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Abstract

To counter the spread of multiple Japanese encephalitis virus (JEV) variants harboured in alternative host species and highly
neurotoxic variants with new antigenicity, such as genotype V (Muar), methods for developing more effective and low-cost
vaccines against a variety of epidemic JEV strains are required. Here, we successfully synthesized large amounts of a Muar
virus-like particle (MVLP) vaccine for JEV in silkworm pupae by using a Bombyx mori nuclear polyhedrosis virus recombinant
consisting of JEV codon-optimized envelope (E) DNA. In particular, histopathological examination suggested that MVLP was
efficiently synthesized in body fat tissues as well as epithelial cells. Quantitative analysis indicated that one silkworm pupa
produced 724.8 ug of E protein in the MVLP vaccine. Electron microscopic examination of purified MVLP vaccine defined a
typical MVLP morphological structure. Detailed MVLP antigen assessment by immune-electron microscopy revealed that the
majority of MVLPs were covered with approximately 10 nm projections. Boosted immunization with MVLP antigens in mice
and rabbits tended to show improved plaque inhibition potency against homologous Muar and heterologous Nakayama, but
less potency to Beijing-1 strains. Notably, mixed immune rabbit antisera against Nakayama and Muar VLP antigens led to an
increase in the low antibody reaction to Beijing-1. Additionally, a stopgap divalent JEV vaccine consisting of MVLP and
Nakayama VLP and its immune mouse serum significantly increased plaque inhibition titre against Muar, Nakayama and
Beijing-1 strains. These findings suggested that low-cost MVLP vaccines prepared in silkworm pupae are suitable for

providing simultaneous protection of individuals in developing countries against various JEV strains.

INTRODUCTION

Many severe neurological diseases are caused by transmis-
sion of Japanese encephalitis viruses (JEVs) from mosquito
vectors, although most have shown a tendency of decreasing
prevalence in humans upon immunization with suitable
vaccines and improvement of ecological circumstance.
However, some different JEV variants are still circulating in
swine populations, mosquitos and birds, thus maintaining
the mosquito-swine or mosquito-bird ecosystem. For
example, the active circulation of numerous JEV variants in
the swine population was defined following a large-scale
virological surveillance in Japan, conducted with the coop-
eration of local governments [1]. In particular, several anti-
genic variants exhibiting slightly different evolutionary
locations within genotype I evolutional branch clusters were
found to co-circulate in the swine population. Furthermore,
two new isolates with distinct neurovirulence and

neuroinvasiveness were isolated from swine at the same
farm on the same day of 2004 [1], meaning there is the
potential for JEV to re-emerge in humans despite
vaccination.

JEVs have been actively circulating in humans and swine in
other South Asian countries as well [2]. In particular,
among the numerous isolates analysed, most were reported
to belong to genotype III until the 1990s, including isolates
from China, Taiwan, India, Japan, Australia, Korea and
Indonesia [3]. However, the major genotype of JEV isolated
in Japan changed from genotype III to genotype I in the
early 1990s and recently a similar genotype shift has also
been confirmed in South Korea, northern Vietnam, China,
Taiwan and Thailand [4]. Moreover, the isolation of geno-
type IV virus in Indonesia has attracted further attention
owing to the potential for future epidemics [3]. Consistent
with these findings, Japanese encephalitis disease has also
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been reported in several Asian countries, with 50000-
175000 confirmed new cases per year consisting of different
age groups [5-7] and incidence rates ranging from 0.003 to
3.7 % across various populations in Indonesia, Nepal, India,
Bangladesh, Korea and China [8].

Historically, JEV vaccines have played an important role in
elimination of JEV epidemics since the first use of a mouse
brain-derived genotype III JEV vaccine in Japan in 1945 [9].
Subsequently, vaccine quality has markedly improved, with
mouse brain-derived vaccines having been replaced by cell
culture-derived vaccines [10-16]. In particular, the safety
and efficacy of a Vero cell-derived genotype III JEV vaccine
has been confirmed [14]. Conversely, the increased inci-
dence of infection may be attributable in part to decreased
protective immunity in humans and constant circulation of
the virus in swine and bird vectors. Many antigenic and vir-
ulent JEV variants are co-circulating in mosquitos, swine
and humans in Southeast Asian countries [7, 8], highlight-
ing the need for wide distribution of more effective and low-
cost vaccines against a variety of epidemic JEV strains
throughout many parts of Asian countries. In particular, the
spread of a genotype V virus possessing new antigenicity
and high neurovirulence characteristics necessitates suitable
and effective countermeasures against this variant. For
example, the high pathogenicity of the genotype V Muar
virus, which was first isolated from a patient with encephali-
tis in Malaysia in 1952 [17], has been investigated in detail
in a mouse model [18, 19]. In addition, this virus has been
circulating constantly in the mosquito population in differ-
ent parts of Asia, producing new threats mainly in Asian
countries [20, 21]. However, the present JEV vaccine may
be ineffective against JEV genotype V Muar strain owing to
antigenic differences [18, 22].

