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Abstract
In this study, a recombinant truncated West Nile virus envelope protein antigen (rWNV-E) was
produced in serum-free cultures of the expresSF+ insect cell line via baculovirus infection. This
production system was selected based on its use in the production of candidate human and animal
vaccine antigens. A defined fermentation and purification process for the rWNV-E antigen was
established to control for purity and immunogenicity of each protein batch. The material formulated
with aluminum hydroxide was stable for greater than 8 months at 4°C. The recombinant vaccine
candidate was evaluated for immunogenicity and protective efficacy in several animal models. In
mouse and hamster WNV challenge models, the vaccine candidate induced viral protection that
correlated with anti-rWNV-E immunogenicity and WNV neutralizing antibody titers. The rWNV-E
vaccine candidate was used to boost horses previously immunized with the Fort Dodge inactivated
WNV vaccine and also to induce WNV neutralizing titers in naïve foals that were at least 14-weeks
of age. Furthermore, the vaccine candidate was found safe when high doses were injected into rats,
with no detectable treatment-related clinical adverse effects. These observations demonstrate that
baculovirus-produced rWNV-E can be formulated with aluminum hydroxide to produce a stable and
safe vaccine which induces humoral immunity that can protect against WNV infection.
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1. Introduction
West Nile virus (WNV) belongs to the flavivirus family and is prevalent in Africa, Southern
Europe, Russia, the Middle East, India and Australia. It first appeared in North America in
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1999 and disseminated through the continent in just a few years, becoming a major public
health and veterinary concern [1–3]. WNV is transmitted primarily by Culex mosquitoes in a
cycle involving birds as amplifying hosts and causes febrile illness that can lead to fatal
meningitis or encephalitis in humans (particularly in the elderly), and in horses [4].

The WNV outbreak in North America coupled with the absence of effective treatment against
WNV infection has triggered vaccine development efforts to prevent WNV infection of
domestic animals and humans. As a result, a variety of WNV vaccine candidates have been
developed in the last decade [4]. West Nile virions contain two surface proteins, membrane
(M) and envelope (E); the E protein being the most immunogenic protein in all flaviviruses
evoking the majority of neutralizing antibodies [4]. Three equine vaccines have been
successfully commercialized in the USA. These equine vaccines include Innovator™ (FD, Fort
Dodge, Princeton, NJ), formulated based on formalin-inactivated WNV [5], licensed by the
USA Department of Agriculture in 2003; Recombitek® (Merial Ltd., Athens, GA), a Carbopol-
adjuvanted recombinant replicative canarypoxvirus vaccine expressing prM (membrane
precursor) and E transgenes [6] that was licensed in 2004; and pCBWN (Fort Dodge and Center
for Disease Control and Prevention), a recombinant plasmid DNA expressing WNV membrane
and envelope antigens, licensed as an equine vaccine in 2005 [7,8].

There is no approved vaccine for WNV for human use; however, several vaccine candidates
for WNV are being evaluated pre-clinically and clinically. The human vaccine candidates
include recombinant DNA, attenuated live virus, and recombinant subunit vaccines. These
candidates include: Chimerivax-WNV [9,10], a live attenuated recombinant 17D-Yellow
Fever (YF) vaccine strain where WN-prM/E genes were substituted for YF-prM/E genes; WN/
DEN4Delta30 [11,12], a live-attenuated WN-dengue-type 4 chimeric virus with WN-prM/E
surface antigens in a dengue-4 virus backbone; MVSchw-sE(WNV), a recombinant live
attenuated measles vaccine expressing WN-prM/E antigens [13]; and TRIP/sEWNV, a
recombinant lentivirus expressing WN-prM/E [14]. Recombinant subunit vaccine candidates
include soluble truncated recombinant E protein expressed in E. coli and Drosophila cells
[15–18] or virus-like particles (VLP) expressed in Sf9 insect cells [19]. Recent data suggest
that recombinant envelope domain III protein can also induce immune responses that protect
against WNV infection [20–22].

This study focused on developing a recombinant subunit WNV vaccine candidate using the
truncated viral E protein (rWNV-E) [15,16,23] as the target antigen. The truncated antigen
includes the extracellular E protein domains I, II and III [23]. When the rWNV-E antigen was
expressed in Drosophila insect cells [16], it was found more effective in eliciting protective
antibodies than that produced in E.coli [15]. After this success in insect cells, we worked to
develop an alternate method to manufacture the antigen under a process compatible with large-
scale vaccine production and human clinical trials. To this end, we converted to a baculovirus-
based production system (Protein Sciences Corporation) which has been qualified and used
for cGMP manufacturing of candidate vaccine antigens for human clinical trials. Baculoviruses
are non-infectious in humans by virtue of their narrow host range, which is restricted to a few
taxonomically related insect species. Because the insects infected by baculoviruses are non-
biting, humans generally do not have pre-existing immunity to the host expresSF+ insect cell
proteins that could cause an allergic reaction to residual insect cell proteins in the vaccine
preparation.

In this report, we describe the results of experiments with rWNV-E produced from baculovirus-
infected expresSF+ (SF+) cells with production scales ranging from 1L to 10L cultures and
typical purified product yields of 5 to 10 mg/L. Biochemical analyses demonstrated that the
rWNV-E met defined product specifications and had appropriate immunoreactivity. Single
vaccine doses (5μg) in a murine WNV lethal challenge model were used to optimize production
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and formulation with aluminum hydroxide. Immunogenicity and protective efficacy was
assessed in mouse and hamster models of WNV infection. Immunogenic efficacy in previously
vaccinated horses and naïve foals was compared to that of the commercially approved
Innovator™ (Fort Dodge) vaccine, using WNV-neutralizing antibodies as surrogate markers.
Finally, a GLP-compliant safety study was performed in rats. Overall, our results suggest that
the SF+ cell-expressed rWNV-E vaccine candidate is stable, safe and induces humoral immune
responses that can protect against WNV infection.

