficient both in terms of the quality of antigen produced as well as the quantity.
In this study, the yields of purified WNV antigen, combined with the high expression levels
resulted in an economical production system for the WNV vaccine.

Our initial evaluations indicated that the WNV vaccine in combination with adjuvants elicited
both a humoral and cellular immune response in mice. The humoral response was characterized
by high titers of antibodies to both 80E and NS1 antigens by ELISA as well as high neutralizing
titers by the PRNT assay. There was a very steep dose response to 80E antigen when antibodies
were determined by ELISA, but not by PRNT assays. The observation that the antigen-specific
IgG2a/IgG1 ratio decreased with increasing dose of 80E suggests that the balance between a
“Th1” or “Th2”-type immune response to a vaccine or immunization regimen based on the
relative IgG2a to IgG1 isotype response is dependent on the dose of immunogen used. Thus,
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conclusions regarding this balance derived from data obtained in experiments using only a
single dose level of immunogen may be misleading.

Cell-mediated immune responses were also assessed in mice vaccinated with 80E and NS1 by
antigen-stimulated lymphocyte proliferation and cytokine production in vitro by splenocytes
from immunized mice. The results of both assays demonstrated robust responses to both
antigens. The production of IFN-γ in particular is considered to be a hallmark of the “Th1”
cell-mediated immune response [39,40]. Thus, the vaccine formulations described produce a
“balanced” Th1/Th2 immune response, with high levels of specific, functional (viral
neutralizing) antibodies, as well as a robust cellular response. The inclusion of NS1 in the
vaccine may provide further benefit by generating additional antibodies and/or T cells capable
of protective activities. A recent report has documented both complement and Fcγ receptor-
dependent and -independent protective activities of antibodies to WNV NS1 [41]. In our
ongoing studies on a recombinant subunit vaccine for dengue virus, the addition of NS1 to
envelope protein in the vaccine increased the production of IFN-γ from antigen-stimulated
immune mouse splenocytes in vitro (Lieberman, MM et al., unpublished data). Also, partial
protection of hamsters against WNV encephalitis was obtained by vaccination with a
formulation containing NS1 alone as the only immunogen [31].

Other investigators have developed WNV candidate vaccines based on live viruses [16,17,
20,22], inactivated virus [21], DNA molecules [15], or envelope proteins produced in bacterial
[18] and insect (Drosophila) cell expression systems [19]. Except for the latter system, there
are intrinsic difficulties associated with each of these candidate vaccines. Safety concerns, of
course, are paramount with all live viral vaccines, particularly in the case of a virus disease
with relatively low prevalence, in which the vaccine is given to healthy subjects. Under-
attenuation of the virus may result in disease manifestation, whereas over-attenuation may
abrogate vaccine efficacy. Also, reversion to wild type or mutation to increased virulence (or
decreased efficacy) may occur. Moreover, even if properly attenuated, live viral vaccines are
contra-indicated for specific patient populations, such as immune deficient or immune
suppressed patients, as well as particular segments of the normal population, such as pregnant
women or elderly individuals. Inactivated whole virus vaccines may present production
problems at commercial scale, in terms of growth of the virus to sufficiently high titers for
economical yield, as well as hazardous containment issues for large scale growth of non-
attenuated live virus. Naked DNA vaccines are unproven for any infectious disease at this time,
and the issue of potential immunopathology due to the induction of an autoimmune reaction
to the DNA over the long term is unresolved. Finally, the expression of recombinant proteins
in bacterial systems has often resulted in aberrant tertiary structure of the expressed protein
due to inadequate disulfide bond formation and/or improper glycosylation.

