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Japanese encephalitis (JE) is a serious disease in Asia, but it can be prevented by vaccination. To evaluate
the necessity for vaccination in areas with reduced numbers of vector mosquitoes, as well as patients,
it is critical to understand the frequency of natural virus exposure. An antibody survey was recently
conducted to estimate current natural infection rates in Japan, where the vaccination rate has dropped in
recent years, Serum samples were collected in 2004-2008 from inhabitants of Kumamoto Prefecture in

west Japan, and in 2004-2006 from the Tokyo Metropolitan area of east Japan. Average annual infection

Keywords:

Japanese encephalitis
Nonstructural protein
Neutralizing antibodies
Natural infection rate

rates estimated from the prevalence of antibodies to the nonstructural 1 protein (NS1) of JE virus was
1.8% in Kumamoto and 1.3% in Tokyo. When estimated from percentages of populations with detectable
neutralizing antibodies but with no vaccination history, the average annual infection rate was 2.6% in
both survey areas. Thus, JE virus remains present and active in nature in Japan. Therefore, continuing a
vaccination program is indispensable to prevent JE infection in humans.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Japanese encephalitis (JE) is a major public health issue in Asia
[1]. Annually, approximately 50,000 cases occur and 10,000 die
from this disease [2], which is caused by the Japanese encephalitis
virus (JEV), a member of the genus Flavivirus in the family Fla-
viviridae that is transmitted by mosquitoes [3]. In Japan, Korea and
Taiwan, it has been demonstrated that this disease can be con-
trolled by human vaccination [4]. A formalin-inactivated, purified
JEV preparation has been widely used to protect human popula-
tions from JE.

In Japan, the annual number of human JE cases has been reduced
from over 1000 before 1967 to less than 10 after 1992 [5]. This
followed the initiation in 1967 of the nationwide distribution of
a high-purity inactivated JE vaccine. It has been thought that the
reduction in JE cases might also have resulted from the decreased
number of vector mosquitoes. In conjunction with the relocation
of many pig farms to areas removed from residential zones, such
factors would have reduced the efficiency of JEV transmission to
human populations from amplifier pigs through vector mosquitoes

* Corresponding author at: Department of International Health, Kobe University
Graduate School of Health Sciences, 7-10-2 Tomogaoka, Suma-ku, Kobe 654-0142,
Japan. Tel.: +81 78 796 4594; fax: +81 78 796 4594.

E-mail address: ekon@kobe-u.ac.jp (E. Konishi).

0264-410X/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2010.01.008

[6]. Reports on post-vaccination events like acute disseminated
encephalomyelitis (ADEM) [7,8] raised opposition to JE vaccina-
tion. Then, the occurrence of a case with severe ADEM following JE
vaccination prompted the Japanese Government in 2005 to with-
draw its strong recommendation for JE vaccination for both 3-dose
primary and 2-dose booster immunizations [9,10].

Following the suspension, the JE vaccination rate decreased. The
national JE surveillance program indicated that only approximately
10% of children aged 3-4 years were vaccinated with JE vaccine
in 2007 [11]. Accordingly, the surveillance program in the same
year indicated that only approximately 20% of children of identical
ages possessed neutralizing antibodies against JE [12]. Therefore,
increasing populations susceptible to JEV infection have raised con-
cerns about the recurrence of JE.

The natural activity of JEV is a critical factor in the debate about
the necessity to continue avaccination program. In Japan, except for
the non-endemic northern areas, annual infection rates in humans
ranged from 3 to 17% before 1960 [13-16], 5 to 10% in the early
1980s and mid-1990s [17] and 0.2 to 3.4% between 2001 and 2004
[18,19]. Although reports on annual infection rates in humans have
not been available since 2004, JEV infection in swine is reported
every summer by the national JE surveillance program, particularly
in the south and west of Japan [20]. The 2008 surveillance report
[21] is shown in Fig. 1.

The present paper reports annual infection rates during
2004-2008 among the inhabitants of Kumamoto Prefecture (west
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Japan) and of the Tokyo Metropolitan area (east Japan) during
2004-2006. Natural infection was detected by measuring antibod-
ies to the nonstructural protein 1 (NS1) of JEV, which allowed
the differentiation of infected from vaccinated individuals. Annual
infection rates were also obtained from percentages of populations
who had no history of JE vaccination but possessed neutralizing
antibodies against JEV. Kumamoto and Tokyo are representative of
the west and east areas of Japan, since the time-related JEV antibody
prevalence in swine in these areas during the epidemic season,
as reported from the national JE surveillance program [20,21], are
roughly similar to those in their neighboring prefectures.

2. Materials and methods
2.1. Human serum samples

As a part of a national JE surveillance program, sera were col-
lected after signed consent was received from 1190 inhabitants of
Kumamoto Prefecture from 2004 through 2008, and 955 inhab-
itants of the Tokyo Metropolitan area from 2004 through 2006.
Upon receiving the consent, inhabitants completed questionnaires
including questions about JE vaccination history. For most children,
parents were able to refer to a notebook wherein was recorded their
child's vaccination history. The period of collecting serum samples
was from late August to mid-October in Kumamoto and from July
to October in Tokyo. The locations of these survey areas are shown
in Fig. 1. Survey subjects ranged in age from 0 to 98 years in the
Kumamoto samples and 0 to 76 years in the Tokyo samples. Ages
were grouped in 10-year increments, except for those aged over 60
years, which were grouped in one age group (see Supplementary
Tables S1 and S2 for age and gender compositions). Serum sam-
ples from babies aged <6 months, which may contain maternally
transferred antibodies, were not used. All of the Kumamoto samples
were examined for both NS1 and neutralizing antibodies, while in
the Tokyo samples, a reduced number of samples was used for NS1
antibody testing because of the limited volume of sera remaining
(indicated by parenthesis in Supplementary Table S2). The use of
all human samples in the present study was approved by the Ethi-
cal Committees of the Kobe University School of Medicine and the
Tokyo Metropolitan Institute of Public Health.

- >80% 45° --Phc----
B 50%-80% tHh,
BB 0%-50% g

3 o%

3 Not done

Fig. 1. Map of Japan indicating geographic locations of Kumamoto Prefecture and
the Tokyo Metropolitan area and seropositivity in 2008 of the swine popula-
tion in each prefecture as reported by the national JE surveillance program [21].
Seropositivity of swine is expressed semi-quantitatively in the figure. Note that the
surveillance program was not conducted in some prefectures. The island depicted
in the square is Okinawa Prefecture, the southernmost prefecture in Japan. Broken
lines indicate latitude expressed in degrees north.

2.2. Swine serum samples

As a part of a national JE surveillance program, sera
were obtained from 6-month-old swine at slaughterhouses in
Kumamoto Prefecture in 2004-2008. Twenty samples were col-
lected on eight occasions during the JE epidemic season from July
to September.

2.3. ELISA for quantifying NS1 antibodies

ELISA was performed as described previously [22]. Briefly,
plates sensitized with purified NS1 antigens were blocked with the
ELISA diluent and then incubated serially with test sera, alkaline
phosphatase-conjugated goat anti-human IgG, and p-nitrophenyl
phosphate. The NS1 antigens were obtained from culture fluids of
3G8 cells stably transfected with the NS7 and NS2A genes of JEV [23]
by immunoaffinity purification with a monoclonal specific for NS1
(JE-2D5). The ELISA diluent was composed of 0.05M Tris-HCl (pH
8.0) containing 0.2% casein, 0.05% Tween 20,1 mM EDTAand 0.15M
NaCl [24]. The ELISA diluent was used for preparing dilutions of test
sera and the conjugate, as well as for blocking. A non-sensitized
control plate was run in parallel, and the absorbance obtained
with non-sensitized wells was subtracted from those obtained with
antigen-sensitized wells, to eliminate nonspecific reactions. To
minimize interplate variations, a constant positive control serum
was included in every plate, and absorbances obtained with test
samples were adjusted with the value for the positive control as 1.0.
The adjusted absorbances were expressed as ELISA values. ELISA
values of 0.185 or higher were determined as positive for NS1 anti-
bodies.