2. Material and methods
2.1. Expression and production of rWNV-E in SF+ cells

DNA encoding E protein amino-acid residues 1–406 of WNV strain 2741 (nucleotides 925 to
2142; GenBank accession no. AF206518) [16,24] was inserted into the pPSC12 baculovirus
transfer vector (Protein Sciences Corporation, Meriden, CT) using ligation-independent
cloning. The recombinant plasmid directs the synthesis of a fusion protein consisting of the
18-amino acid AcNPV (Autographa californica nuclear polyhedrosis virus) chitinase secretory
signal peptide, MPLYKLLNVLWLVAVSNA, followed by residues 1–406 of WNV E protein.
DNA sequencing confirmed that no mutations were introduced into the sequence during the
PCR amplification or the cloning process. The E protein transfer plasmid was co-transfected
into Sf9 insect cells with BsuI linearized AcNPV genomic DNA. Homologous recombination
between the transfer plasmid and the linearized genomic DNA rescued the virus. Recombinant
virus identified by their plaque morphology was purified and used to infect cultures of the Sf9
insect cell line. Infected cells were screened for expression of recombinant protein by SDS-
PAGE analysis and western blotting.

Passage 1 (P1) recombinant virus was propagated in Sf9 cells and all subsequent passages were
with S. frugiperda expresSF+ cells (SF+ cells; Protein Sciences Corporation, Meriden, CT) in
serum free medium (Protein Sciences Formulary Medium). Recombinant baculovirus
propagated from a single plaque was used to generate a P3 “working virus bank” which was
frozen and stored in liquid N2. Passage 4 or Passage 5 virus stocks derived from this bank were
used for all subsequent infection of SF+ cells to produce rWNV-E batches. Briefly, rWNV-E
was produced in 3L or 15L Applikon stirred tank bioreactors seeded with 1.0 × 106 SF+ cells/
mL. The cells were infected with the rWNV-E baculovirus at a multiplicity of infection (MOI)
of 1 after the SF+ cell density was between 2.0 and 2.5 × 106 cells/mL. The fermentations were
harvested typically between 45 and 52 hours post infection when the cell viability had decreased
to between 65 and 80%.

2.2. rWNV-E purification
rWNV E protein was extracted from SF+ cell pellets as follows: cell pellets were homogenized
using a Polytron homogenizer in 20 mM Tris, 1% pluronic acid, pH. 8.0 and centrifuged for
30 minutes at 4500 rpm (~6000 × g). The supernatant was decanted and the remaining cell
pellet was homogenized in 20 mM ethanolamine, 1% Triton X-100, 1mM EDTA, and
centrifuged again. The pellet was washed a third time with phosphate buffered saline (PBS,
pH 7.3) before being solubilized in 10 mM NaOH for one hour at 4°C followed by adjustment
to pH 8.0 with 0.5 M sodium phosphate, pH 7.0. A DEAE anion exchange resin column step
was utilized to remove contaminants that bound to the resin while solubilized rWNV-E protein
flowed through the column. DEAE flow-through fractions were pooled, concentrated and
buffer exchanged against 5 mM phosphate buffer pH 8.0, 150 mM NaCl. The protein
concentration was determined by Bicinchoninic acid (BCA) Protein Assay (Pierce
Biotechnology).
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2.3.rWNV-E biochemical characterization
Polyacrylamide gradient gels were used to analyze rWNV-E-containing samples in Tris-
Glycine buffer, in the absence of denaturing agent for native conditions, or in the presence of
denaturing agent (SDS-PAGE), with or without reducing agent. Western blot analyses were
performed according to standard procedures using PVDF membranes (Biorad), horse anti-
rWNV-E antiserum [25] or its rabbit equivalent, diluted 1:10,000, and goat anti-horse or anti-
rabbit IgG secondary antibody conjugated to alkaline phosphatase (Sigma) diluted 1:10,000.
The colorimetric substrate BCIP/NBT (KPL) was used to detect the antigen-antibody
complexes on the membrane. Size exclusion chromatography (Sephacryl 200, GE Healthcare
Life Sciences) in phosphate buffered saline (PBS) was used to analyze the purified rWNV-E
under native conditions.

A competitive ELISA method was developed to assess variations in immunoreactivity of
purified rWNV-E protein. Ninety-six well ELISA plates were coated overnight at 4°C with
rWNV-E (100 ng/well in carbonate buffer). Ten-fold serial dilutions (from 10 μg/ml to 0.001
μg/ml) of each rWNV-E antigen to be tested (competing antigen) were prepared in a solution
containing 0.2 μg/ml horse polyclonal anti-E antibody (affinity-purified IgG) [25] in PBTM
(PBS containing 0.1% Tween-20 and 0.5% fat-free dry milk) and incubated overnight at 4°C.
The plates were then washed three times in PBT at room temperature (RT), blocked in PBTM
for 30 minutes and incubated with each antigen-antibody mix for one hour at RT. Plates were
washed three more times with PBT, incubated with anti-horse alkaline phosphatase (AP)-
conjugate (Sigma) diluted 1:3000 in PBTM for one hour, and washed four times with PBT.
The binding reaction was developed with pNPP AP substrate (Sigma) until an OD (405nm) of
1.5 was reached for control antigen at a concentration of 0.001 μg/ml.

The rWNV-E protein was assessed for glycosylation by digestion with peptide N-glycosidase
F (PNGase F) and Endoglycosidase H (Endo H). Aliquots (3μg) of rWNV-E were treated with
2000 units of either enzyme in its respective buffer according to the manufacturer’s instructions
(New England BioLabs), or without enzyme as a control. Digestions were carried out for 3
hours at 37°C. Samples were then analyzed by SDS-PAGE and Coomassie blue staining.

N-terminal amino-acid sequencing, electrospray mass spectrometry and Liquid
Chromatography/Mass Spectrometry (LC MS/MS) peptide analyses of tryptic digests were
performed by the W.M. Keck Foundation Biotechnology Resource Laboratory at Yale
University.

For mouse, hamster and horse injections, rWNV-E antigen was formulated with Alhydrogel™
adjuvant (Accurate) by mixing antigen and adjuvant at a ratio of 1μg of rWNV-E protein per
1μl of the 1.3% aluminum hydroxide suspension in 5 mM phosphate buffer and 150 mM NaCl,
pH 8.0 for one hour at room temperature [16]. Binding of the protein to aluminum hydroxide
suspension was assessed by SDS-PAGE (reducing conditions) followed by Coomassie blue
staining, in which case the bound rWNV-E protein does not migrate through the gel.

Sterility testing was conducted by a methodology described in USP Sterility Tests <71> and
21 CFR 610.12. These methods entailed direct inoculation of the purified rWNV-E antigen
preparations into Fluid Thioglycollate Medium (FTM) and Tryptic Soy Broth (TSB) medium
and testing for bacterial or fungal growth over a two-week period.