Accordingly, in this study, we aimed to develop a genotype
V vaccine of JEV using our baculovirus (multinucleocapsid
nuclear polyhedrosis virus; MNPV) genetic engineering sys-
tem [23, 24]. As a result, we achieved successful production
of a JEV-Muar virus-like particle (MVLP) vaccine in silk-
worm Bombyx mori pupae. In addition, the biological,
morphological and immunological characteristics of the
JEV-MVLP vaccine were subsequently characterized.

RESULTS

Design and characterization of chimeric JEV DNA
(genotypes Ill and V)

For production of MVLP vaccines against JEV genotype V
(Muar strain), codon-optimized DNA consisting of Muar
envelope (E) and frequently used silkworm-specific codons
was designed based on computer gene analyses as described
previously [23, 24].

Expression of codon-optimized MNPV recombinant
DNA gene

Expression of recombinant JEV-MNPV was assessed in
B. mori ovarian (Bm-N) cells (Fig. 1a, b). The appearance of
cytopathic effects (Fig. la RV-CPE), which differed
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markedly from that of normal control cells (Fig. 1a NC),
indicated infection of recombinant virus in Bm-N cells.
Apparent synthesis of E protein in the recombinant-infected
cells was also confirmed in Bm-N cells, showing clear fluo-
rescence in the recombinant virus-infected cells (Fig. 1b
Ab-MVLP, Ab-JEV), which was apparently comparable to
that of normal cells (Fig. 1b NC).

Histopathological examination in infected pupae

Pathological specimens of recombinant JEV-MNPV-
infected pupae were separated into two main tissues. As
shown in Fig. 1(c) with haematoxylin-eosin (HE) staining,
the epithelium under the skin showed expanded nuclei from
4 days after infection, with epithelial cell nuclei (indicated
by an arrow) showing marginalized chromatin with single
prominent nucleoli (Fig. 1c E). A similar nuclear change
(indicated by an arrow) was detected in body fat cells
(Fig. 1c F). In the course of the 4 day infection, the number
of recombinant JEV-MNPV-immunoreactive epithelial cells
increased (Fig. 2a E, indicated by arrows). Similar positive
cells were also confirmed in body fat tissues (Fig. 2a F, indi-
cated by arrows). As shown in Fig. 2(a) F, the number of
positive epithelial cells reactivated with anti-Tag monoclo-
nal antiserum (indicated by arrows) increased over time in
the body fat tissue. The above positive cells were quite dif-
ferent from those of negative (noninfected) control cells.

Extraction of MVLPs and their morphology

For extraction and preparation of MVLPs, JEV-MNPV was
infected into 30 silkworm pupae, and MVLPs were
extracted via three cycles of sonication [23, 24]. As shown
in Table 1 60 ml of crude pupae homogenates exhibited a
haemagglutination (HA) titre of 512 in an ordinary PBS
sample containing Mg™" and Ca™ ions, with a total protein
concentration of 906 mg ml™! (Table 1). Conversely,
authentic Nakayama and Muar strains of JEV did not show
HA activity in PBS containing Mg"* and Ca*™ ions, whereas
Muar-infected homogenates exhibited marked HA activity.
The migration profile in slab gel electrophoresis is shown in
Fig. 2(b); the 53kDa E protein was estimated to be present
at a concentration of 21 744 pgml ™", with an estimated pro-
duction level of 724 pgpupa ', indicating that abundant
amounts of E protein were produced (Table 1). Unfortu-
nately, we could not directly identify the above 53 kDa pro-
tein in the present study, however, as shown in Fig. 2(c), the
position of MVLP E protein was indirectly confirmed with
antiserum to the Beijing-1 control virus in Western blot
analysis (Fig. 2c). This partially purified sample was further
purified by 10-50 % sucrose gradient centrifugation [23, 24]
and MVLPs were determined as a marked white band in
Fig. 2(d) (indicated by an arrow). As a result, the homoge-
nate produced two protein peaks in the sucrose gradient
(Fig. 2e). The two peaks of protein concentration and HA
activity coexisted in the same 12 fractions, suggesting that
the Muar E protein apparently exhibited HA activity.
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Fig. 1. Examination of expression of MVLP antigens in Bm-N cells and their synthesis in recombinant-infected pupae. (a) Expression
of recombinant MVLP in Bm-N cells based on cytopathic effect (CPE) and haemadsorption (HAD) tests in normal control cells (NC),
recombinant-infected CPE (RV-CPE) and recombinant-infected HAD (RV-HAD) cells. (b) Expression test based on fluorescent (FA) anti-
body test in normal (NC), recombinant-infected cells treated with antibody to MVLP (Ab-MVLP) and recombinant-infected cells treated
with an antibody to the JEV vaccine (Ab-JEV). (c) MVLP production analysis in MVLP-recombinant-infected pupae based on histopatho-
logical examination during a 4 day period. E, epithelium. F, body fat. (c) E, marginalized chromatin and single dense nucleoli observed
in epithelial cells from 4 days after infection and noninfected (normal) control cell. (c) F, lack of eosinophilic cytoplasmic granules, mar-
ginalized chromatin and single dense nucleoli observed from 4 days after infection in body fat tissue and also noninfected (normal)
control cell. (c) E, arrows indicate epithelial nucleus and (c) F, body fat nucleus.