2.4. Neutralization test

Neutralizing antibodies contained in human sera were titrated
by a standard method as described elsewhere [25], as a part of a
national JE surveillance program. In this method, complement was
not included in the virus-antibody mixture. The neutralizing anti-
body titer was expressed as the highest serum dilution yielding
a 50% reduction in plaque number. Serum samples showing neu-
tralizing antibody titers of 1:10 or higher were determined to be
positive for antibodies to JEV.

2.5. Hemagglutination-inhibition (HAI) test

HAI test was performed by a micro-modification of the method
of Clarke and Casals [26], with four hemagglutinin units of the JEV
antigen (JaGAr#01 strain; Denka Seiken, Niigata, Japan). Sera show-
ing HAI antibody titers of 1:10 or higher were determined to be
positive for JEV antibodies.

2.6. Statistical analysis

Significant differences in antibody prevalence were evaluated
by the chi-square test with the Yates’ correction factor. Probability
levels (P) of less than 0.05 were considered significant.

3. Results
3.1. NS1 antibody levels in the Kumamoto populations

Sera collected in Kumamoto Prefecture were examined for NS1
antibodies (Fig. 2A). The overall prevalence of NS1 antibodies in
2004-2008 was 7.6% (90/1190). Males and females did not show
significant differences in overall prevalence in each year. How-
ever, when comparisons were made among each age group, males
showed a higher prevalence than females in the 60s age group in
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Fig. 2. NS1 antibody prevalence in Kumamoto populations in 2004-2008. (A) Age-dependent antibody prevalence curve in males (closed circle), females (closed triangle)
and total (open square) populations. Asterisk indicates significant differences between males and females (P <0.05). (B) Annual infection rates estimated from NS1 antibody
prevalence in males (closed circle), females (closed triangle) and total (open square) populations. Asterisks indicate significant differences between years in the total

population: *P<0.05 and **P<0.01.

2004. Antibody prevalence increased with age: in the total popu-
lation (2004-2008), the age groups of the 50s or the 60s showed
higher prevalences than those of the 0s, 10s or 20s (P<0.001) or the
30s (P<0.01) and; the 40s age group showed a higher prevalence
than did the Os or 10s (P<0.01).

The annual infection rate was calculated by dividing the NS1
antibody prevalence by the duration of NS1 antibodies (4.2 years
[22]). The mean annual infection rate obtained in 2004-2008 was
1.9% in males, 1.7% in females and 1.8% in the total population
without significant gender differences (P> 0.05). The annual infec-
tion rates in 2005-2007 were higher than those in 2004 and 2008:
significant differences were detected between 2004 and 2007 and
between 2008 and each year for 2005-2007 (P<0.05 or P<0.01;
Fig. 2B).

3.2. Neutralizing antibody titers in the Kumamoto populations
The prevalence of neutralizing antibodies was obtained using

the same populations as used for the NS1 antibody survey (Fig. 3).
Although age-dependent prevalence curves varied between males

and females probably based on the small population size in each age
group in different years, the total population (2004-2008) showed
a tendency that the prevalence increased between the 0s and 10s,
decreased between the 20s and 40s and again increased between
the 40s and 60s age groups. The overall prevalence for 2008 (55.8%)
was lower than those for 2004 (66.4%; P<0.05) and 2005 (70.5%;
P<0.001). Antibody prevalences in the Os age group in 2007-2008
were lower than those in 2004-2006 (P <0.05).

Questionnaires related to the vaccination history of each subject
provided a total of 145 children aged 9 years or younger who had
not received any JE vaccine (Table 1). Of these, 15(10.3%) were pos-
itive for neutralizing antibodies, indicating natural infection with
JEV. Since the average survival period of these subjects was 4.0
years, the annual infection rate was calculated to be 2.6% (Table 1).
The annual infection rates in males and females obtained in the
same way were 2.4 and 2.9%, respectively.

Prevalence of HAI antibodies among pigs started to increase
in late July in 2005 and 2007 and in late August in other years
(Fig. 4). The time when the prevalence became over 50% was the
latest in 2008 (mid-September). These results suggested that the
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Table 1

Annual infection rates in Kumamoto, 2004-2008, and Tokyo, 2004-2006, calculated from the number of unvaccinated children aged 0-9 years with neutralizing antibodies.

Area Gender Total no. No. of positive % positive Average survival period (year)* Annual infection rate (%)°
Kumamoto Male 80 7 8.8 37 24

Female 65 8 123 43 29

Total 145 15 103 40 2.6
Tokyo Male 127 13 102 32 32

Female 73 3 4.1 28 1.5

Total 200 16 8.0 31 26

# Calculated from the age of the subjects. The survival period of each subject was supposed to be 0.5 years more than the age: for instance, the survival period of a subject

aged 1 year was regarded as 1.5 years.
b Calculated by dividing the “% positive” by the “average survival period”.

spread of JEV was earlier in 2005 and 2007 than in other years and
that JEV activity in 2008 was the lowest for the 2004-2008 period
in Kumamoto, as far as the activity could be estimated by swine
antibodies.
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Fig.4. Time-related prevalence of HAl antibodies in swine in Kumamoto Prefecture.
Sera were collected in early (1), mid (2) and late (3) July, August and September in
2004 (closed circle), 2005 (closed triangle), 2006 (closed square), 2007 (open circle)
and 2008 (open triangle).

Finally, we examined the relationship between neutralizing and
NS1 antibodies. Overall, 6.4% of the population were positive for
both neutralizing and NS1 antibodies, 57.1% were positive only for
neutralizing and 1.2% were positive only for NS1 antibodies, while
35.4% were negative for both antibodies. By age-dependent curves
(Fig. 5), approximately 80% of the 10s and 20s populations had
only neutralizing antibodies. As well, approximately 20% of the 50s
and 60s were positive for both neutralizing and NS1 antibodies, in
contrast to less than 5% of the 30s or lower age groups.

3.3. NS1 antibody levels in the Tokyo populations

NS1 antibodies in sera collected in the Tokyo Metropolitan area
were analyzed in a similar way to that used for the Kumamoto
populations (Fig. 6A). Overall prevalence of NS1 antibodies in
2004-2006 was 5.5% (32/578). No significant differences were
shown in the prevalence between males and females in each age
group in each year (P>0.05). Similar to the Kumamoto popula-
tions, prevalence increased with age. Among the total population
(2004-2006), the 50s and 60s age groups showed higher preva-
lences than the 10s (P<0.001) or 20s (P<0.01), while the 50s age
group showed a higher prevalence than that the 0s (P<0.05).

The mean annual infection rates calculated from NS1 antibody
prevalences in 2004-2006 were 1.0% in males, 1.6% in females and
1.3% in the total population without significant gender differences
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(P>0.05). The annual infection rates were not significantly differ-
ent for the years 2004-2006, except for in the male population
where the rate was significantly higher in 2004 than 2006 (P<0.05;
Fig. 6B).