Densitometry analysis of Coomassie blue-stained SDS-PAGE gels was used to estimate the
purity of the rWNV-E protein. Stained gel images were analyzed using a BioRad GS 710 Image
densitometer and corresponding Quantity One imaging and analysis software.
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The LAL assay (Limulus Amebocyte Lysate, Endosafe kit, Charles River Labs) was used to
determine endotoxin levels in many in-process materials and final purified protein
concentrates. The assay quantifies the level of endotoxin by observation of the gel clotting
caused by the interaction of endotoxins with the Limulus Amebocyte Lysate in serial dilutions
of test samples.

The amount of residual non-specific baculovirus and host insect cell proteins was calculated
using a western blot assay (Host Cell Protein Assay) employing a standard curve of known
concentrations (40 ug to 1.6 ug) of a polyhedrin-negative baculoviral/insect cell lysate which
was used as an immunogen to generate a rabbit polyclonal antisera. The immunoreactivity of
HCP proteins in rWNV-E preparations was visually quantified in comparison to a standard
curve.

2.4.Immunization of animals with rWNV-E vaccine candidate
All animal experiments were performed according to protocols approved by Institutional
Animal Use Committees. C3H/HeN female mice (six week-old) (Charles River) were
immunized sub-cutaneously with 100-μl single doses of rWNV-E adsorbed to Alhydrogel™.
Control mice received injections of an equivalent amount of Alhydrogel™ adjuvant. The mice
were challenged with 100 pfu of WNV isolate 2741 administered intraperitoneally two weeks
later. Mice were bled via retroorbital sinus before challenge to test for serum antibody response.
Morbidity and mortality were assessed twice daily for 21 days. All work with infected animals
was carried out in biosafety level 3 (BL3) facilities.

Female Mesocricetus auratus hamsters (70 grams) (Charles River) received two 10 μg doses
of Alhydrogel™-absorbed rWNV-E by sub-cutaneous injection, three weeks apart. Control
hamsters received injections of an equivalent amount of Alhydrogel™ adjuvant in the same
buffer conditions. At day 35, two weeks after the second immunization, hamsters were bled to
determine antibody response. All animals were challenged at day 35 with 104 pfu of WNV
isolate 2741 administered intraperitoneally. Morbidity and mortality were assessed twice daily
for 21 days. The work was carried out in BL3 facilities.

Forty horses of different breeds, ages, and gender, with a documented history of WNV
vaccination with Fort Dodge Animal Health Innovator™ killed virus (FD) vaccine in previous
years, were selected for this study. Animals were randomized and groups were boosted with a
single dose of either FD vaccine or rWNV-E Alhydrogel™-formulated vaccine. Twenty horses
were injected with FD vaccine as recommended [5]. Twenty horses were injected
intramuscularly with 50 μg of rWNV-E adsorbed to Alhydrogel™. Horses were examined for
signs of adverse reactions for several hours following each injection. Horses were maintained
on pasture and in barns. All the animals were bled at the beginning of the study and at regular
intervals for a period of six months. Serum samples were analyzed for antibodies recognizing
WNV-E protein by ELISA and for WNV neutralizing antibodies in a plaque reduction
neutralizing assay. Five foals (4–15 weeks old) were immunized with rWNV-E vaccine and
boosted after four weeks using the same conditions described above. Serum samples were
collected one day prior to the first injection and at regular intervals for a period of 6 months
and analyzed in ELISA and PRNT assays.

2.5.GLP-compliant toxicology study of rWNV-E vaccine candidate
The safety of the recombinant subunit WNV vaccine candidate was assessed in rat studies
using multiple dose levels of rWNV-E antigen combined with Alhydrogel™. The study was
conducted at the IIT Research Institute-Life Sciences Group, Chicago, IL. The experiment had
four treatment groups, each composed of 10 male and 10 female Sprague-Dawley rats. The
protocol included two injections, 15 days apart, of 0, 10, 50 or 100 μg of antigen mixed with
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100 μl of Alhydrogel™ (1.3 % aluminum hydroxide) suspension in 0.5 ml. Dosages were
administrated via intramuscular injection into the rear hind legs. The study extended a total of
45 days (30 days after last immunization). Serum was collected for antibody analysis prior to
each inoculation, at study day 30 and at study-conclusion. Immunogenicity was assessed by
determining anti-rWNV-E IgG titers by ELISA and virus neutralization titers by PRNT. Safety
was assessed by monitoring the animals for the 45 days of the protocol. Methods used in the
in-life study included: moribundicity/mortality observations, injured and diseased animals,
body weight measurements, clinical pathology, blood chemistry, hematology, and coagulation.
Vaccine candidate safety was also assessed at the macroscopic level and microscopic level
(histopathology) in evaluations of tissues collected at the end of the study from the control
(Alhydrogel™ alone) and high dose (100μg dose) groups (IIT Research Institute).

2.6.Detection of WNV-specific antibodies
The ELISA method used to detect anti-WNV-E antibodies present in mouse, hamster, rat and
horse sera was similar to the one previously described [16], with the exception that the rWNV-
E antigen coated on the plates was expressed in SF+ cells instead of Drosophila cells. Plates
coated with both types of antigen produced comparable results. Color development of positive
control wells was standardized to allow comparison of results from experiment to experiment.
Serum dilutions used for ELISA data analyses yielded ODs in a linear range.

In vitro plaque reduction neutralization tests (PRNT) were used to evaluate the ability of serum
samples to inhibit virus replication in cultured Vero cells. Sera from immunized hamsters were
tested in an assay that was carried out in a BSL3 facility using WNV strain 2741 [16,26]. Sera
from immunized mice, horses and rats were tested in a BSL2 facility employing an assay that
used an attenuated chimeric virus WNV/DEN4Delta30 (kindly provided by Dr. Steven
Whitehead, NIAID, NIH, Bethesda, MD) [27–29]. Vero cells, maintained in Opti-MEM-
Glutamax (Invitrogen) with 5% FBS and 100 μg/ml penicillin-streptomycin, were seeded in
24-well plates at 105 cells/well 24 hours before infection. Ten-fold serial Opti-MEM dilutions
of heat-inactivated serum samples were mixed with virus (100 pfu/100 μl), maintained for
about 10 minutes at RT, and added to the cells in culture for 1h at 37°C, in 5% CO2. Overlay
medium (1% methylcellulose in OptiMEM-Glutamax with 2% FBS, 50 μg/ml gentamycin and
2.5 μg/ml amphotericin B) was then added to the cells and the plates were incubated at 37°C
in 5% CO2 for 5 days. Viral plaque formation was detected by immunostaining using anti-
flavivirus E protein monoclonal antibody 4G2, purified from HB112 hybridoma (ATCC)
culture supernatant on HiTrap™ Protein G HP columns (GE Healthcare). Adherent cells were
first fixed in 80% methanol, blocked in 5% skim milk in PBS (PBSM) for 10 minutes at RT
and incubated with 10 μg/ml 4G2 IgG at 37°C in 5% CO2 for 90 minutes. Cells were washed
twice in PBSM and incubated with a 1/2000 dilution of peroxidase-labeled anti-mouse antibody
conjugate (Kirkegaard & Perry Laboratories, KPL) for 60 minutes at 37°C. Cells were washed
twice in PBS and incubated in peroxidase substrate (TrueBlue, KPL) until plaque
immunostaining was observed.