Morphological examination of JEV-MVLP

As marked, HA titres were present in the crude silkworm
homogenate (Fig. 2c) and fractions 9-13 (Fig. 2c) were
pooled and examined by electron microscopy. As shown in
Fig. 3(a), MVLPs exhibited a variety of shapes under high-
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magnification electron microscopy. Notably, we observed
many clear, long projections (spikes) on the surfaces of
MVLPs that measured approximately 80-100 nm in diame-
ter. For estimation of the lengths of spikes on the surface of
VLPs, 10 spikes were selected and their length was
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Fig. 2. Immunopathology of epithelial cells and body fat tissues in silkworm pupae infected with recombinant MVLP. (a) IHC. E, intense
nuclear membrane and cytoplasmic immunoreactivity with an anti-DYKDDDK Tag monoclonal antibody in infected epithelial cells and
noninfected (normal) control cell. F, nuclear membrane and cytoplasmic immunoreactivity with an anti-DYKDDDK Tag monoclonal anti-
body in infected body fat tissue and also noninfected (normal) control cell. Arrows in E and F, epithelial cells stained with Tag monoclo-
nal antibody. (b) Separation of MVLP antigen and identification of E protein. (c) Identification of E protein of JEV control (JEV C) by
Western blot analysis with antiserum to Beijing-1 strain. (d) Separation of MVLP antigen by sucrose density gradient centrifugation.
(e) Fractionation of MVLP antigen and examination of biological activities.
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Table 1. Recovery of MVLP-E protein from recombinant virus-infected pupae

No. of pupae Vol (ml) HA titre Protein
Total (mg ml™) Total E (pg ml™) E (ng head™)
30 60 512 906 21744 724

measured (Fig. 3a, b). The lengths were distributed between
7.89 and 16.62 nm, with a mean length estimated as approx-
imately 11 nm (Fig. 3b).

Next, we used an immuno-gold electron microscope to con-
firm the presence of E protein on these spikes. Immuno-
gold-treated MVLPs showed clear distributions across a
large number of gold spots around MVLPs (Fig. 3¢, indi-
cated by white arrows). Electron micrographic imaging
showed that the immune-gold bound to a large number of
MVLPs. The clear immune-gold binding to the surface of
MVLP suggested the presence of specific E proteins on the
MVLP particles. For further detailed observation, two
MVLP particles were selected and their spikes measured
(Fig. 3d, e). For short distances of approximately 9-14 nm,
these spikes were considered to have bound directly to
MVLP structures.

Plaque neutralization using immune antisera
prepared in mice and rabbits immunized with
MVLP and Nakayama (N)VLP antigens

Plaques produced by Muar, Nakayama and Beijing-1 strains
of JEV in the presence of rabbit antiserum clearly distin-
guished at a 40-10, 240-fold antiserum dilution as exhibit-
ing plaque inhibition titres against homologous Muar and
heterologous Nakayama and Beijing-1 strains (Fig. 4a). For
example, plaques of Muar and Nakayama strains at x40
serum dilution had completely disappeared, indicating
100 % plaque inhibition. In contrast, the plaques of the Bei-
jing-1 strain at x40 serum dilution were similar to those of
the virus control. This result indicated potential antigenic
differences between Muar or Nakayama strains and Beijing-
1 strains (Fig. 4a). Similarly, the plaque inhibition curve of
the Muar strain markedly differed from those of the
Nakayama and Beijing-1 strains (Fig. 4b-d). The plaque
inhibition titres are summarized in Fig. 4(e). The plaque
inhibition titres against the Muar, Nakayama and Beijing-1
strains were 10, 240, 256 and 40, respectively.