3.4. Neutralizing antibody titers in the Tokyo populations

Age-dependent prevalence curves of neutralizing antibodies
(Fig. 7)showed a tendency similar to those shown in the Kumamoto
populations (Fig. 3): a low prevalence among the Os years, high
prevalences for the 10s and 20s and a low prevalence for the 40s
age groups in the total population (2004-2006). The prevalence
of neutralizing antibodies was not significantly different between
genders in each year and each age group (P>0.05; Fig. 7). On the
other hand, the prevalence was significantly lower in 2006 than
2004 in the Os age group in the male and total populations (P <0.05).

The annual infection rate calculated from the number of chil-
dren aged 9 years or younger who had not received any doses of
JE vaccine was 3.2% in males, 1.5% in females and 2.6% for the total
population (Table 1).

4. Discussion

The present survey estimated annual infection rates using two
types of antibodies, those to JEV structural or those to nonstruc-
tural proteins. Because most people among the total Japanese
population have received inactivated JE vaccine in their child-
hood, identification of naturally infected individuals required a
serological method based on antibodies to nonstructural proteins
induced only by infection. On the other hand, the recent reduction
in vaccination rates allowed us to detect natural infection using
a conventional neutralization test. If an unvaccinated individual
possessed neutralizing antibodies, we considered that it was as a
result of infection. In the present study, the population used for this
estimation was limited to those aged 9 years or younger: the infor-
mation for vaccination history is more reliable in younger than in
older people since the objects of the JE vaccination program were
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children aged 3-15 years before May of 2005 and 3-10 years after
June of 2005.

The annual infection rates obtained based on neutralizing anti-
bodies (2.6% in Kumamoto and Tokyo) were higher than those
based on NS1 antibodies (1.8% in Kumamoto and 1.3%in Tokyo). The
cutoff value differentiating positive from negative samples in ELISA
for measuring NS1 antibodies was determined by the confidence
limit calculated from the mean and standard deviation obtained
with negative controls at a probability level of 0.1% [22]: thus, the-
oretical false-positives may arise in only one of a thousand negative
samples. On the other hand, the neutralization test was based on a
50% plaque reduction method and the cutoff value was an antibody
titer of 1:10, which cannot be considered a stringent cutoff value
since a recent clinical trial for evaluating an inactivated JE vaccine
used a cutoff of 1:20 for selecting uninfected volunteers [27]. How-
ever, in the present study, even if the cutoff was increased to 1:20,
the annual infection rate was identical in Kumamoto populations
and 2.3% in Tokyo populations. Vaccine-induced “sterile” immu-
nity in which neutralizing antibodies inactivate the virus before
infecting the host cells is also a potential reason why the annual
infection rates estimated from neutralizing antibodies were higher
than those estimated from NS1 antibodies. Although annual infec-
tion rates estimated by the two methods varied from 1.3 t0 2.6%, this
approach provided strong evidence of recent natural JEV activity in
Japan.

The national JE surveillance program has reported higher nat-
ural JEV activities in Kumamoto Prefecture than in the Tokyo
Metropolitan area [20,21], with HAI antibody prevalence among
swine during 2004-2008 averaging 59% in Kumamoto and 18% in
Tokyo. This is consistent with the difference between the num-
bers of JE patients reported during the same period in Kumamoto
(6 cases) and in Tokyo (0 cases) [28,29]: of particular note was
a 3-year-old unvaccinated patient reported in Kumamoto Prefec-
ture in 2006. On the other hand, the difference in NS1 antibody
prevalence between Kumamoto in 2004-2008 (7.6%) and Tokyo in
2004-2006 (5.5%) was not statistically significant (P>0.05). More-
over, the annual infection rates estimated from the prevalence
of neutralizing antibodies were identical (2.6%). Variations could
have occurred in the survey results in both areas, since the sur-
vey population was small: 0.012-0.017% and 0.0024-0.0026% of
the total population in Kumamoto Prefecture (1,842,140 people)
and the Tokyo Metropolitan area (12,570,904 people), respectively,
based on the 2005 census. However, the presence of NS1 antibod-
ies and the presence of neutralizing antibodies in unvaccinated
children undoubtedly demonstrated natural JEV activities during
2004-2008 in Kumamoto and 2004-2006 in Tokyo. In fact, 2 of the
3 patients in 2008 occurred in east Japan close to Tokyo [29].

In Kumamoto, the annual infection rates estimated from NS1
antibodies were higherin 2005-2007 (2.1-2.7%) thanin 2004 (1.3%)
or 2008 (0.9%). This appeared consistent with the start of the cir-
culation of JEV in nature, which was earlier in 2005 and 2007 than
in other years, as determined by the time course of the prevalence
of HAI antibody in swine. However, considering the variation in
annual infection rates based on the period for collecting serum
samples (from late August to mid-October) and the duration of NS1
antibodies (4.2 years), it cannot always be taken to mean that the
human NS1 antibody results correlated with those for swine HAI
antibodies.

The age-dependent prevalence of neutralizing antibodies
showed similar patterns in Kumamoto and Tokyo. These patterns
were consistent with the pattern reported from the national JE
surveillance program: that is, an increase between the 0s and 10s,
a decrease between the 20s and 40s and then an increase between
the 40s and 60s age groups [12]. The low prevalence in the Os age
group reflected arecent decrease in the vaccination rate. The preva-
lence in this age group was not as high as those reported in 2004

by the national JE surveillance program [28]. During the present
survey period, the prevalence in the Os age group was significantly
reduced in both Kumamoto and Tokyo. By contrast, the high per-
centages in the 10s and 20s age groups are considered as the result
of the high vaccination rates before 2004. The low percentage in
middle age groups can probably be attributed to the duration of the
effect ofinactivated JE vaccine and the assumption that almost none
received a vaccination after they were 15 years old. The high preva-
lence rates in the older age groups may be explained by the fact that
these ages did not receive vaccinations and were exposed to the JEV
antigen initially by natural infection, which may induce stronger
memory immune responses than those induced by vaccination.

The relationship between neutralizing and NS1 antibodies var-
ied with age. Since the strategies to measure neutralizing or
NS1 antibodies are fundamentally different in terms of the assay
method (functional or binding assays, respectively), as well as
the type of target protein (structural or nonstructural proteins,
respectively), these antibodies do not always appear to correlate.
Specifically, an individual who was vaccinated but not infected may
develop only neutralizing but not NS1 antibodies. That a high per-
centage (57.1%) of the population is positive only for neutralizing
antibodies (Fig. 5) seems to be attributable to the vaccination. The
fact that the populations positive for both neutralizing and NS1
antibodies were higher among the 50s and 60s than in other age
groups is related to the present age-dependent curves of NS1 and
neutralizing antibodies; with higher prevalences shown in both
populations. The high prevalence of NS1 antibodies in the 50s and
60s age groups in Kumamoto and Tokyo populations may be related
todifferences in the first exposure to a JEV antigen (infection or vac-
cination) and/or simply how many times an individual has acquired
natural infections.

A question arises why the numbers of reported JE patients
have stayed low in situations where a relatively large num-
ber of unvaccinated children have been exposed to natural JEV
infection. One possible explanation is the attenuation of JEV
currently circulating in Japan. It is speculated that the atten-
uation may relate to the recent genotype shift from type 3
to 1 [30] and/or the deletion of about 10 nucleotides in the
3’-untranslated region in recent isolates [31]. Attenuation of
JEV is considered to decrease the clinical:subclinical infection
rate, resulting in high antibody prevalence with few patients.
In recent years, JEV sequences have been detected by poly-
merase chain reaction in cerebrospinal fluid samples from children
with aseptic meningitis in Japan [32]. Attenuation may have
caused a shift in the major clinical manifestation caused by
JEV infection from encephalitis to meningitis, which would have
contributed to the reduction in the numbers of reported JE
patients.