3. Results
3.1.Production and purification of rWNV-E expressed in expresSF+cells (SF+) from
Spodoptera frugiperda

A recombinant baculovirus expressing WNV truncated envelope protein (amino-acid residues
1–406) (rWNV-E) was constructed, amplified and used to infect SF+ cells. Recovery of rWNV-
E from cell culture supernatants was first attempted using a previously established purification
procedure [16]. This procedure, however, yielded an average of only 0.25–0.5 mg/liter. As an
alternative, an immuno-affinity approach to purify rWNV-E from the culture supernatant was
also developed [23]. Although the process produced the recombinant protein that was used to
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determine the rWNV-E crystal structure, it did not yield more than an average of 0.5–1 mg/
liter of cell culture supernatant. While both of these methods could be used to recover soluble
E406 comparable in purity and immunogenicity to the well-characterized Drosophila-cell
purified rWNV-E antigen [16], the relatively low yields associated with their preparation was
not a suitable option for vaccine production. With the goal of preparing larger quantities of
vaccine antigen, we took advantage of the fact that a significant amount of rWNV-E remained
in the cell pellet fraction. We developed a procedure that yielded > 5 mg rWNV-E per liter of
cell culture from cell pellets by disrupting the cells, and purifying rWNV-E with a series of
extraction and column chromatography steps to remove contaminants. Reproducible
purifications, with minimal protease contamination were obtained with this rapid purification
method. Cell pellet rWNV-E was successfully purified from three 1L, three 2L and two 10L
fermentation cultures using a GLP procedure.

3.2.Biochemical characterization of rWNV-E expressed in SF+cells
Each batch of purified rWNV-E was analyzed in terms of purity, folding and immunoreactivity.
Analytical methods that compared purified SF+ cell-expressed rWNV-E with Drosophila cell-
expressed rWNV-E, a known potent vaccine antigen in animal models of WNV infection, were
employed to ensure that the process produces rWNV-E antigen with defined antigenicity. SDS-
PAGE and western blot analyses (Figure 1) confirmed both the identity and integrity of the
protein (~48 kDa monomer). Most preparations from cell pellets contained a ~10-kDa gel
product that was identified as a rWNV-E fragment released from subdomain III, as determined
by western blot and by tryptic digestion followed by LC MS/MS peptide analysis. rWNV-E
protein has 12 cysteines that contribute to protein structure by forming six intra-molecular
disulfide bonds. These disulfide bonds are normally formed as the protein passes through the
intracellular secretion pathway [16]. Native polyacrylamide gel electrophoresis and size
exclusion column chromatography confirmed the absence of high molecular weight, disulfide-
linked aggregates (data not shown), suggesting an appropriate folding for the SF+ cell- purified
rWNV-E.

Previous studies of rWNV-E protein purified from the culture supernatant of insect cells
(Drosophila S2 [16] and SF+ [23]) showed that it is a glycoprotein. A single N-linked
glycosylation site, conserved in most flaviviruses, is located at Asn154. We used peptide N-
glycosidase F (PNGase F, a 36-kDa amidase that removes N-linked carbohydrate structures)
and Endoglycosidase H (Endo H, a 29-kDa enzyme which cleaves within the chitobiose core
of high mannose and within some hybrid oligosaccharides in N-linked glycosylations) to assess
the glycosylation pattern of rWNV-E batches (Figure 2). Results revealed that in addition to
the usual N-linkage, the antigens purified from the cell pellets carried immature glycans
characteristic of incompletely processed glycosylations, most likely at the same site. The
presence of such incompletely processed structures was also confirmed by Electrospray Mass
Spectrometry (EMS) analysis, adding about 3.5 kDa in molecular weight to the cell pellet
purified rWNV-E (48.6 kDa), compared to the soluble Drosophila-cell expressed rWNV-E
(44.9 kDa) [16].

Since the baculovirus-produced rWNV-E was extracted from the cell pellet, we investigated
whether its signal peptide was properly removed. N-terminal amino acid sequencing identified
two populations of rWNV-E in the purified samples produced by this method: one without the
signal peptide and a second one containing the signal peptide. The ratio of the two populations
ranged in different preparations from 1:1 to 3:1. The 1–2 kDa difference in molecular weight
was not detected by SDS-PAGE. It is likely that the heterogenicity of glycosylation made the
bands more diffuse and difficult to resolve.

Epitope presentation of each SF+ cells-purified rWNV-E protein batch was assessed by
competitive ELISA. The purified rWNV-E vaccine antigen expressed in Drosophila cells
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[16], served as a positive control. Any other antigen presenting the same competitive profile
was considered antigenically equivalent. Half maximal effective concentration (EC50) values
were used as a indication of potency of an antigen produced through the purification process.
The baculovirus-sourced rWNV-E purified according to our protocol and the Drosophila
purified antigen presented comparable EC50 values (data not shown).

These data suggest that despite additional glycans, a subdomain III proteolytic fragment, and
incomplete N-terminal processing, the overall immuno-reactivity of the cell lysate-sourced
rWNV-E remains comparable to that of the Drosophila-expressed standard.

3.3.Product specifications and stability studies of bulk and adjuvanted rWNV-E vaccine
antigen

Quality control analyses were performed to evaluate rWNV-E bulk production lots to
determine if they met the specification criteria described in Table 1. The data indicated that
the production process can consistently produce rWNV-E vaccine bulk antigen suitable for
clinical testing.

