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Summary The Japanese encephalitis virus (JEV) serocomplex-group consists of mosquito-
borne flaviviruses, which include West Nile virus (WNV) and JEV, and both may cause severe
encephalitis in humans. WNV has spread rapidly across the United States since its introduction
in 1999 and its geographical distribution within the western hemisphere is expected to further
expand, whereas, JEV is the most common cause of viral encephalitis in Southeast Asia, China
and India. Currently, there is no registered human vaccine or specific therapy to prevent or
treat WNV infection. Here we describe the efficacy of recombinant domain III (DIII) of WNV
glycoprotein E in a mouse model. It induces high neutralizing antibody titers, as well as, pro-

tection against lethal WNV infection in C57BL/6 mice. This vaccine preparation also afforded
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The flaviviruses West Nile virus (WNV) and Japanese
encephalitis virus (JEV) are responsible for a large pro-

portion of viral encephalitis in humans [1,2]. WNV infects
a wide range of avian and mammalian species, including
humans. WNV has also been shown to be transmitted through
blood transfusion, organ transplantation, and breast-feeding
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served.

3—8]. JEV is the single-most important cause of viral
ncephalitis in Asia, with case fatality rates averaging 30%
9—11]. JEV is a major problem in South-East Asia, India,
nd China, where the virus is endemic. In recent years,
EV has spread to other geographic areas such as Australia
nd Pakistan, and has thus become an important emerg-
ng virus infection in these areas. Vaccination against JEV

sing a mouse brain-derived, inactivated vaccine has been
hown to be very effective and has led to a decreased dis-
ase burden [12—14]. However, there are concerns about
he immunogenicity and the safety of this vaccine [13,15]. A
ive-attenuated (SA14-14-2 strain) and a cell culture-based
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serial twofold dilutions of heat-inactivated mouse sera were
incubated with 100 TCID50 of WNV or JEV and VN titers were
expressed as the reciprocal of the highest serum dilution still
giving 100% suppression of cytopathic effect. After primary

Figure 1 Neutralizing and cross-neutralizing antibody
responses to WNV or JEV following vaccination with ODN-
54

EV vaccine that are produced on primary hamster kidney
PHK) cells have been licensed for use in China and have
een shown to be safe and effective [13]. However, since
HK is not an approved cell line for production of human
accine, many countries will not use this JEV vaccine. There-
ore, a recombinant protein-based vaccine represents an
ttractive alternative. The E protein of flaviviruses is the
ost immunogenic and suitable for the purpose of vac-

ine development. The protein E consists of three structural
omains (DI—DIII) [16,17], of which DIII contains predom-
nantly sub-complex- and type-specific epitopes, many of
hich induce neutralizing antibodies [17—23]. Several vac-
ines based on DIII have been shown to be immunogenic and
ffective under certain conditions [24—26].

The 315 nucleotides of WNV-NY99 E protein (acces-
ion no. AF196835, passage 5, obtained from the Health
rotection Agency, Porton Down, UK) that constitute the
ctodomain of DIII were BamH1 (caggatccaGGAACAACCTA-
GGCGTCT) and Sal1 (atgtcgacTTTGCCAATGCTGCTTCCA)
loned into the pTRHis2A bacterial vector (Invitrogen),
pstream of the histidine repeat string. Recombinant DIII
rDIII) protein expression was induced with isopropyl-�-D-
hiogalactopyranoside. Purification of rDIII was performed
ith nickel-affinity chromatography as previously described

27]. Purification of the solubilised rDIII resulted in 80—90%
ure fractions of rDIII (not shown), which were used in
ubsequent vaccination experiments. The authenticity of
he purified recombinant WNV E DIII protein was confirmed
y western blot analyses using a WNV monoclonal anti-
ody (7H2; Bioreliance Corp., Rockville, USA). The rDIII
rotein had a molecular weight of 13 kDa, which corre-
ponds to what has been described previously [24]. To
roduce an inactivated whole virus vaccine, WNV was propa-
ated in Vero E6 cells, concentrated and purified by sucrose
radient centrifugation and subsequently inactivated with
-propiolactone (BPL) in a biosafety-level 3 laboratory, using
he same method as previously described for inactivation of
he SARS coronavirus [28]. All vaccine preparations used for
rimary immunization were adjuvanted with synthetic CpG
ligonucleotide (ODN: TCCATGACGTTCCTGACGTT, Sigma,
averhill, UK), which was mouse optimized [29]. For booster

mmunizations, vaccine candidates were adjuvanted with oil
Stimune®; Cedi-Diagnostics, Lelystad, The Netherlands) as
ecommended by the manufacturer.