In conclusion, the present survey, conducted in areas of west and
east Japan, revealed continuous JEV activities in nature and recent
exposures of human populations to JEV infection. This indicates
that the JEV transmission route to humans still exists in domes-
tic and peridomestic environments in Japan. Although the wild
JEV strain might be currently attenuated, it is possible that the
virus could recover virulence through natural mutation and foreign
pathogenic JEV strains could invade Japan [33]. These results high-
light the necessity for the National Government to again strongly
recommend JE vaccination and prevent JE infections in Japan’s pop-
ulation.
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A complement-dependent cytotoxicity (CDC) assay was established to measure antibodies to the West Nile
virus (WNV) nonstructural protein 1 (NS1) in horses. Sera collected from a WNV-infected horse mediated lysis
of WNV NSl-expressing cells in a dose-dependent manner at higher percentages than sera from a Japanese
encephalitis virus (JEV)-infected horse. The percentages of specific lysis for sera diluted 1:10 to 1:80 were
<19.8% (assay cutoff) for almost all of the 100 JEV-infected or uninfected horses tested, in contrast to 55 to
76% in WNV-infected horses. Experimental infection revealed that horses became anti-WNV NS1 antibody
positive 10 days after WNYV infection. This study demonstrated the utility of this assay for differentiating WNV

from JEV infections in horses.

West Nile virus (WNV) and Japanese encephalitis virus (JEV)
are included in the Japanese encephalitis (JE) serological
group of the Flavivirus genus of the Flaviviridae family (4, 13).
JEV is distributed mostly in Asia, whereas WNV is spread
worldwide, apart from most areas of Asia (3, 14, 17). There is
a possibility that WNV may be introduced into Asia including
Japan, similar to its introduction and rapid expansion in the
Western Hemisphere. Since the clinical features of WNV in-
fection in humans and horses (6, 16) are similar to those
caused by JEV (2, 16), the differential diagnosis of WNV from
JEV infections is reliant on laboratory tests. The neutralization

test provides the highest specificity among currently available

serodiagnostic tests (11). However, even with the neutraliza-
tion test, cross-reactivity among members of the JE serological
group can affect a differential diagnosis, making it difficult to
differentiate between WNV and JEV infections (11). Experi-
ments using mice (12), pigs (18), and horses (15) have indi-
cated that upon infection with WNV, animals preimmune to
JEV by vaccination or infection induce strong anamnestic re-
sponses to JEV. Specifically, neutralizing antibody levels
against JEV are commonly equivalent to or even higher than
those against WNV.

Antibody-mediated complement-dependent cytotoxicity
(CDC) is a mechanism whereby complement activation trig-
gered by specific antibody binding to an antigen on a cell
surface causes the formation of the C5b-9 membrane attack
complex, which can lyse the target cell (1). We have previously
shown the usefulness of this mechanism for measuring anti-
bodies to the nonstructural protein 1 (NS1) of JEV in equine
sera (7). In the present study, we examined if the CDC assay
could be applied for the detection of antibodies to NS1 of
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WNYV and if this was able to differentiate WNV from JEV
infections in horses.

Sera obtained from horses experimentally infected with
WNV have been described previously (5). Briefly, two 1-year-
old thoroughbred horses (yearlings; horse numbers 1 and 2)
were infected subcutaneously with 1 X 107 PFU of the NY99
strain of WNV. Serum collected from horse 1 at 28 days postin-
fection was used as a positive control in the present CDC assay
and the conventional enzyme-linked immunosorbent assay
(ELISA). Sera from 100 individual thoroughbred horses born
and kept in Japan were used as negative controls for antibodies
to WNV N8I, as in our previous study (5). Of the 100 sera, 40
were negative and 60 positive for anti-JEV NS1 antibodies as
determined by ELISA (8). The 40 sera that were negative for
JEV NSI1 antibodies were collected from 20 yearlings vacci-
nated with inactivated JE vaccine and 20 without vaccination.
All 40 of these horses were born and kept in an area of
northern Japan where JEV is not endemic. The 60 sera posi-
tive for JEV NS1 antibodies were collected from horses aged 3
to 12 years, as used in our earlier survey (9). All animal ex-
periments were conducted according to the Guidelines for
Animal Experimentation at the Equine Research Institute.

The CDC assay previously established for measuring JEV
NS1 antibodies (7) was modified to detect WNV NS1 antibod-
ies. The antigen used for the present assay was a stably trans-
fected 2G2 cell line that constitutively expresses the NS1
protein of the WNV Egl01 strain (5). Fifty microliters of
serum-free minimal essential medium (SF-MEM) containing
5 X 10* 2G2 recombinant cells was mixed with an equal vol-
ume of heat-inactivated test serum diluted in SF-MEM and
incubated on ice for 30 min. This mixture was then mixed with
11 pl of commercial rabbit complement (Low-Tox-M rabbit
complement; Cedarlane, Hornby, Canada) for a final concen-
tration of 10% and incubated at 37°C for 2 h. Following cen-
trifugation, 50 pl of the supernatant was mixed with 50 pl of a
lactose dehydrogenase (LDH) substrate (Cytotoxicity Detec-
tion Kit Plus; Roche, Mannheim, Germany) and incubated at
room temperature for 15 min. The resulting color reaction was
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FIG. 1. Comparison of dose-dependent antibody responses of the
CDC assay and ELISA to detect anti-WNV NS1 antibodies. Sera from
horses experimentally infected with WNV (horse number 1 at 28 days
after infection; closed circles) or naturally infected with JEV (open
circles) were tested for WNV NS1 antibodies by the CDC assay (left
panel) and a conventional ELISA (right panel). A conventional ELISA
was performed essentially following a method previously described (5)
except that 3 ng of WNV NS1 antigen from culture fluid of 2G2 cells
per well was used in this study. Serial 2-fold dilutions of sera starting
from 1:10 or 1:100 dilutions were used in the CDC assay or conven-
tional ELISA, respectively. Each datum represents an average ob-
tained in two separate experiments (standard deviations are indicated
by bars).

read by spectrophotometry at 490 nm. All procedures were
performed in duplicate in 96-well microplates. The percentage
of specific cell lysis was calculated according to the manufac-
turer’s instructions using the following formula: 100 X [(4 —
O)/(B — C)], where A represents the absorbance value ob-
tained with test serum (experimental release), B represents the
absorbance obtained by lysing all of the target cells with 1%
Triton X-100 (maximum release), and C represents the absor-
bance obtained with target cells incubated in SF-MEM con-
taining rabbit complement at 10% (minimum release). When
this calculation provided a negative value, 0.0% was assigned
as the result. Test sera with a specific lysis percentage greater
than the cutoff value (19.8% of specific lysis) were determined
to be positive for WNV NS1 antibodies. For the one-dilution
method, the percentages of specific cell lysis obtained in 1:10 to
1:80 dilution series of sera were used as the WNV NS1 anti-
body level. In the end point method, the WNV NS1 antibody
titer was expressed as the highest serum dilution giving greater
than 19.8% of specific lysis.