Bulk antigen underwent a three-month stability test at 2 to 8°C in a temperature-monitored
refrigerator to evaluate the stability of rWNV-E in the final antigen buffer formulation. At each
designated time-point, the bulk was aseptically sampled and evaluated for product
specifications (Table 1). The results of the stability study for two batches indicated that rWNV-
E protein remained intact during the three-month period.

Alhydrogel™ (aluminum hydroxide) was chosen as adjuvant for our recombinant antigen.
Aluminum adjuvants are widely used in licensed veterinary and human vaccines as safe
stimulators of Th2 immunity [30]. Methods to adsorb rWNV-E protein to Alhydrogel™ were
developed in previous studies with Drosophila cell-expressed rWNV-E [16]. Under such
conditions, baculovirus-expressed rWNV-E antigen completely bound to Alhydrogel™. The
antigen bound to Alhydrogel™ did not migrate through a polyacrylamide gel (Figure 3A). In
addition, it effectively competed for antibody binding like non-conjugated rWNV-E (data not
shown), suggesting that the adjuvanted antigen resembled the free antigen. The Alhydrogel™-
adjuvanted vaccine antigen was used in a stability study conducted at both 4°C and 37°C.
Stability was assessed by testing immuno-reactivity towards polyclonal anti-rWNV-E
antibodies (Figure 3B). The formulated antigen exhibited long-term stability when stored at
4°C; no loss of immunoreactivity was observed (ΔEC50< 0.1) over the entire period of the
study (8 months). When stored at 37°C, rWNV-E started to lose immunoreactivity within a
few weeks, as previously described for the Drosophila-expressed antigen [31]. These data
suggested that storage of the vialed vaccine candidate for extended period of time under
refrigerated conditions would be acceptable.

3.4.Immunogenicity and protection against WNV lethal challenge in established animal
models

Animal studies are an important factor in selecting and validating a vaccine production process.
Ledizet et al. [16] previously reported that rWNV-E expressed in Drosophila S2 cells induced
high antibody titers when combined with Alhydrogel™ and injected into mice or horses.
Likewise, passively immunized mice injected with sera from actively immunized horses were
resistant to challenge with a lethal WNV dose. Plaque reduction assays identified WNV
neutralizing antibodies in sera from immunized horses. In the study reported here, the
baculovirus-expressed rWNV-E vaccine candidate was tested for immunogenicity and
protection in two different rodent models of WNV infection, mouse and hamster.
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3.4.1. Efficacy in a murine model of infection—To validate the procedures developed
to produce the formulated rWNV-E vaccine candidate, a number of formulated production
batches were evaluated in a mouse challenge model for both immunogenicity and protection
against a lethal dose of WNV. We specifically used single, low dose injections in the mouse
studies to detect differences in immunogenicity between preparations and to optimize the
production and formulation process.

To determine if Alhydrogel™ adjuvant stimulated immunity to baculovirus-produced
recombinant antigen, mice were first immunized with 5 μg single doses of SF+ cell pellet-
purified rWNV-E prepared with or without Alhydrogel™. Control mice received Alhydrogel™
without antigen. Two weeks after immunization, sera were collected for anti-rWNV-E IgG
detection and mice were challenged. ELISA results presented in Table 2a indicate that rWNV-
E combined with Alhydrogel™ was significantly more immunogenic than antigen alone
(Unpaired t Test, p value < 0.01). The single-dose immunization with adjuvanted rWNV-E
induced a wide range of anti-rWNV-E IgG levels in the mice. Control mice began to die at day
7 after challenge and were all dead by day 11. Immunization with non-adjuvanted antigen did
not elicit anti-rWNV-E IgG antibody levels detectable by ELISA (Table 2a), however, 3 out
of 10 of those mice survived viral challenge for 21 days. All of the mice immunized with 5
μg doses of adjuvanted antigen survived and produced antigen-specific antibodies, suggesting
that rWNV-E formulation with Alhydrogel™ enhances protective immunity in mice.

Our previous studies with the E. coli- or Drosophila-produced antigens used one or two 20
μg doses of antigens for murine immunizations. We used the WNV mouse challenge model to
compare the well characterized Drosophila cell-produced rWNV-E antigen [16] with the
baculovirus-produced antigen under the same formulation conditions (Table 2b, Figure 4A).
Mice were immunized with single 5 μg doses and infected with WNV two weeks later. Prior
to the viral challenge, serum samples were collected from each animal and IgG antibody levels
were determined by ELISA (Table 2b). Although variability was observed in the anti-rWNV-
E antibody levels induced in both treatment groups, both immunized group titers were
significantly elevated compared to the control group (t Test, p value < 0.002). The mean anti-
rWNV-E antibody levels were found to be statistically indistinguishable in the two groups of
immunized mice (t Test, p value = 0.63). Likewise, survival curves after challenge with a lethal
WNV dose showed no difference between the two groups of immunized mice (80% at 21 day
endpoint) (Figure 4A). These data indicated that immunization with a single 5-ug dose of
rWNV-E produced either in the Drosophila or in the baculovirus insect expression systems
protected mice against WNV.

We then investigated whether immunization with the baculovirus-expressed vaccine candidate
induced a dose-dependent antibody response and protection against WNV. Groups of ten mice
were immunized with 2.5, 5 or 10 μg single doses of Alhydrogel™-adjuvanted antigen. ELISA
analyses demonstrated a dose-dependent increase in the mean anti-rWNV-E antibody level
(Table 2c). Sera from each group of mice were pooled and tested for the presence of WNV
neutralizing antibodies. PRNT50 titers in the pooled sera increased from <1:10 for the control
group, to 1:40 for both the 2.5 and 5 μg doses, and 1:80 for the 10 μg-dose. The groups of mice
injected with a single dose of vaccine candidate were 65–100% protected (Figure 4B). All mice
in the control group died. These data indicate that single doses of rWNV-E vaccine candidate
induces anti-rWNV-E IgGs, WNV neutralizing antibodies and viral protection that are dose
dependent in a murine model.