Production of a recombinant subunit-based vaccine as reported herein offers an important
alternative to these approaches. High level expression of WNV envelope and non-structural
proteins with native-like conformation has produced a vaccine candidate which is a potent
immunogen capable of inducing high titer virus neutralizing antibodies and good cellular
immune responses.
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Fig. 1.
(A) Coomassie blue stained SDS-PAGE of WNV 80E protein expressed by Drosophila S2
cells under non-reducing conditions. Lane 1, Spinner Culture #1 of cell line WN-80E-1
harvested 2/19/03; Lane 2, Spinner Culture #2 of cell line WN-80E-1 harvested 2/10/03; Lane
3, culture of a dengue transformant cell line. The migration of the WNV 80E is faster than the
dengue 80E due to differences in glycosylation and tertiary structure (samples are non-
reduced). (B) Western blot of duplicate SDS-PAGE gel seen in A. The blot was probed with
a commericially available WNV rabbit polyclonal from BioReliance. This antibody cross-
reacts slightly with the Dengue 80E.
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Fig. 2.
(A) Coomassie blue stained SDS-PAGE of WNV NS1 protein expressed by Drosophila S2
cells under reducing (Lanes 1 and 2) and non-reducing conditions (Lanes 3 and 4). Lanes 1
and 3, Spinner Culture #1 of cell line WN-NS1-5 harvested 7/6/03; Lanes 2 and 4, Spinner
Culture #2 of cell line WN-NS1-5 harvested 7/6/03. (B) Western blot of duplicate SDS-PAGE
gel seen in A. The blot was probed with the mouse monoclonal 7E11. The two approximately
40 kDa bands of WN-NS1 are two different glycoforms of the NS1 protein. The higher MW
reactive band at about 80 kDa in Lanes 3 and 4 is a dimer. The 7E11 antibody reacts more
strongly with reduced than non-reduced NS1.
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Fig. 3.
Coomassie stained SDS-PAGE gel (A) and Western blot (B) of purified WNV 80E. Both
samples were run under non-reducing conditions on 10% gels. The Western blot was developed
using a rabbit polyclonal antisera developed against formalin inactivated dengue virus. The
sizes of the molecular weight markers (in kDa) are indicated to the left of the gel and blot. The
sample loadings (in μg) are presented at the top of each.
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Fig. 4.
Coomassie stained SDS-PAGE gel (A) and Western blot (B) of purified WNV NS1. Both
samples were run under non-reducing conditions on 10% gels. The Western blot was developed
using a rabbit polyclonal antisera developed against purified dengue NS1. The sizes of the
molecular weight markers (in kDa) are indicated to the left of the gel and blot. The sample
loadings (in μg) are presented at the top of each.
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Fig. 5.
Ratio of IgG2a to IgG1 antibody titers. Panel A: antibody titers to WNV 80E. Panel B: antibody
titers to WNV NS1.
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Fig. 6.
Antigen-stimulated lymphocyte proliferation. Splenectomies performed 4 days post booster
vaccination. The total cpm recovered from tritiated thymidine incorporation per 4 × 105 cells
(total number of cells cultured per well) is plotted. Values derived from quadruplicate wells
per stimulant condition were averaged. Histograms represent the mean of individual mice (n
= 3). Error bars represent the standard deviations. Tests of significance (p < 0.05) were
performed between groups with the same stimulant and between stimulants within a group
using an unpaired t-test with the aid of a commercially available statistical program (GraphPad
Prizm).
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Fig. 7.
Antigen-stimulated cytokine production in vitro. Splenectomies performed 7 days post booster
vaccination. Panels A, B, and C: IFN-γ, IL-4, and IL-5, respectively. Histograms represent the
mean of individual mice (n = 5). Error bars represent the standard deviations. Tests of
significance (p < 0.05) were performed between groups with the same stimulant and between
stimulants within a group using an unpaired t-test with the aid of a commercially available
statistical program (GraphPad Prizm).
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Table 1
WNV antibody titers produced in mice to 80E and to NS1 proteins

Group # 80E dose (μg) NS1 dose (μg) ELISA titer to 80Ea ELISA titer to
NS1a

PRNT90
titerb

1 0.3 1 ~500 6450 (4120–10,100) 640
2 1 1 10,420 (2410–45,100) 4730 (2060–10,800) 1280
3 0 0 <250 <250 <10

a
Dilution of serum yielding 50% maximal absorbance in the ELISA as determined by a sigmoidal dose response, variable slope, mathematical model

(GraphPad Prizm). Titers given are the GMT of individual mice (n = 5). Values in parenthesis: lower limit of 95% confidence interval (CI) to upper limit
of 95% CI of GMT.

b
Highest dilution of serum (using 2-fold serial dilutions) yielding ≧90% reduction in plaques. Assays performed on pooled serum aliquots from each

mouse within a group.
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Table 2
WNV specific neutralizing antibody titers produced in Balb/c mice following vaccination with varying doses of
the 80E ± NS1 proteins

Group # 80E dose (μg) NS1 dose (μg) Neutralizing antibody titera

1 1 0 5120
2 1 0.3 NTb
3 1 1 5120
4 3 0 1280
5 3 0.3 2560
6 3 1 5120
7 10 0 5120
8 10 0.3 NT
9 10 1 5120
10 0 0 <10

a
Highest dilution of serum (using 2-fold serial dilutions) yielding ≧90% reduction of the WNV plaque foming units. Assays performed on pooled serum

aliquots from each mouse within a group.

b
Not tested.
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Table 3
WNV isotype specific antibody titersa produced in mice following vaccination with 80E and NS1 proteins

Group # 80E dose (μg) NS1 dose (μg) 80E IgG1 titer 80E IgG2a titer NS1 IgG1 titer NS1 IgG2a titer

1 1 0 61,500 38,800 <250 <250
2 1 0.3 92,600 36,900 27,100 2,700
3 1 1 47,600 32,400 35,900 10,500
4 3 0 43,000 12,300 <250 <250
5 3 0.3 25,100 12,300 2,300 800
6 3 1 66,400 13,600 25,800 18,500
7 10 0 61,500 10,000 <250 <250
8 10 0.3 37,800 7,900 500 600
9 10 1 28,500 10,000 3,400 3,100
10 0 0 <250 <250 <250 <250

a
Dilution of serum yielding 50% maximal absorbance in the ELISA as determined by a sigmoidal dose response, variable slope, mathematical model

(GraphPad Prizm). Assays performed on pooled serum aliquots from each mouse within a group.
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