The dose-response curve obtained in the present CDC assay
using serum from WNV-infected horses and WNV NS1-ex-
pressing cells (Fig. 1, left panel, closed circles) was consistent
with previous reports using serum from JEV-infected horses
and JEV NS1-expressing cells (7). This provided validation of
the CDC assay for measuring WNV NS1 antibodies in horse
sera. Percentages of specific lysis were higher than those ob-
tained with serum from JEV-infected horses at most serum
dilutions, although two sera showed equivalent WNV NS1
antibody levels in the ELISA (Fig. 1, right panel).

The usefulness of the present CDC assay for differentiating
WNV from JEV infections was determined using a total of 100
samples collected from individual thoroughbred horses re-
garded as free of antibodies to WNV (Fig. 2A). Serum dilu-
tions of 1:10 to 1:80 showed that most of these sera had less
than 20% specific lysis, which was lower than the 54.5 to 75.5%
levels obtained with the positive control serum (horse 1 at 28
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FIG. 2. Distribution of CDC antibody levels/titers in horse sera
regarded as negative for WNV NS1 antibodies and sera from a WNV-
infected horse. (A) CDC antibody levels obtained by the one-dilution
method. Four 2-fold dilutions of sera, 1:10 to 1:80, were used. (B) CDC
antibody titers obtained with the end point method. Four groups used
for comparison included samples from 20 yearlings without JE vacci-
nation (group I), 20 yearlings with JE vaccination (group II), 60 horses
positive for JEV NS1 antibodies (group IIT), and horse number 1 at 28
days after experimental infection with WNV (group IV). Data of group
IV were obtained from five independent experiments. Circles indicate
individual data, while ellipses indicate a group of data showing 0.0%
specific lysis or an antibody titer of <1:10. The number of individuals
contained in the ellipses is given below each ellipse. For groups I to IIT
or IV, open or closed squares with bars indicate averages and standard
deviations, respectively. Dotted lines indicate the cutoff value for the
one-dilution (19.8%) or end point (1:10) method of the CDC assay.

days after infection) in five separate experiments. We deter-
mined that 19.8% was an appropriate cutoff value to differen-
tiate positive from negative samples for antibodies to WNV
NS1. This value was calculated by the mean (4.08%) plus 2
times the standard deviation (7.85%) of the percentage of
specific lysis obtained at the 1:10 dilution. Under this cutoff, all
of the 40 horses without antibodies to JEV NS1 were negative
for WNV NSI1 antibodies, even in a 1:10 dilution of sera,
irrespective of whether these horses were vaccinated. Of the 60
horses with antibodies to JEV NS1, only 5 were positive at a
1:10 dilution and 1 at 1:20; there were no positive sera at 1:40
and 1:80 dilutions. The end point method, which overcomes
the limitations of the one-dilution method, which cannot cor-
rectly measure high antibody levels (Fig. 2B), indicated that
there were antibody titers of <1:10 in 95 of 100 negative
samples, in contrast to 1:160 in the positive control. These
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FIG. 3. Time courses of WNV NS1 antibodies in two horses exper-
imentally infected with WNV. Sera were tested by the one-dilution
method at serum dilutions of 1:10, 1:20, 1:40, and 1:80 and the end
point method of the CDC assay. For comparison, data of the blocking
ELISA, conventional ELISA to measure WNV NS1 antibodies, and
neutralizing test were included from our earlier study (5). Each datum
of the CDC assay represents an average obtained in two separate
experiments (standard deviations are indicated by bars). Dotted lines
indicate the cutoff values for the one-dilution (19.8%) or the end point
(1:10) method of the CDC assay. Dashed lines indicate the cutoff value
in the blocking ELISA (27.6%). The week zero time point on the
abscissa indicates the sample taken immediately before the WNV
infection.

results indicated a clear difference between sera from WNV-
and JEV-infected horses in the present CDC assay, as well as
the reproducibility of this assay.

To further evaluate the usefulness of the CDC assay, we
tested sera from two horses experimentally infected with WNV
(Fig. 3). For comparison, time courses of antibody levels/titers
previously obtained in the conventional ELISA, the blocking
ELISA, and neutralization test (5) are included in Fig. 3. With
the one-dilution method of the CDC assay, percentages of
specific lysis obtained in a 1:10 dilution of serum started in-
creasing on day 10 and then plateaued at approximately 70 to
80% on day 12 for both horses. Even at serum dilutions of 1:20
to 1:80, both horses became positive within 18 days after WNV
infection. The time courses obtained by the end point method
were essentially consistent with those obtained by the one-
dilution method. In the blocking ELISA, the percentage of
inhibition started increasing on day 10, identical to the time
course shown in the CDC assay. However, seroconversion was
detected on days 12 (horse 1) and 14 (horse 2) by the blocking
ELISA, which was slightly later than determined by the CDC
assay (day 10). The conventional ELISA first detected WNV
NS1 antibodies on day 10, consistent with the time point when
antibody levels were shown to increase in the CDC assay and
blocking ELISA. The neutralization titers, mainly represented
by antibodies to the WNV envelope (E) protein, began to
increase on day 7 and then plateaued on day 10, earlier than
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the increase in WNV NS1 antibodies detected by other meth-
ods. These results indicated that the present CDC assay can
measure antibodies to WNV NS1 in horses, similar to the
blocking ELISA.

In an earlier study using a JEV model (7), we characterized
the CDC assay as a method for antibody testing and showed
that such an assay can differentiate antigen-specific from non-
specific reactions more effectively than ELISA. Specifically,
almost all sera from nonimmune animals at a 1:10 dilution
showed no nonspecific lysis using MF6 cells expressing JEV
NS1 protein. Similarly, none of the 40 sera we regarded as free
from WNV NS1 antibodies and also not containing antibodies
to JEV NS1 showed specific lysis (0.0%) at a 1:20 dilution
using 2G2 cells expressing WNV NS1 protein. Since 28 of the
40 sera showed low-level lysis (0.17 to 7.48%) at a 1:10 dilution,
the ability of the CDC assay to differentiate antigen-specific
from nonspecific reactions seems, to some extent, to differ
according to the cell line.

The ability of the CDC assay to measure virus-specific anti-
bodies more effectively than cross-reactive antibodies in a
model of WNV and JEV is supported by a recent report
indicating that JEV NS1 antibodies do not mediate CDC of
WNV-infected cells, despite their ability to immunoprecipitate
WNV NS1 (10). Similar to neutralization test results, func-
tional antibodies detected by the CDC assay seem to be more
virus specific than antibodies detected by a binding assay such
as the ELISA.

The cutoff point for determining serum samples as positive
for WNV NS1 antibodies is important for differentiating WNV
from JEV infections in the present CDC assay. When 1:10
dilutions of sera were used, 5 of the 100 WNV NS1 antibody-
negative sera showed positive results (Fig. 2). Further dilutions
of sera decreased the number of false-positive samples to one
at 1:20 and zero at 1:40 and 1:80 dilutions. Thus, the 1:40 or
1:80 dilution used in the one-dilution method with a cutoff for
specific lysis of 19.8%, or in the end point method as a bor-
derline dilution, is considered to provide stringent criteria for
the CDC assay, with false-positive results unlikely to occur.