3.4.2. Efficacy in a hamster model of infection—After establishing vaccine candidate
efficacy in the mouse model, we used a hamster model of WNV infection [32] to confirm
efficacy in a second animal species. The experiment evaluated immunogenicity and protection
elicited by formulated baculovirus-expressed rWNV-E in naïve hamsters. Groups of 9 hamsters
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were injected with 10 μg doses of Alhydrogel™-adsorbed rWNV-E antigen or Alhydrogel™
alone at day 0, and received a second identical injection at day 21. Hamsters were then
challenged at day 35 with 104 pfu of WNV isolate 2741 and followed for 21 days post infection.
Serum samples were collected at day 35, before challenge, and tested for both anti-rWNV-E
IgG and virus neutralizing antibody titers. Presence of IgG antibodies was determined by
ELISA at a 1:400 dilution: mean ODs ± S.D (range) were 0.82 ± 0.52 (0.1–1.55) for the
vaccinated group and 0.07 ± 0.005 (0.07–0.08) for the adjuvant control group (t Test, p <
0.001). The two dose immunization provided protection against WNV (70% survival; Figure
4C). All of the control animals died upon infection. When the two groups were compared for
survival, a Chi square distribution of 0.00053 was obtained. Eight out of the nine immunized
hamsters produced positive PRNT95 titers (1:20 to 1:80) in WNV strain 2741 neutralization
assays. All control hamsters showed negative PRNT results. A Kandall tau Rank correlation
comparing the immunized group IgG ELISA ODs and PRNT95 showed a Kandall tau value of
0.76 with a 2-sided p-value of 0.010; the same analysis applied to all animals (immunized and
control groups) showed a Kandall tau value of 0.78 with a 2-sided p-value of 6.48 × 10−5. Our
findings demonstrated an overall quantitative correlation between the humoral immune
response to hamster vaccination as measured by the IgG ELISA and neutralizing antibody
titers.

3.5. Immunogenicity study in horses
The utility of the rWNV-E vaccine for annual boosting of horses and its ability to elicit WNV
neutralizing antibodies that persist throughout the spring and summer WNV season were
evaluated in a six-month study. An initial study involved two groups of 20 horses each with a
documented history of vaccination with Fort Dodge Animal Health Innovator™ (FD) killed
WNV vaccine in the previous years. One group was boosted with Alhydrogel™-conjugated
rWNV-E purified from SF+ cell pellets (50 μg/dose). The second group was boosted with FD
commercial vaccine. Horses immunized with the FD vaccine had mild skin inflammation at
the site of injection, as previously reported [5]. No sign of skin inflammation was observed
when horses were injected with rWNV-E vaccine candidate. Horses were bled the day before
administration of the single booster injection and at regular intervals for a period of 6 months.
Serum anti-rWNV-E IgG titers and PRNT levels using the WNV/DEN4 Delta30 virus were
determined for each horse at each time point.

Both vaccines boosted anti-rWNV-E IgG and WNV neutralizing antibody titers. All 20 horses
from the FD group and 19 out of 20 horses from the rWNV-E group had increased WNV-E
IgG titers after the booster. The one exception was a horse that had been refractory to FD
immunizations in previous years. A second injection of rWNV-E vaccine was administrated
to the horse and it elicited an antibody response comparable to that of all other animals in the
group. All horses’ antibody titers, except that of the one described above, peaked at the day 30
time point after the booster injection. In Figure 5A, median ELISA OD values (serum dilution
1:200) were calculated for both groups of horses at each time point. The recombinant WNV-
E vaccine boost induced a higher IgG reactivity to rWNV-E (p value < 0.005) than the FD
commercial killed virus vaccine, and titers remained higher six months later. In Figure 5B,
PRNT titers for each group were compared by using median PRNT50 values. These PRNT
analyses showed no significant virus neutralizing titer differences between the two groups of
horses for the six month period after boosting. Identical conclusions were obtained when
geometrical mean rather than median ODs and PRNT50 were calculated.

In a second study, five naïve foals were vaccinated and boosted with the rWNV-E vaccine
candidate and evaluated for WNV antibodies at several time points. The foals received two
injections of vaccine, four weeks apart. Foals 1 through 5 were respectively 15, 14, 11, 7 and
4 weeks old at the time of the first injection. Foals 1 and 2 responded positively to the
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vaccination with increased anti-rWNV-E IgG and PRNT50 titers peaking at day 60, or 30 days
after the second injection (Foal 1, Figure 6A). The three other foals were all very young and
did not respond very well to vaccination (foal 3, Figure 6B), most likely because of residual
maternal antibodies interfering with the antigen; the corresponding mares in this study had
been vaccinated with the FD vaccine in the previous years and all tested positive for anti-
rWNV-E neutralizing antibodies the day the foals were vaccinated. We concluded that naïve
foals should at least be 14 weeks old or have low residual maternal antibodies before they are
vaccinated against WNV infection.

Taken together, these results demonstrated that for horses previously immunized with FD
vaccine, boosting with rWNV-E adjuvanted with Alhydrogel™ elicited neutralizing antibody
titers in the range of those elicited by the commercial FD vaccine.

3.6. Rat toxicology study
A toxicology study to evaluate the safety of the baculovirus-expressed, cell pellet-derived
recombinant subunit WNV vaccine candidate in rats was performed at the IIT Research
Institute (Chicago, IL). The study included four treatment groups: an Alhydrogel™ control
and Alhydrogel™ with rWNV-E in 10, 50, and 100 μg doses.

As part of the study, immunogenicity data were collected. Anti-rWNV-E IgG serum analyses
were completed for all surviving rats (4 groups, n=19 or 20) at all time points (Day 0, 15, 30
and 45). Figure 7 depicts the results in mean OD (± S.D.) values obtained at 1:800 serum
dilutions. In the three treatment groups containing antigen, antibody titers peaked at the day
30 time point, 15 days after boosting. Anti-rWNV-E antibody was not detected in the control
group. No significant response difference was observed between males and females (data not
shown). The day 30 antibody response increased as the dose increased from 10 to 50 μg
(Unpaired t-Test p < 0.001). The 50 and 100-μg doses induced comparable antibody responses.
Serum virus neutralizing antibody titers were determined for 7 animals per group using the
WNV/DEN4Delta30 virus. Rats injected with Alhydrogel™ control (group 1) did not develop
WNV neutralizing antibodies. Rats injected with rWNV-E (groups 2, 3 and 4) all developed
WNV neutralizing antibodies. Although the PRNT50 values for immunized animals from
groups 2, 3 and 4 ranged widely, titers were typically negative at the first injection, >1:10 at
day 15, and peaked at the day 30 time point. PRNT50 geometrical mean titers at 0, 15, 30 and
45 days were: 10, 50, 1580, 1436 respectively for the 10 μg dose; 10, 69, 2747, 2554
respectively for the 50 μg dose; and 10, 101, 2068, 3657 respectively for the 100 μg dose. Data
indicated a dose-response increase until 50-μg doses that then reached a plateau, confirming
the ELISA results.