The immune responses of anti-Muar VLP antisera obtained
from mice immunized with three doses of MVLP vaccines
are shown in Fig. 5(a). Preimmune control mouse serum
did not show apparent inhibition (Fig. 5a). Plaque inhibi-
tion titres against the three strains increased gradually
according to dose increase, although the antibody titre
against Beijing-1 was low. This tendency was also observed
in rabbit antisera against MVLP antigens (Fig. 4e). We also
prepared rabbit antiserum against the MVLP vaccine using
Freund’s complete adjuvant-MVLP vaccine, which demon-
strated a considerably higher 50 % plaque inhibition titre
against the homologous Muar strain, showing more than
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10 000-fold plaque reduction (Fig. 4e); the same antiserum
demonstrated a nearly 2560-fold plaque inhibition titre
against the Nakayama strain (Fig. 4e). However, this mouse
antiserum still showed a low titre against the Beijing-1 virus.

To address whether the low immune response against the
Beijing-1 strain might be improved, mouse antiserum
obtained from three-dose mice and rabbit antiserum were
mixed and their antisera were again tested. As shown in
Fig. 5(b), the antibody titre against the Beijing-1 strain
increased nearly twofold. Additionally, preimmune rabbit
serum did not show apparent inhibition.

Experimental preparation of the divalent JEV
vaccine

To confirm this finding, Nakayama VLP and Muar VLP
antigens were mixed and their antigen contents were
adjusted to contain 20 ug E protein/ml, and the mixture was
used to immunize mice three times at 1 week intervals. As
shown in Fig. 5(c), the immune serum obtained after
4 weeks showed almost similar antibody responses to the
three strains at levels similar to those of the mixed antise-
rum (Fig. 5¢).

DISCUSSION

Recently available JEV vaccines have played an important
role in decreasing JEV epidemics caused by JEV variants
belonging to genotypes I-1V. Nevertheless, the development
of additional, low-cost vaccines is required to provide pro-
tection for populations in developing countries. In this con-
text, silkworm-derived vaccines may constitute suitable
prophylactic agents. However, genotype V viruses were first
isolated from a human in Malaysia (1952) and from mos-
quitoes in China (2009), with the genotype V JEV genome
identified in mosquitoes in China (2009) and in South
Korea as well, whereas immune efficacy against this virus is
very low. Specifically, Tajima et al. [18] found that mouse
antisera to the inactivated Nakayama genotype III JEV vac-
cine showed efficient plaque neutralization titres to the
homologous Nakayama strain, whereas the antibody titres
to genotype V Beijing-1 and Muar strains were much lower
[18]. Consistent with the above report, in JEV-vaccinated
mice, the protection levels against genotype III and V JEV
were high and low, respectively [24]. Furthermore, serocon-
version levels in different age groups of healthy individuals
immunized with the currently available JEV vaccine were
extremely low against genotype V JEV [22].

To address this issue, in the present study we demonstrated
that potent antibodies against both the Muar genotype V
virus and the Nakayama strain could be produced through
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Fig. 3. Electron microscopic examination of purified MVLP antigens produced in silkworm pupae. (a—c) Electron micrograph of a sam-
ple treated with immune-gold. White arrows indicate typical MVLP antigens covered with black immune-gold (indicated by white
arrows). (d), (e) Estimation of the length of E projection through transmission of MVLP vaccine detected with electron microscopy. Iden-
tification of E protein spikes with a gold-conjugated JEV antibody; black points indicate the edges of the E protein projection reacted
with the JEV-specific antibody.
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Fig. 4. Plague inhibition profiles of antisera prepared in rabbits immunized with the partially purified MVLP vaccine against Muar,
Nakayama and Beijing-1 strains of JEV. (a) Challenge viruses and plaque inhibition patterns. VC, virus control. (b—d) Plaque inhibition
curves of Muar, Nakayama and Beijing-1 strains. (e) Summary plaque inhibition titres of Muar, Nakayama and Beijing-1 strains.

immunization with MVLP vaccines prepared in silkworm
pupae. First, a series of experiments demonstrated that the
codon-optimized and synthetic Muar DNA (MDNA) gene
of the JEV Muar strain allowed increased production of an
E protein-associated MVLP vaccine. We also found that a
single pupa could produce 724 ug of E protein. It was fur-
ther evident that nuclear changes could be detected in the
epithelium and body fat tissues, suggesting increased pro-
duction of MVLP. These changes were consistent with the
immunoreactivity observed in both tissues, indicating
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active production of MVLP antigens in the epithelium and
body fat.

Additionally, in this study we evaluated the tentative
length of the E protein on the surface of MVLPs. Consis-
tent with previous evidence, most E protein spikes were
found to stretch upward from the surface of MVLPs and
could be characteristically identified using immune-elec-
tron microscopy. Although the VLP structures of JEV and
other flaviviruses have been reported in other vaccine stud-
ies, the detailed structures of VLP E proteins have not
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