In conclusion, the present study showed that the CDC assay
can measure WNV NS1 antibodies in horse sera. Thus, this
assay would be a useful tool for differentiating WNV from JEV
infections in serological diagnoses.
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SUMMARY: An ELISA system for measuring antibodies to nonstructural protein 1 (NS1) of Japanese
encephalitis virus has already been established. This system uses an ELISA diluent containing casein, in-
stead of bovine serum albumin (BSA). During a survey, we found that 21 (21%) of 102 children aged
1-5 years, who had no history of Japanese encephalitis vaccination and were without detectable neutral-
izing antibodies, showed positive results with this ELISA system. Western blotting analysis showed that
sera from 19 (91%) of these 21 subjects had antibodies to BSA, but not NS1. These sera reacted with
BSA antigen remaining in immunoaffinity-purified NS1 antigen. One solution to this problem was to re-
duce the BSA level to < 1% of the NS1 amount. Another was to use a control well sensitized with BSA
with the same amount as that contained in the NS1 antigen preparation.

Japanese encephalitis virus (JEV) of the genus
Flavivirus in the family Flaviviridae, is the leading cause
of viral encephalitis in Asia (1). While Japanese enceph-
alitis (JE) is vaccine preventable (2), the recommenda-
tion for JE vaccination in Japan was suspended in 2005
(3,4). The significance of a vaccination program is a
topic that has generated much debate. This is because
the current low JE incidence may also be attributable to
the decreased number of vector mosquitoes along with
the relocation of pig farms further away from residen-
tial areas. However, the natural infection rate in hu-
mans is a critical factor for evaluating any need for con-
tinuous vaccination.

Antibodies to JEV nonstructural protein 1 (NS1) con-
stitute a marker of natural infection among populations
vaccinated with an inactivated JE vaccine (5). Although
ELISA is a serological method suited for antibody sur-
veys, nonspecific reactions occurring in human sera
have hampered the reliable measurement of low-level
NS1 antibodies induced in subclinically infected hu-
mans. We have found that the nonspecific reactions oc-
curring in a system using an ELISA diluent containing
bovine serum albumin (BSA) were minimized when
casein-based diluent was used (6).

The ELISA protocol has been described (6). The only
characteristic feature compared with those of a conven-
tional ELISA scheme was the ELISA diluent, which was
composed of 0.05M Tris-HCl (pH 8.0) containing
0.2% casein, 0.05% Tween 20, 1 mM EDTA, and
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0.15 M NaCl. Briefly, microplates sensitized with puri-
fied NS1 antigens at 10 ng/well were incubated serially
with test sera and alkaline phosphatase-conjugated goat
anti-human IgG. Both were prepared in the ELISA dil-
uent. The NS1 antigen used for sensitization was im-
munoaffinity-purified from culture fluids of NSI-ex-
pressing cells using a monoclonal antibody specific for
NS1. Nonsensitized control wells were run in parallel
and differences in absorbance from antigen-sensitized
wells were regarded as NSI1-specific reactions.

During an NS1 antibody survey using sera collected in
Kumamoto Prefecture from 2004 to 2008 (7), we no-
ticed that a large population (21%, 21 of 102) of chil-
dren aged 1-5 years, who had no vaccination history
and no detectable neutralizing antibodies, showed posi-
tive results in our ELISA for measuring NS1 antibodies.
Although NS1 antibodies detected by our ELISA do not
necessarily correlate with E antibodies detected by the
neutralization test, we could find no specific reasons to
explain this high prevalence of NS1 antibodies.

These 21 samples were then analyzed on Western
blots. Since the antigen lot used for the ELISA that pro-
duced the above results (positive for NS1 antibodies)
had run out by the time of the present study, a different
lot was used as the antigen for this analysis. Of these, 19
(91%) showed a visible band at the molecular weight
equivalent to that of BSA but did not show any bands
corresponding to NS1. Three examples are shown in
Fig. 1A. To confirm the reaction with BSA, we exam-
ined these samples for reactivity against varying a-
mounts of BSA sensitized on an ELISA plate (Fig. 1B).
The reaction was found to depend on the amount of
BSA. These results indicated that some sera contained
antibodies to BSA that may have caused false-positive
results in the ELISA measuring NS1 antibodies. BSA
antibodies and their effects on serological tests have
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Fig. 1. Reaction between BSA antibodies in human sera and BSA antigen contained in a purified NS1 antigen
preparation. (A) Western blotting analyses of sera of children with no history of JE vaccination and with no de-
tectable neutralizing antibodies. Analyses were performed essentially as previously described (6). Briefly, an im-
munoaffinity-purified NS1 antigen was run on standard Laemmli gels under nonreducing conditions and trans-
ferred to a polyvinylidene difluoride membrane. The membrane was incubated with test specimens and alkaline
phosphatase-conjugated anti-human IgG. Test sera were collected in Kumamoto Prefecture (7): sera #2 (3-year-
old female), #3 (4-year-old female), and #4 (5-year-old female) determined as negative (—) for neutralizing anti-
bodies (Neut Ab) and positive (+) for NS1 antibodies (NS1 Ab) in our ELISA. As a reference, gels were silver-
stained or blots were reacted with mouse monoclonal JE-6H4 (MAb) or sera from a JE patient and a subclinically
infected human (#1). (B) Dose-dependent ELISA reactivities of human sera against varying concentrations of BSA
used for sensitization of the plate. Samples were sera #2 (open circle), #3 (closed circle), and #4 (closed triangle).
(C) Purification process and NS1 antigen purity. The antigen concentration of immunoaffinity purification was
expressed as an average of the first four eluates. The ‘‘Second-round affinity’’ indicates that the eluates obtained
from the ‘‘First-round affinity’’ process were repeatedly affinity-purified by the same procedure. ‘‘Absorption’’
indicates that the “First-round affinity’’ sample was incubated with rabbit anti-BSA coupled to Sepharose 4B
beads at 0°C for 2 h. The latter two procedures were performed with a portion of the ‘‘First-round affinity’’ sam-
ple; with the antigen amounts obtained adjusted to those obtained after the “First-round affinity’’ process. (D)
Effect of the use of BSA-sensitized wells on NSI antibody levels. Using sera with (10 samples; closed circles) or
without (6 samples; open circles) a band corresponding to BSA on Western blots, NS1 antibody levels obtained us-
ing BSA-sensitized wells were compared with the original NS1 antibody levels obtained using nonsensitized wells.

been reported in healthy human sera, particularly from
infants, and are probably induced by dietary proteins
(8,9).

The above analysis also showed the presence of BSA
in this lot of the affinity-purified NS1 preparation. A di-
rect ELISA using horseradish peroxidase-conjugated
rabbit anti-BSA (Alpha Diagnostic International, San
Antonio, Tex., USA) measured 1.25 ng of BSA in 10 ng
of this NS1 antigen lot, corresponding to one plate well.
It appeared that the immunoaffinity-purification strate-
gy cannot always eliminate the BSA originally contained
in the maintenance medium of NS1-expressing cells at a
concentration of 0.075% (750 ug/ml). Therefore, mini-
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mizing the amount of BSA remaining in the NS1 antigen
preparation appears a solution to the problem occurring
in casein-based ELISA. The above dose-response curve
(Fig. 1B) showed that the reaction was undetectable in
an amount of BSA of <1 ng/ml (<0.1 ng/well), indi-
cating that the effect of BSA on the present ELISA was
minimized at <1% of the NS1 antigen (10 ng/well).
Attempts to minimize the relative amount of BSA by
repeating immunoaffinity purification steps failed: a
high BSA:NS1 ratio remained and there was a consider-
able loss of NS1 antigen (Fig. 1C). The most effective
method to reduce the amount of BSA antigen was ab-
sorption with rabbit anti-BSA (Alpha Diagnostic Inter-
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national) coupled to Sepharose 4B beads (NHS-activat-
ed Sepharose 4B Fast Flow; GE Healthcare UK, Buck-
inghamshire, England). Specifically, the absorption re-
duced the amount of BSA to <1% of NS1 without loss
of the NS1 antigen (Fig. 1C).