Pathology studies showed no treatment-related effects of the immunogen. Results of the in-
life study only reported the coincidental death of one male at the highest dose (100 μg) on study
day 29. At necropsy this animal had calculi in the bladder, which was thought to have caused
blockage and death unrelated to immunization. No other deaths were noted in the remaining
study animals. Edema and occasional erythema were generally observed at the injection site
after each administration in animals treated with the test article and the frequency of positive
reactogenicity observations tended to be dose-related. Reactogenicity was transient, as the
injection sites from all test-article treated animals returned to normal within six days after the
administration, suggesting these findings may be of minimal toxicological significance. The
final histopathology report, which included analyses of up to 40 tissues per animal, indicated
no adverse effects due to administration of the rWNV-E. At the injection sites, aggregates of
macrophages and/or lymphocytes were observed microscopically; these findings were
considered a reaction to the adjuvant. All remaining microscopic findings were interpreted as
incidental findings.
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Overall, this vaccine toxicology study demonstrated that rWNV-E purified from SF+ cell
pellets is immunogenic in rats, induces virus neutralizing antibodies and has minimal toxicity.

4. Discussion
The results reported herein describe a scalable baculovirus-insect cell expression and
purification method to produce truncated recombinant WNV envelope protein (rWNV-E)
antigen for use in a vaccine against WNV. Expression in expresSF+ cell cultures produced a
purified rWNV-E antigen that induced virus neutralizing antibodies in multiple animal species
when formulated with aluminum hydroxide, and elicited protective immunity in two rodent
species.

The approach described in this study may present potential advantages over other WN virus
vaccine development strategies. It uses a serum-free insect cell line that has been established
as a stable, scalable, low cost and high yielding cell line for vaccine antigen production. The
expresSF+ cells have been tested in accordance with FDA protocols and has been used for
production of recombinant glycoproteins for therapeutics and vaccines that have been used in
human clinical trials [33]. A rapid and low cost purification procedure extracted rWNV-E
protein from the cell pellets with yields that reached up to 100 mg/10L with >98% purity and
proven stability. Single doses of antigen as low as 2.5μg could induce WNV neutralizing
antibodies and protect mice against WNV lethal infection (80% survival rate), using aluminum
hydroxide, an adjuvant that is suitable for use in humans. Higher antigen doses and multiple
injections triggered a stronger immune response in animals without any side effects.

Experimental recombinant envelope (E) protein subunit vaccines against WNV and other
flaviviruses have been developed using several different methods [3,16–18,22,34]. Such
vaccines are known to elicit strong immune responses directed toward multiple protective E
protein epitopes [16,25]. The Drosophila cell expression system yields flavivirus E protein
that is highly pure and that resembles the native protein [16–18,35]. The baculovirus-
expression system is another insect-cell system for the production of viral or parasitic antigens
with vaccine potential for humans and animals [33,36]. Recombinant truncated envelope
proteins from dengue virus types 1, 2 and 3 have been produced in Sf9 cells and used
successfully to stimulate dengue virus neutralizing antibodies in mice and protect them from
an otherwise lethal virus challenge [37,38]. In spite of the potential utility of the baculovirus
system to produce recombinant subunit vaccines, no published study has demonstrated that it
could be used for large scale production. In two rWNV-E crystallization studies [23,39],
recombinant soluble antigen was purified from baculovirus-insect cell supernatants. The
crystal structure of SF+ cells-secreted recombinant envelope protein was resolved and adopted
the same overall fold as that of the E proteins from dengue and tick-borne encephalitis viruses
[23]. In this study we show that the cell-pellet extracted antigen resembles its secreted
counterparts, since it is equally effective as a recombinant vaccine candidate that resembles
the viral native protein. Despite structural differences that resulted from incomplete processing
of the signal peptide and glycosylation, the cell pellet-derived rWNV-E entered the secretory
pathway, folded properly, and induced WNV neutralizing antibodies that correlated with viral
protection. The Drosophila cell expression system used an 18-amino acid Drosophila BiP
secretory signal sequence to direct the recombinant protein through the secretory pathway. The
baculovirus-SF+ approach used a heterologous AcNPV chitinase signal peptide. Neither
system required the recombinant truncated envelope protein to be co-expressed with the prM
protein, which prevents the native E protein from fusing with host cell membranes during
transport in intracellular vesicles [40]. Our experience with baculovirus expression of WNV
prM-E fusion protein was that it provided low yields of mature E protein. In this study, rWNV-
E yields were improved by including detergents in the purification procedure that enabled rapid
extraction of rWNV-E from the cell pellet fraction. This rWNV-E formed crystals under
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conditions established for x-ray crystallography of SF+-secreted rWNV-E [23], indicating
proper folding of the cell pellet-derived rWNV-E (Yorgo Modis, personal communication).

SF+ cell pellet-purified rWNV-E vaccine candidate was compared to the commercially
available Fort Dodge (FD) Innovator™ killed virus vaccine in an equine booster study. The
two very different formulations can induce comparable anamnestic responses, with WNV
neutralizing titers obtained within the same range. The results are consistent with our previous
work that showed similar responses to vaccination of naïve horses [16]. Overall, our horse
studies supported our rodent immunization results, suggesting that neutralizing antibodies
recognizing the live virus were likely responsible for overall WNV protection.