Immunization experiments were performed as follows:
ix groups of 10 mice each were immunized subcutaneously
ith 25 �g of the purified rDIII (groups A and B), 15 �g
PL-inactivated WNV (WNV-BPL; groups C and D), and a
ontrol vaccine (15 �g BPL-inactivated rabies; groups E
nd F). Animals were immunized first with 25 �g of ODN
djuvanted vaccine on day 0 and boosted with the same
il-adjuvanted vaccine on day 14. To determine the virus-
pecific IgG response upon vaccination, an enzyme-linked
mmunosorbent assay (ELISA) was developed using WNV-
Y99 or JEV-Beijing-1 strains as antigens. To this end,
urified virus was solubilised (end-concentration 250 �g/ml)
n PBS containing 4% (w/v) Mega-10 (Sigma, Zwiijndrecht,

he Netherlands) and microtitre plates (Costar, Cambridge,
A, USA) were coated with 2 �g total protein (diluted in PBS)
er well. Twofold dilutions of sera (1:25—1:3200) were pre-
ared in PBS containing 0.2% (w/v) bovine serum albumin,
.1% (w/v), dry milk powder and 3% (w/v) sodium chlo-
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ide (Sigma, Zwijndrecht, The Netherlands). Virus specific
gG was measured using a HRPO labeled goat-anti-mouse
1:1000; Dako, Glostrup, Denmark). Titers were expressed as
he reciprocal of the highest serum dilution with OD450 nm val-
es higher than three times the background OD450 nm value.
iters <50 were considered negative based on cutoff values
stablished with sera from mice näıve towards WNV or JEV.
fter primary vaccination, some mice in groups A—B devel-
ped low IgG antibody titers (50) against WNV, and no titers
gainst JEV, whereas, some animals in groups C—D devel-
ped IgG antibody titers (range: <50—200) against WNV,
ut no antibody titers to JEV. It is worth realizing that 2
eeks post-primary vaccination, mainly low affinity antibod-

es are produced, which could explain why no cross-reactive
ntibodies were measured against JEV. After booster vacci-
ation, IgG titers to WNV increased to 880 ± 130 in groups
—B and up to 8800 ± 1416 in groups C—D. Titers to JEV

ncreased to 540 ± 90 in groups A—B and up to 1520 ± 221
n groups C—D. None of the mock-vaccinated animals devel-
ped specific antibody titers.

To determine virus neutralizing (VN) antibody titers,
djuvanted (first) and oil-adjuvanted (second) vaccines.
ntibody titers in sera collected from individual animals at
ays 0, 14, and 42. Logarithms of the mean titers and 95%
onfidence intervals are indicated. ND: not detected; groups:
+ B (�); C + D (�); E + F (�).
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Figure 2 Loss of body weight of vaccinated mice after chal-
lenge with WNV or JEV. Vaccinated mice were challenged
intraperitoneally with 106 TCID50 WNV (A) or 104 TCID50 JEV (B).
After challenge mice were weighed daily. Percent body weight

Figure 3 Kaplan—Meier survival curves of vaccinated mice
after challenge with WNV or JEV. (A) Groups of five mice were
challenged with 106 TCID50 of WNV-NY99. The number of mice
s
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per group was calculated compared to the body weight at the
time of challenge. Groups: A + B (�); C + D (�); E + F (�).

immunization, low VN titers were measured against WNV in
some of the vaccinated mice (Fig. 1A). No VN titers were
measured against JEV (Fig. 1B). After booster, all animals
developed high VN titers against WNV, but cross-neutralizing
antibody titers measured against JEV (Fig. 1B) were lower
than against homologous virus (Fig. 1A). In the method that
we have used to solubilize rDIII inclusion bodies prior to
purification, renaturation was a critical step, since cor-
rect folding of DIII determines the formation of neutralizing
epitopes [18,30,31]. The observation that mice vaccinated
with rDIII developed neutralizing antibodies against homol-
ogous WNV and heterologous JEV, indicates that using this
procedure at least a portion of the solubilised rDIII folded
correctly. However, targeted experiments are needed to
prove that renaturation was successful and to determine the
percentage of solubilised proteins that folded correctly.