Another way to resolve the issue was the use of an
equivalent amount of BSA in a nonsensitized control.
Subtraction of the absorbances obtained with nonsensi-
tized control wells from those obtained with antigen-
sensitized wells is considered in theory, and is often used
to reduce nonspecific reactions occurring in ELISA.
Thus, we sensitized wells with BSA with the same a-
mount contained in the purified NS1 antigen prepara-
tion (1.25 ng per well) and compared the results with
those obtained using truly nonsensitized wells prepared
by incubation only with ELISA coating buffer. As
shown in Fig. 1D, 10 sera that were positive for BSA an-
tibodies on Western blots turned negative for NS1 anti-
bodies in ELISA when BSA-sensitized wells were used,
whereas six NS1-positive sera that were negative for
BSA antibodies on Western blots remained positive for
NS1 antibodies.

In conclusion, the present study showed that BSA an-
tibodies, which were found in a relatively large popula-
tion of children, were the cause of false-positive results
in our ELISA using casein-based diluent. However, the
present study was able to minimize the effect of BSA an-
tibodies by reducing the BSA level to <1% in the NSI
antigen preparation, and achieved the same by using an
equivalent amount of BSA in nonsensitized control
wells. Although the use of medium without BSA would
be a theoretical solution, some serum samples that were
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originally negative became positive when NS1 antigens
prepared using serum-free or casein-containing medium
were used.
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New or improved vaccines against dengue virus types 1 to 4 (DENV1 to DENV4) and Japanese
encephalitis virus (JEV), the causative agents of dengue fever and Japanese encephalitis (JE), respec-
tively, are urgently required. The use of noninfectious subviral extracellular particles (EPs) is an inex-
pensive and safe strategy for the production of protein-based flavivirus vaccines. Although coexpression
of premembrane (prM) and envelope (E) proteins has been demonstrated to produce EPs in mammalian
cells, low yields have hindered their commercial application. Therefore, we used an insect cell expression
system with Spodoptera frugiperda-derived Sf9 cells to investigate high-level production of DENV2 and JEV
EPs. Sf9 cells transfected with the prM and E genes of DENV2 or JEV secreted corresponding viral
antigens in a particulate form that were biochemically and biophysically equivalent to the authentic
antigens obtained from infected C6/36 mosquito cells. Additionally, equivalent neutralizing antibedy titers
were induced in mice immunized either with EPs produced by transfected Sf9 cells or with EPs produced
by transfected mammalian cells, in the context of coimmunization with a DNA vaccine that expresses EPs.
Furthermore, the results of an enzyme-linked immunosorbent assay (ELISA) using an EP antigen derived
from Sf9 cells correlated significantly with the results obtained by a neutralization test and an ELISA
using an EP antigen derived from mammalian cells. Finally, Sf9 cells could produce 10- to 100-fold larger
amounts of E antigen than mammalian cells. These results indicate the potential of Sf9 cells for high-level

production of flavivirus protein vaccines and diagnostic antigens.

Dengue virus types 1 to 4 (DENV1-4) and Japanese enceph-
alitis virus (JEV), the causative agents of dengue fever and
Japanese encephalitis (JE), respectively, are globally important
human pathogens (10) for which new or improved vaccines are
urgently required. DENV1-4 cause dengue fever and dengue
hemorrhagic fever in tropical areas and many subtropical ar-
eas. An estimated 50 million to 100 million dengue cases occur
annually, with 2.5 billion people at risk of infection (11). How-
ever, there is no approved vaccine for dengue diseases, and the
development of such a vaccine is urgently needed (12). JEV is
the single largest cause of childhood viral encephalitis in the
world, with an estimated 50,000 cases annually. Mortality rates
can reach 30% among confirmed cases, and as many as one-
third of survivors suffer from permanent and severe psycho-
neurological sequelae (13, 39). Although inactivated vaccines
are used internationally for JE, they are too expensive for
widespread use in most developing countries (3), and there-
fore, more cost-effective alternatives are needed.

Neutralizing antibodies are important in host protection
against dengue diseases and JE (10, 34). For JE, previously
used mouse brain-derived (16, 44) and more recently used
Vero cell-derived (20, 25, 35) inactivated vaccines can effi-
ciently induce neutralizing antibody responses. However, these
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protein-based vaccines are produced from infectious agents,
and their production therefore requires biosafety level 2 or 3
containment facilities and complex purification protacols, thus
increasing the cost of the vaccine. Vaccine production without
infective procedures can be achieved using genetic engineering
techniques (29, 55).

DENV1-4 and JEV are members of the genus Flavivirus in
the family Flaviviridae (37). The envelope (E) protein is the
major component of the envelopes of flavivirus virion particles
and possesses most of the neutralizing epitopes (46). The other
protein on the envelopes of mature virions is the membrane
(M) protein, which is synthesized as the precursor membrane
(prM) protein in infected cells. Cells expressing flavivirus prM
and E proteins are known to secrete nucleocapsid-free subviral
extracellular particles (EPs), which are similar to slowly sedi-
menting hemagglutinin (SHA) particles secreted from flavivi-
rus-infected cells (47). EPs of JEV synthesized in mammalian
expression systems have been evaluated for their immuno-
genicity and/or protective efficacy in mice (15, 24, 43). Two of
these studies (24, 43) demonstrated that the EPs induced neu-
tralizing antibodies at levels comparable to those induced by an
inactivated JE vaccine. In our laboratory, mammalian cell lines
continuously expressing EPs of dengue type 2 virus (DENV2)
{(26) or JEV (27) have been generated and designated D cells
and F cells, respectively. The EPs contained an E protein that
was antigenically and biochemically equivalent to the authentic
E protein, and the EPs were immunogenic and protective in
mice. However, the yields of viral antigens produced from D
and F cells were low and would not meet the requirements for
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commercial vaccine production. Increasing the levels of viral
antigen production from transfected cells would reduce the
cost of vaccine preparation.

Recently, insect cell expression systems have been increas-
ingly used in various fields of medical sciences (1, 6, 17, 53). In
general, insect cells are easier to cultivate than mammalian
cells, because they often do not require serum supplementa-
tion in the culture medium or incubation under CO,. In addi-
tion, insect cells can be adapted to suspension cuiture, allowing
cultures to be simply scaled up. Furthermore, various tech-
niques have been developed for high-density culture of insect
cells; for example, in one study, the immobilization of insect
cells within biomass support particles achieved a density of
approximately 3 X 107 cells/em® (50). Thus, the insect cell
expression system can be a simple and inexpensive strategy for
vaccine antigen production.

In addition to their use as vaccine antigens, EPs derived
from mammalian cells could be used as serodiagnostic antigens
(27, 32). The production of serodiagnostic antigens may also
encounter problems when the antigens are sourced directly
from infectious agents. Currently, numerous commercial as-
says utilizing several different formats, such as the immuno-
chromatography test and the IgM capture enzyme-linked im-
munosorbent assay (ELISA), are available for the diagnosis of
DENV and JEV infections (4, 49). These commercial tests use
viral antigens derived from transfected or infected cultured
cells. Thus, the application of insect cell-derived EPs as diag-
nostic antigens would be an attractive alternative.