In conclusion, in these studies we have established the baculovirus-insect SF+ cell expression
system as a potential method to produce recombinant subunit flavivirus envelope antigens for
animal and human vaccine development. The purified rWNV-E antigen, when formulated with
Alhydrogel™, was stable, non-toxic, immunogenic in all four animal species tested and
efficacious in mouse and hamster WNV challenge models.
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Fig. 1.
SDS-PAGE analyses of purified rWNV-E. Coomassie blue staining, and western blot analyses
comparing 1 ug of purified Drosophila-cell expressed rWNV-E, under reduced (lane 1) or non-
reduced (lane 2) conditions with 1ug of SF+ cells-expressed rWNV-E, under reduced (lane 3)
or non-reduced (lane 4) conditions.
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Fig. 2.
rWNV-E glycosylation pattern assessed in glycosylation assays that utilized peptide N-
glycosidase F (PNGase F) or Endoglycosidase H (Endo H). On a Coomassie blue-stained
reducing SDS-PAGE: (A) Drosophila-cell produced rWNV-E digested with either PNGase F
(lane 2) or Endo H (lane 4). Lane 1 and 3 correspond to non-digested controls. Only PNGase
F induced a slight gel shift of ~ 1kDa (lane 2), confirming N-linked glycosylation. (B)
Baculovirus-produced rWNV-E was separately digested and then mixed with non-digested
controls with either PNGase F (lane 1) or Endo H (lane 2). Both PNGase F and Endo H induced
a gel shift > 3kDa. rWNV-E (arrow) upper and lower bands respectively correspond to the
non-digested and the digested protein forms.
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Fig. 3.
rWNV-E adsorption to to Alhydrogel™ and stability study. (A) SDS-PAGE analyses of
rWNV-E antigen before (lane 1, lower arrow) and after (lane 2, higher arrow) it was adsorbed
to Alhydrogel™ for one hour at room temperature. The gel was stained with Coomassie blue.
(B) Competitive ELISA analyses compared rWNV-E freshly adsorbed to Alhydrogel™
(rWNV-E control) with rWNV-E adsorbed to Alhydrogel™ and stored at 4°C or at 37° for
three weeks, three months or eight months. EC50 values for control rWNV-E control and
formulated rWNV-E stored at 37 °C are indicated by dashed vertical lines, and differences in
value between the two were shown by horizontal arrows ( EC50).
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Fig. 4.
rWNV-E candidate vaccine induces protective immunity in mice and hamsters. (A) Groups of
ten mice were injected with Alhydrogel™ alone (Control), single 5 μg-doses of SF+ cell-
expressed rWNV-E antigen adsorbed to Alhydrogel™ (Bac. rWNV-E) or Drosophila cell-
expressed rWNV-E adsorbed to Alhydrogel™ (Droso. rWNV-E). Mice were challenged with
WNV after two weeks. (B) Groups of ten mice were injected with Alhydrogel™ control or
single doses of 2.5, 5 or 10 μg of SF+ cell-expressed rWNV-E vaccine, and challenged with
WNV two weeks later. Mouse survival was monitored for 21 days. (C) Groups of ten hamsters
were injected three weeks apart with two 10 μg doses of rWNV-E vaccine candidate purified
from SF+ cells (Bac. rWNV-E), or Alhydrogel™ control. The animals were challenged two
weeks later with WNV.

Bonafé et al. Page 19

Vaccine. Author manuscript; available in PMC 2010 January 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Booster immunogenicity study in horses, comparing rWNV-E candidate vaccine with the Fort
Dodge Animal Health Innovator™ killed virus (FD) vaccine. Horses were immunized in prior
years. Twenty horses were boosted with FD vaccine. Twenty horses were immunized with a
single dose of rWNV-E vaccine intramuscularly with 50 μg of rWNV-E adsorbed to
Alhydrogel™. Serum samples were collected (n=20 for the FD group; and n=19 for the rWNV-
E boosted horses that responded after a single injection) throughout the study, and analyzed
for IgG antibodies recognizing rWNV E-protein by ELISA (serum dilution 1:200) (A) and for
neutralizing antibodies in a plaque reduction assay (PRNT50) (B). ELISA OD median values
for each time course were calculated for each group.
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Fig. 6.
Immunogenicity study in naïve foals. Foals born in the spring of 2007 were immunized with
rWNV-E vaccine and boosted after four weeks (Day 30) with 50 μg of rWNV-E candidate
vaccine. Serum samples were collected at the time of the first injection and throughout the
study and analyzed for anti-rWNV-E IgG antibodies and WNV/DEN4Delta 30 neutralizing
antibodies in ELISA and PRNT assays, respectively. (A) Geometrical mean values for
PRNT50 and ELISA OD (serum dilution 1:200) obtained for Foal 1. (B) PRNT50 and ELISA
OD (serum dilution 1:200) values obtained for Foal 3.
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Fig. 7.
Immunogenicity study in rats. Four groups of 20 rats were immunized twice (Day 0 and Day
15) with 0, 10, 50 or 100 ug of rWNV-E vaccine candidate. Serum samples were collected
throughout the study at day 0, 15, 30 and 45 and analyzed by ELISA for presence of anti-
rWNV-E antibodies. Mean OD ± S.D. (serum dilution 1:800) for each group and each time
point are presented.
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Table 1
Bulk rWNV-E product specifications

QC test Product specification

Appearance Clear colorless solution

Identity Confirmed by western blot

Purity (SDS-PAGE) >98%

Protein Concentration 100–600 μg/mL

pH 8.0

Formulation 5 mM NaPO4, 150 mM NaCl

Endotoxin/Pyrogenicity <500 EU/mL

Host Cell Protein <1.3%

Potency EC50 ≤0.1 g/ml

Sterility Negative for bacterial and fungal contamination
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Table 2
Immunization of mice with a single dose of rWNV-E

Experiment Treatment group Anti-WNV-E IgG

Mean OD ± S.D. (Range)

a Alhydrogel™ alone control 0.02 ± 0.005 (0.01–0.02)

Baculovirus-produced rWNV-E with Alhydrogel™ 5 μg 0.47 ± 0.43 (0.03–1.49)

Baculovirus-produced rWNV-E alone 5 μg 0.02 ± 0.01 (0.01–0.04)

b Alhydrogel™ alone control 0.01 ± 0.002 (0.004–0.01)

Baculovirus-produced rWNV-E with Alhydrogel™ 5 μg 0.56 ± 0.52 (0.05–1.36)

Drosophila-produced rWNV-E with Alhydrogel™ 5 μg 0.46 ± 0.38 (0.06–1.25)

c Alhydrogel™ alone control 0.09 ± 0.08 (0.08–0.10)

Baculovirus-produced rWNV-E with Alhydrogel™ 2.5 μg 0.28 ± 0.20 (0.11–0.55)

Baculovirus-produced rWNV-E with Alhydrogel™ 5 μg 0.35 ± 0.32 (0.09–0.84)

Baculovirus-produced rWNV-E with Alhydrogel™ 10 μg 0.73 ± 0.46 (0.13–1.42)

Serum samples were collected from groups of 10 mice, 2 weeks after immunization. Presence of IgG antibodies against rWNV-E was determined by
ELISA at a 1:50 serum dilution.
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