At day 42 animals from groups A, C, and E were chal-
lenged intra-peritoneally with a lethal dose of WNV-NY99
(1 × 106 TCID50) and animals in group B, D, and F were chal-
lenged intra-peritoneally with a lethal dose of JEV-Beijing-1
(1 × 104 TCID50). All mock-vaccinated mice (E and F) showed
more than 15% body weight loss (Fig. 2) and died within
11 days p.i., irrespective of the virus that was used for
challenge infection (Fig. 3). Mice vaccinated with rDIII and

challenged with WNV (A) or JEV (B) were protected against
weight loss at a degree comparable to WNV-BPL vaccinated
animals (Fig. 2), indicating that rDIII provided significant
protection of C57BL/6 mice against developing weight loss.
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urviving was recorded daily. (B) Groups of five mice were chal-
enged with 104 TCID50 of JEV-Beijing-1. The number of mice
urviving was recorded daily.

he survival rates of five animals in each group were also
onitored after lethal challenge with WNV or JEV (Fig. 3).

urvival rates of 80 (4/5) and 60% (3/5) were observed in
roups A and B, respectively, whereas rates of 100 (5/5)
nd 80% (4/5) were seen in groups C and D. The differ-
nces in survival curves between groups were analyzed
ith the logrank test incorporated in the GraphPad Prism
ersion 4 software (Graphpad Software, San Diego, USA).
he test uses the complete survival-curve for comparing
roups. Values of P ≤ 0.05 were considered to be statisti-
ally significant. The differences between groups A and E
nd between groups C and E were statistically significant
P = 0.009 and P = 0.002, respectively). Similarly, significant
ifferences were measured between groups B and F, and
etween groups D and F (P = 0.043, 0.008, respectively).
hen groups A and C were compared, no significant dif-

erence in survival rate was observed (P = 0.51), indicating
hat the efficacy of rDIII-based vaccine was similar to the
NV-BPL vaccine in protecting mice against lethal WNV chal-

enge.
Five mice in each group were sacrificed on day 8 p.i.,

hich is the timepoint at which the first signs of paraly-
is appeared in the mock-vaccinated animals, and brains
ere collected for virus titration. High WNV (average:

05.2 TCID50/g brain) and JEV (average: 105.7 TCID50/g brain)
iters were detected in the brains of groups E and F, respec-
ively (Fig. 4). Only one out of five mice in group A had
etectable WNV (101 TCID50/g brain), while two out of five
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Figure 4 Virus titers in brain of mice after challenge with
WNV and JEV. Vaccinated mice were challenged intraperi-
toneally with (A) 106 TCID50 WNV-NY99 and (B) 104 TCID50

JEV-Beijing-1. On day 8 p.i., five mice were sacrificed, brain
tissues were collected and virus titers were determined in Vero
E
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[

[12] Schioler K, Samuel M, Wai K. Vaccines for preventing Japanese
6 cells. The mean virus titer per group was calculated. Error
ars indicate the standard deviation.

nimals in group B had detectable JEV (101 and 102 TCID50/g
rain, respectively).

DIII proteins are highly conserved between several WNV
trains. The WNV strain used in this study (WNV-NY99)
hared overall amino acid identity and similarity values with
he JEV-Beijing-1 strain of 81 and 94%, respectively, which
xplains the level of protection against lethal WNV and JEV
nfection seen in mice. DIII functions as a receptor-binding
omain [32,33], forming a continuous polypeptide segment
hat can fold independently. Certain mutations within DIII
ave been shown to affect virulence and tropism of fla-
iviruses [27,34]. rDIII is a stable protein, and therefore is
n attractive candidate to be used as a subunit vaccine.
he lack of glycosylation of the protein during expression

n prokaryotic cells most likely did not affect its antigenic-
ty since native DIII is not glycosylated as well. Recombinant
III of JEV and dengue virus has been shown to be immuno-
enic and protective in mice challenged with the respective
irulent viruses [25,26,35,36], underlining the suitability of
III-based vaccine formulations against flaviviruses. Our sur-
ival results are consistent with a recent study that showed

he efficacy of DIII in protecting BALB/c mice against intrac-
rebral challenge with WNV and JEV [24]. In this study,
owever, mice were vaccinated with 100 �g rDIII adjuvanted
nly with CpG. The relatively high concentrations of rDIII

[
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eeded for induction of neutralizing antibody responses may
ndicate that rDIII is poorly immunogenic. More experiments
re needed to determine the percentage of solubilised
roteins that folded correctly and how the purification pro-
edure used in our study may affect immunogenicity of rDIII.

Collectively the results obtained in the present study
ndicate that DIII is a promising well-defined vaccine can-
idate that in combination with a good adjuvant can be
sed for the induction of protective immunity against WNV
nd JEV. Although the WNV-BPL vaccine was more immuno-
enic and resulted in better protection than the DIII-based
accine, it did not result in statistically better results,
ndicating similar efficacy of the two vaccine formulations
gainst WNV. Therefore further evaluation of this DIII-based
accine in other mammalian species, including humans
eems warranted.
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