In this study, we produced EPs of DENV2 and JEV in a
transient expression system using the Sf9 cell line, which was
derived from the pupal ovarian tissue of the fall armyworm,
Spodoptera frugiperda. These proteins were evaluated for vac-
cine and diagnostic antigens, mainly by direct comparison with
mammalian-cell-derived EPs. The EPs produced from S{9 cells
were immunogenic in mice and useful as antigens for ELISA.
In addition, Sf9 cells produced larger amounts of antigen than
CHO cells, suggesting the potential applicability of insect cells
for the production of DENV2 and JEV antigens for vaccines
and serodiagnostic tests.

MATERIALS AND METHODS

Cells. Sf9 cells were purchased from Novagen (Darmstadt, Germany) and
cuitivated in BacVector-insect cell medium (Novagen). A mosquito cell line,
C6/36, and mammalian cell lines, Vero and CHO-K1, have been described
previously (27). Briefly, the growth medium was Eagle’s minimal essential me-
dium (MEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS)
and kanamycin (60 pg/ml); for C6/36 and CHO-K1 cells, nonessential amino
acids were also added. D and F cells, which are CHO-K1 cells genetically
modified to continuously express EPs of DENV2 or JEV, respectively (26, 27),
were grown in the same medium as CHO-K1 cells. Cells were cultivated at 28°C
for insect cells or at 37°C for mammalian cells under a humidified atmosphere of
5% CO,. The maintenance medium used for mammalian and C6/36 cells fol-
lowing transfection or infection was the growth medium containing 0.1% bovine
serum albumin (BSA) in place of 10% FBS.

Viruses. The New Guinea C (NGC) strain of DENV2 (26) and the Nakayama
strain of JEV (41) were used. Culture fluids harvested from C6/36 cells infected
with each of these viruses were used for biochemical characterizations and
neutralization tests. The viruient Beijing P3 strain of JEV, in the form of a 10%
suckling mouse brain homogenate, was used for mouse challenge experiments
(41).

Plasmids. The pcDNA3-based plasmids encoding the prM and E proteins of
DEN2V strain NGC (designated pcD2ME [26]) or JEV strain Nakayama (des-
ignated pcJEME [27]) have been described previously. To construct appropriate
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expression plasmids for the insect cells, the prM and E genes were excised from
the pcD2ME plasmid and were inserted into the pIB/V5His vector (Invitrogen,
San Diego, CA) using the EcoRV and Xhol sites; this construct was designated
pIBD2ME. Similarly, the prM and E genes were excised from the pcJEME
plasmid and were inserted into the pIB/V5His vector using the EcoRT and Xhol
sites; this construct was designated pIBJEME. Plasmid inserts were confirmed by
sequencing. All plasmid DNAs (pcDNA3, pcD2ME, pcJEME, pIBD2ME, and
pIBJEME) were purified using a Qiagen plasmid kit (Qiagen, Hilden, Germany).

Antibodies. Rabbit polyclonal antibodies to DENV2 (26) or JEV (21) have
been described previously. Briefly, these were obtained by repeated immuniza-
tion of a rabbit with a virion fraction that was dissociated with 0.05% Triton
X-100. Mouse monoclonal antibedies reactive with JEV antigens were JE-10B4
(specific for JEV E) (30} and J2-2F1 (specific for JEV prM/M) (40) (provided by
Mary K. Gentry of the Walter Reed Army Institute of Research, Washington,
DC), while those reactive with dengue virus antigens were D3-2H2 (specific for
prM) (14), D2-3HS (specific for E) (9), and D1-4G2 (specific for E) (14) (ob-
tained from hybridomas purchased from the American Type Culture Collection,
Manassas, VA).

Sera. The serum samples used for evaluating EPs as ELISA antigens were
those previously obtained from mice immunized with pcD2ME or pcJEME (28).

Transfection. Sf9 cells were transfected with 1 to 4 pg of pIBD2ME or
pIBJEME by using the FuGENE HD transfection reagent (Roche, Mannheim,
Germany), according to the manufacturer’s instructions, Similarly, CHO-K1 cells
were transfected with | to 4 pg of pcD2ME or pcJEME using the same trans-
fection reagent. For investigation of the yicld, these cells were then incubated in
growth medium, For the preparation of immunogens, transfected cells were
incubated in the maintenance medium,

I ing. Immunochemical staining was performed essen-
tially as described previously (27). Briefly, cells were fixed with a mixture of cold
methanol and acetone (1:1) and were then dried. These cells were then incubated
serially with monuclonal antibodies (o JEV or DENV2, biotinylaled anti-mouse
IgG, ABC (avidin-biotinylated peroxidase complex) reagents, and the VIP sub-
strate (Vector Laboratories, Inc., Burlingame, CA).

Sedimentation analysis. Samples were applied to a 10 to 40% (wt/wt) or a 10
to 50% continuous sucrose density gradient prepared in TN buffer (10 mM
Tris-HCI [pH 7.5], 100 mM NaCl). Following centrifugation at 55,000 rpm for 50
min at 4°C in the 8558 rotor of a Himac CS100GX micro-ultracentrifuge (Hi-
tachi Koki, Ibaraki, Japan), fractions were collected from the bottom of the tube.
Each fraction was tested for the level of E antigen by ELISA (see below) and for
infectivity by using a plaque assay on Vera cell monolayers.

Purification of extracellular particles. EPs were purified based on a method
described previously (27). Briefly, culture supernatants harvested from trans-
fected cells were clarified and precipitated with 10% polyethylene glycol (PEG;
molecular mass, approximately 6,000 Da). Following centrifugation, the pellets
were suspended in TN buffer and were applied to a sucrose density gradient (see
above). The collected fractions were examined for E antigen levels by ELISA
(sce below). The fractions containing the highest and the second highest levels of
E antigen were used as purified EPs. EPs obtained from S$f9 cells transfected with
pIBDZME or pIBJEME were designated D2EP-59 or JEEP-Sf9, respectively.
Similarly, those obtained from CHO-K1 cells transfected with pcD2ME or
pcJEME were designated D2EP-CHO or JEEP-CHO, respectively. Those ob-
tained with D cells and F cells were designated D2EP-D and JEEP-F, respec-
tively.

ELISA for quantification of E antigen. The DENV2 and JEV E antigens were
quantified by a sandwich ELISA as previously described (27). Briefly, 96-well
microplates sensitized with a rabbit polyclonal antibody were serially incubated
with samples at a dilution of 1:10 (for sucrose gradient fractions) or at serial
2-fold dilutions (for culture fluid samples), a monoctonal anti-E antibody (D2-
3HS5 or JE-10B4), alkaline phosphatase-conjugated anti-mouse IgG, and p-nitro-
phenyl phosphate. Antigen levels were calculated from the absorbance values
obtained with the sample and a reference standard. The reference standard was
prepared with D2EP-D or JEEP-F fractions, and the amount of E protein
contained in the reference standard was estimated by comparison of an E
preparation concentrated from the reference standard with the BSA samples on
silver-stained gels.

Endoglycosidase treatment. N-Glycosidase F (PNGase F; Roche Diagnostics,
Basel, Switzerland) was used according to the manufacturer’s instructions, with
some modifications. Purified EPs were boiled for 5 min with sodium dodecyl
sulfate (SDS) at a final concentration of 1%. Alter cooling, the sample was
divided into two equal aliquots and was mixed with the “reaction” buffer to make
final concentrations of 64 mM phosphate buffer (pH 6.4), 50 mM EDTA, and 1%
Triton X-100. One unit of PNGase F was then added to one of the two aliquots.
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